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Abstract

Pyrocumulonimbus clouds have a complex origin depending on fire dynamics and meteorological conditions. When a pyrocu-

mulonimbus (PyroCb) cloud formation develops and is maintained over a period of time, it can inject significant aerosol into the

troposphere and lower stratosphere, resulting in longer term (months to years) climate cooling effects. In this work we investi-

gate the British Columbia and northern Washington wildfires on August 12-13, 2017 using a multi-scale simulation framework.

We use the output of a physics based wildfire model (FIRETEC) with parameterized energy, particle, and gas emissions to drive

the upper atmospheric aerosol mass injection within a regional cloud resolving model (HIGRAD). We demonstrate that vertical

motions produced by latent heat release of the condensation of ice and cloud particles within the PyroCbs induce another 5

km of lifting of the simulated aerosol plume. Primary black carbon and organic aerosols alone may not be enough to explain

the observed aerosol burden, thus we show that dust and ash particles can enhance lofted aerosol mass. Additionally, we show

that semi volatile organic gases emitted by the fires eventually condense, further increasing the aerosol burden. A simulation

with all aerosol mechanisms active, driven by the observed fuel load and environmental conditions, reasonably reproduces an

aerosol profile inferred from observational data.
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Abstract13

Pyrocumulonimbus clouds have a complex origin depending on fire dynamics and meteoro-14

logical conditions. When a pyrocumulonimbus (PyroCb) cloud formation develops and is15

maintained over a period of time, it can inject significant aerosol into the troposphere and16

lower stratosphere, resulting in longer term (months to years) climate cooling effects. In17

this work we investigate the British Columbia and northern Washington wildfires on Au-18

gust 12-13, 2017 using a multi-scale simulation framework. We use the output of a physics19

based wildfire model (FIRETEC) with parameterized energy, particle, and gas emissions to20

drive the upper atmospheric aerosol mass injection within a regional cloud resolving model21

(HIGRAD). We demonstrate that vertical motions produced by latent heat release of the22

condensation of ice and cloud particles within the PyroCbs induce another 5 km of lifting of23

the simulated aerosol plume. Primary black carbon and organic aerosols alone may not be24

enough to explain the observed aerosol burden, thus we show that dust and ash particles can25

enhance lofted aerosol mass. Additionally, we show that semi volatile organic gases emitted26

by the fires eventually condense, further increasing the aerosol burden. A simulation with all27

aerosol mechanisms active, driven by the observed fuel load and environmental conditions,28

reasonably reproduces an aerosol profile inferred from observational data.29

1 Introduction30

In the late summer of 2017, fires blazed across interior British Columbia (BC17) creating31

a provincial state of emergency and causing significant loss of habitat and millions of dollars32

of damage. Although the effects of these fires was undoubtedly felt most strongly by the33

Province of British Columbia along with surrounding provinces and states, effects of these34

fires were also felt globally. This global impact was caused in large part by the formation35

of pyrocumulonimbus (PyroCb) clouds on August 12-13. These PyroCb clouds injected an36

estimated 0.1-0.3 Tg of particulate matter into the upper troposphere and lower stratosphere37

(Peterson et al., 2017, 2018) which were then dispersed and eventually deposited across the38

northern hemisphere (Ansmann et al., 2018; Baars et al., 2019; Zuev et al., 2019; Boone et39

al., 2020).40

While mega-fires of the order of the British Columbia fires are not common place,41

neither are they rare in the modern day. However, the formation of PyroCb clouds over42

these mega-fires (Cruz et al., 2012; Rodriguez et al., 2020), which rapidly shift effects of fire43

from a regional to a global scale, are not as common, with recent occurrences generating44

a great deal of concern and study. The phenomena of PyroCb clouds have only become45

an object of intense interest to the scientific community in the last 15 years, because of46

their seemingly increasing frequency in this era of changing climate (Di Virgilio et al., 2019)47

and satellite monitoring. A PyroCb cloud forms when the strong plumes formed by large-48

scale fires coalescence into a directed updraft that can impact possible mid-level regions49

of moisture leading to subsequent cloud formation and latent heat release. These PyroCb50

clouds can cause severe thunderstorms (Zhang et al., 2019; Tory et al., 2018; Dowdy et al.,51

2017), fire-induced whirls sometimes equivalent to tornados (Allen et al., 2020; Lareau et al.,52

2018; Kablick et al., 2020), and massive injections of fire-emitted gaseous and particulate53

species into the statosphere on a scale comparable to small volcanic eruptions (Peterson et54

al., 2018; Christian et al., 2020). These injected species can remain lofted in the stratosphere55

for extended periods of time and can be transported on a global scale (Gerasimov et al.,56

2019; Fromm et al., 2019).57

In the last two decades, PyroCb events have been increasingly observed and studied58

throughout western North America with major events observed near Chrisholm, Alberta in59

2001 (Fromm, Shettle, et al., 2008; Fromm, Torres, et al., 2008), Yosemite National Park,60

California in 2013 (Peterson et al., 2015), the Great Slave Lake, Northwest Territories in 201461

(Kablick et al., 2018), and central British Columbia in 2017 (Ansmann et al., 2018; Baars et62

al., 2019; Peterson et al., 2018) among others. In addition, a large number of PyroCb events63

–2–



manuscript submitted to JGR: Atmospheres

Figure 1. Estimated plume locations (solid polygons) and fire perimeter (outlined polygons)

during the time of the PyroCb formation for 3 of the observed PyroCb clouds on August 13, 2017.

Fire perimeters estimated using regular overpasses of the VARSII satellite.

have been occurring in recent years around the annual bushfires of southeastern Australia64

and have garnered significant amounts of interest and study (Fromm et al., 2012; Cruz et65

al., 2012; Dowdy et al., 2017; Kablick et al., 2020).66

Formation of PyroCbs in the BC17 event were enabled by: 1) the availability of atmo-67

spheric moisture – i.e. mid-level moisture was moving ahead of an approaching cold front –68

and 2) deep flaming fires described by Badlan et al. (2021a) (Badlan et al., 2021a, 2021b)69

which generate intense heat over large areas simultaneously. During the afternoon of the70

event, a large area of active burning was present, partially the result of numerous slash piles71

that behave like burning houses, that according to deep flaming theory should support the72

necessary deep updrafts for PyroCb formation. We will show that particular forest condi-73

tions and management practices, in combination with natural factors, led to an increased74

regional area of active burning which in turn caused the formation of PyroCb clouds at the75

time of interest.76

In this work, we elucidate the BC17 PyroCb cloud formation using an informed multi-77

scale approach driven by observations. The large spatial scale of the BC17 fire and associated78

PyroCbs currently prevents use of a detailed combustion model over such a large area. So,79

to reasonably represent the energy, gas, and particulate formation from regions of active80

burning, detailed combustion simulations will be undertaken using observed fuels, e.g., a81

mixture of forest and slash piles from bark beetle kill, over a small area appropriate for that82

model. The results from these small scale simulations provide forcing terms for a regional-83

scale model to address PyroCb formation and the transport of aerosols. We will use the84

regional-scale model results to discuss factors leading to the PyroCb and the resulting aerosol85

injection profile into the troposphere.86
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2 Observations87

The fires of interest in this study were located in the north-central interior of British88

Columbia during August 12-13. These fires produced four observed pyrocumulonimbus89

clouds, and a fifth observed in northern Washington, during the daytime hours with locations90

captured via satellite. Figure 1 shows an approximate location of three of the five observed91

plumes, depicted as solid polygons and estimated fire perimeter associated with each of92

these plumes outlined below each plume. These estimations were made using data from93

the VARSII satellite overpasses. Note, for this study we neglect the two smallest PyroCbs,94

formed over northern Washington and further west of the three depicted plumes, due to95

computational constraints, e.g. simulated aerosol estimates could be underestimated by as96

much as 20-25 percent given neglect of these two PryCbs.97

2.1 Forest Conditions98

The northern/central interior of British Columbia has a typical sub-continental climate99

with cold winters and warm summers. The majority of the rain falls in spring/autumn, and100

combined with the higher elevations of the interior mountain ranges this region is heavily101

forested. Of particular interest in this study, is a large area west of Quesnel and north of102

Alexis Creek British Columbia (approximate coordinates: 52.6 N, -123.4 W). This area is103

a pine-dominated forest with additional moderate concentrations of Douglas Fir. Using the104

Canadian National Fuel Inventory and measurements of species in relevant National Fuel105

Plots (Gillis et al., 2011), a representative forest was recreated with tree characteristics106

shown in Table 1 and ground fuel characteristics show in Table 2.107

In the years leading up to these fires of interest, the interior of British Columbia had108

experienced an epidemic of Mountain Beetle Kill (Axelson et al., 2009; Perrakis et al., 2014;109

Dhar et al., 2016). This led to the high mortality rate of Lodgepole Pines and a moderate110

mortality rate of Douglas Fir as shown in Table 1 and subsequent dead trees were in the ’grey’111

stage of deterioration, meaning that all foliage had fallen from the tree and accumulated on112

the ground, but dry branches remained in the canopy. Table 2 shows estimations for ground113

fuels where the live vegetation represents all non-tree or litter fuels dispersed uniformly114

across the ground. The litter fuel loads are dispersed directly underneath trees with a115

maximum fuel load shown in the table and a decay of fuel in proportion to the vertical fuel116

load of a particular tree species. With the combined forest and ground fuels, total fuel load117

for the forest were estimated to be 20.53 kg/m2.118

Due to the Mountain Beetle Kill epidemic, large sections of dead forest had been cleared119

with piles of slash left within the clearings in the years previous to 2017. Satellite imagery120

from VARSII satellite overpasses prior to the fires showed that many of the slashpiles had121

yet to be removed prior to the ignited fires and while it is unknown the full extent of122

slash removal and harvesting activity before the summer fires it is assumed that significant123

amounts of cured slash fuel remained in the environment at the time of the fires.124

2.2 Meterological Conditions125

A low pressure system and associated cold front from the west approached the active126

fire zones over British Columbia on 12 August leading to increased southwest winds both at127

the surface (8-10 m/s) and aloft (20 m/s at 5 km). Ground temperatures hovered around 27128

C and surface relative humidity was less than 40 percent. The stronger winds transported129

sufficient mid-level moisture over the active fire zones that help support the development130

of the PyroCbs. For additional details concerning atmospheric conditions on the day of the131

event see (Peterson et al., 2018).132
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Table 1. Tree Fuel Characteristics

Tree Species Pinus Contorta Pseudotsuga Menziesii Populous Tremulodies
(Common Name) (Lodgepole Pine) (Douglas Fir) (Quaking Aspen)

Fuel Load
(

t
ha

)
174.93 40.92 8.70

Mortality (%) 80 15 0
Tree Height (m) 14.9 (3.7) 19.9 (7.2) 14.6 (4.3)

Height to Canopy (m) 8.6 (2.0) 8.9 (2.9) 9.0 (2.1)
Canopy Diameter (m) 2.5 (1.5) 4.5 (2.0) 3.0 (1.5)

Stems

Breast Height Diameter (cm) 33.4 (10) 43.3 (10) 22.3 (5)

True Density
(

kg
m3

)
625 561 689

Moisture Content 50 90 125
Bark Thickness (mm) 7.7 10.0 5.2

Live Canopy Foliage

Bulk Density
(

kg
m3

)
1.623 0.578 0.612

Moisture Content 34 10 125
Size-Scale (mm) 0.5 0.5 0.45

Live Canopy Branches

Bulk Density
(

kg
m3

)
2.886 1.028 1.087

Moisture Content 50 90 125
Size-Scale (mm) 95 (96) 70 (55) 45 (14)

Dead Canopy Foliage

Bulk Density
(

kg
m3

)
0 0 0

Moisture Content 5 5 5
Size-Scale (mm) 0.5 0.5 0.45

Dead Canopy Branches

Bulk Density
(

kg
m3

)
2.886 1.028 1.087

Moisture Content 5 8.5 10
Size-Scale (mm) 95 (96) 70 (55) 45 (14)

Tree species macro characteristics in the area of interest. Quantities are average values reported
from either the Canadian National Fuel Inventory (Gillis et al., 2011) or measured in National Fuel
Plots around the interior British Columbia region. Where available, standard deviation quantities
are given in parenthesis.

–5–



manuscript submitted to JGR: Atmospheres

Table 2. Ground Fuel Characteristics

Ground Fuel Fuel Load Moisture Size-Scale

Species
(

kg
m2

)
Content (mm)

Live Vegetation 0.7 6.5 0.5
Pine Litter (Alive) 1.57 0.5 8.5
Pine Litter (Dead) 6.28 0.5 5.0
Fir Litter (Alive) 0.89 0.5 8.5
Fir Litter (Dead) 3.56 0.5 5.0

Aspen Litter 0.50 0.5 10.0

Ground fuels estimations in the area of interest. Live
vegetation contains grasses and shrubs, while litter values
displayed are peak loads directly underneath trees of the
same type.

3 Simulations133

Multi-scale simulations were executed to simulate the large range of spatial scales rang-134

ing from fires moving though forest and individual slash piles using a combustion model,135

HIGRAD-FIRETEC, to capturing at a regional scale the formation of PyroCb clouds and136

injection of particles into the stratosphere using HIGRAD coupled to a cloud model. The137

high-resolution HIGRAD-FIRETEC combustion simulations of the flame region used re-138

constructed fuel-maps typical of the environment with results from these simulations being139

averaged for utilization in the HIGRAD PyroCb regional simulations.140

HIGRAD is Los Alamos National Laboratory’s (LANL) atmospheric fluid dynamical141

model that solves either the Euler or Navier-Stokes equation set. For the current effort, the142

model utilizes a conservative Euler equation set (Ramani et al., 2019) coupled to a cloud143

physics package (Fierro & Reisner, 2011) that involves the transport and fate of water vapor144

and various cloud species. Additional transport equations for organic aerosol (OA), black145

carbon (BC), condensable gases, dust, and ash (DA) have been added along with FIRETEC-146

derived source terms for these quantities. In addition, secondary organic aerosols (SOA) can147

be activated with a custom two-product volatility model based on experimentally derived148

emission factors (Hatch et al., 2017) and a chemical transport model validated volatility149

distribution (Theodoritsi & Pandis, 2019). The two-product volatility model approach was150

used for computational efficiency and was tuned to match the OA mass concentration regime151

in the simulation domain.152

FIRETEC is a LANL fire model that when coupled with HIGRAD is designed to153

resolve with high-fidelity coupled atmosphere-fire behavior and spread on a landscape scale.154

FIRETEC consists of a variety of physical models to predict atmosphere-fuel interactions155

(Linn et al., 2012), combustion (Colman & Linn, 2007), heat transfer via convection and156

radiation (Linn et al., 2005), emission of key particulates like BC and OA (Josephson et al.,157

2020), the generation and transport of firebrands (Koo et al., 2012), and other fire-generated158

physical phenomena.159

3.1 Localized Fire Simulations160

As the area of interest for these fires contained fair amounts of logging in recent years161

with deposited large slash-piles as detailed in Section 2.1, two simulations were performed162

to capture the diversity in fuel configurations found in this environment.163
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The first simulation, or the ’Forest Simulation’, was of a virtually-reconstructed un-164

touched forest with roughly the fuel mass concentrations dimensions shown in Table 1 laid165

out in a domain of 1400 meters by 1400 meters. A 16 meter wide, 1 kilometer long fireline166

is ignited straddling the center of each domain’s y-axis, and 100 meters into the domain167

along the x-axis; roughly representing a high-intensity fire spreading in from outside the168

domain. Fuel and fire statistics for this study were computed within the interior 1000 by169

1000 meters.170

Downwind from the virtually recreated forest, an additional 1400 meters by 1400 meters171

of resolved domain was added. This extension did not contain any fuel and thus no fire172

was resolved in these computational cells; rather, these computational cells were added to173

capture plume evolution beyond the fire domain. In initial simulations, it was found that174

the fire plume quickly blew out of the original domain and thus we were not able to compute175

heat flux heights needed for the regional-scale HIGRAD simulations without the addition176

of the extra cells.177

The second simulation, or the ’Slashpile Simulation’, contained a rearrangement of fuels178

in the center square kilometer of fuels into a series of slashpiles. This was done numerically179

by first removing all the fuels above the first computational cell and reorganizing them into180

piles that were 20 meters high, 30 meters in diameter, and had a bulk density of roughly181

50 kg/m3 (Hardy, 1998). Before slashpiles were numerically created, 80% of stemwood182

was removed from the overall fuel distributions as an estimate of the wood removed by183

the contracted companies as a product (ie., lumber, pulp, etc.) In the square kilometer184

of treated forest, 16 full slashpiles with the above dimensions and a 17th partial pile were185

created and evenly distributed throughout the treated area. Ground-fuels, such as grass186

and forest litter, were untouched with the idea that even though the removal of trees from187

the area had assuredly altered the ground-fuel landscape, an adequate amount of time had188

passed to allow ground-fuels to recuperate.189

Prior to fire simulations in both domains, a wind ”only” simulation was performed190

where winds were cyclically passed over the entire domain to inform the external bound-191

aries conditions during the actual fire simulation. In each of these wind-runs, the initial192

wind conditions were informed by the August 13, 2017 Lake Williams Soundings located193

approximately 115 kilometers south-southeast of the area of interest. With these soundings,194

initial winds were set to 10 m/s at 30 meters and varied with a 1/7 power-law in the vertical195

direction (De Chant, 2005).196

3.1.1 Results197

Due to the high-winds and dry conditions the fire spread rapidly and intensely through198

this domain, with a fire spread rate of about 80 m/min at its highest peak for the forest199

simulation and about 110 m/min for the slashpile simulation. During these simulations two200

distinct regimes of fire activity emerge, the initial flaming regime consisted of high-intensity201

active burning as the flame front engulfed ground and canopy fuels completely consuming202

finer fuels and significant fractions of thermally thicker fuels. Figure 2 shows a red iso-203

surface of potential temperature at 350 K for the forest simulation (a) and the slashpile204

simulation (b), each image is captured 50 seconds after ignition. At this point, the fire front205

has penetrated deep into the region where statistics are taken and developed it’s full shape206

for both simulations. Due to the mixture of various fuel sizescales and moisture dispersed207

throughout the domain, the initial fire front for the forest simulation becomes broad and208

complex as the thicker branches and limbs burn at a slower rate than the finer ground209

and foliage fuels. On the other hand, the initial fire front in the slashpile simulation is210

comparatively simple and more narrow as it quickly consumes ground fuel which are much211

closer to homogenous than the forest canopy fuels. However, as the slashpiles themselves212

ignite, the overall structure of the fire becomes much more complex as the piles continue to213

burn long after the fire front as passed. Like the remaining slashpiles, after the fire front214

–7–
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(a) (b)

Figure 1: Full flaming regime of the forest simulation (a) and the slashpile
simulation (b). Images are captured 50 seconds after ignition and show a red
iso-surface of potential temperature at 330 K. The initial fireline is shown in
yellow and the areas of interest from which fuel statistics were computed are
shown in black.

1

Figure 2. Full flaming regime of the forest simulation (a) and the slashpile simulation (b).

Images are captured 50 seconds after ignition and show a red iso-surface of potential temperature

at 330 K. The initial fireline is shown in yellow and the areas of interest from which fuel statistics

were computed are shown in black.

has passed in the forest simulation these is a significant amount of fuel remaining. This215

fuel primarily consists of stemwood which is much larger in sizescale then the foliage and216

branches consumed by the fire front.217

Long after the high-intensity fire front has passed, the stemwood of the forest holds218

enough residual heat to continue to smolder and thus consume further fuel. Figure 3 shows219

red iso-surfaces of potential temperature at 315 K captured 300 seconds after ignition. For220

the most part, the smoldering of the Forest, shown in image (a) is very slight with only a few221

small pockets heated air. In the image, the majority of the iso-surfaces seen along the edges222

of the domain of interest are due to continued burning of flanking or backing fires outside223

of the domain of interest but carried by winds into the domain. In contrast, the slashpile224

simulations produce much more heat in the smoldering regime, with a higher consumption225

rate of fuel and concentrated plumes originating with each slashpile.226

Figure 4 quantifies the total mass consumption rate of fuel within the domain of interest227

(black boxes of Figures 2-3) as a function of time for both the forest and slashpile simula-228

tions. Data from the forest and slashpile simulations are shown in blue and red data points229

respectively. Image (a) shows the entire FIRETEC simulation, with Image (b) showing a230

blow-up of the smoldering regime as it is difficult to discern consumption rates on the same231

scale as the flaming regime. Note that the approximation of the smoldering regime for the232

forest simulation is notably higher then the simulation results. This increase was used as233

possible ”worst-case” and attempts to take into account the impact of the possible burning234

tree trunks not accounted for in FIRETEC simulations. The purpose of these FIRETEC235

simulations is to inform the regional HIGRAD simulation of heat and emission source terms236

produced by the fires. These source terms are highly dependent on the fire activity and237

rates of fuel consumption. To approximate the trends seen in the FIRETEC simulation238

data, we approximated the consumption of fuel as two constant values: one to represent239

flaming combustion in the first 2000 seconds of simulation time, and a second represent240

smoldering combustion in times after 2000 seconds.241

The approximated constant fuel consumption rates are shown in Table 3. These con-
sumption rates are multiplied by the emission factors, that is grams of a species generated
over kilogram of fuel consumed, shown in subsequent rows of Table 3 for the source terms

–8–
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(a) (b)

Figure 1: Smoldering regime of the forest simulation (a) and the slashpile sim-
ulation (b). Images are captured 300 seconds after ignition and show a red
iso-surface of potential temperature at 305 K. The initial fireline is shown in
yellow and the areas of interest from which fuel statistics were computed are
shown in black.

1

Figure 3. Smoldering regime of the forest simulation (a) and the slashpile simulation (b). Images

are captured 300 seconds after ignition and show a red iso-surface of potential temperature at 305

K. The initial fireline is shown in yellow and the areas of interest from which fuel statistics were

computed are shown in black.

(a)

(b)

Figure 1: Fuel consumption rates within the forest and slashpile simulations as
a function of time. (a) shows the entire duration of the FIRETEC simulations.
(b) shows a scale-up of the smoldering regime after the initial 2000 seconds of
the simulation.

1

Figure 4. Fuel consumption rates within the forest and slashpile simulations as a function of

time. (a) shows the entire duration of the FIRETEC simulations. (b) shows a scale-up of the

smoldering regime after the initial 2000 seconds of the simulation.
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Table 3. Fire Emission Factors and Fuel Consumption Rates

Gaseous Species Emission Factor ( g
kg )

H2O 775
CO2 1637
CO 89
O2 -1212

CH4 3.92
Other Gases 53.5

Regional HIGRAD Forest Slashpile
Source Term Flame Smolder Flame Smolder

Fuel Consumption Rate ( kg
ha·s ) 73.21 1 26.37 2.5

PM Emission Factor ( g
kg ) 24 35 30 40

Black Carbon (% of PM) 20%

Fuel consumption rates fitted from the FIRETEC simulations along
with estimated, calculated, and measured emission factors for various
major species to be used in the HIGRAD simulation as emission source
terms.

of emission generation fed into the regional HIGRAD simulation. The particulate matter
(PM) emission factor is calculated directly in the FIRETEC simulations using the zonal-
based emission source term model (Josephson et al., 2020). Of these particulate emissions,
we estimate 20% to be black carbon (Lee et al., 2022), the rest would be various forms
of organic carbon particulates. H2O emissions come from two sources: 1) the evaporating
moisture content of the fuel itself, and 2) a bi-product of the combustion process. We took
a weighted sum average moisture content of all the fuels represented in Table 1 for the first
part. For the bi-product of the combustion process, we assumed a complete combustion of
the elemental composition of Douglas Fir (Biermann, 1996)

C3.75H6O3 + 3.75 O2 −−→ 3.75 CO2 + 3 H2O. (1)

This complete combustion estimation also was used to estimate the negative O2 emission242

factor given in Table 3. The other species’ emission factors were taken from work done by243

Akagi et al. (2011) (Akagi et al., 2011) where aerial emission factors for burning temperate244

forests were measured.245

In addition to the mass source terms provided to the regional HIGRAD simulations by246

the localized FIRETEC simulations, a heat source term was also inferred. At each timestep,247

an average of potential temperature for all iso-elevated computational cells within the fire248

plume was taken with results over time are shown in Figure 5. For the purposes of this study,249

fire plumes were defined as any space where the vertical velocity was greater than 5 m/s,250

indicating a strong vertical draft. Image (a) of Figure 5 displays the forest simulation and251

initially created a much stronger vertical plume than the slashpile simulation in Image (b).252

However, once these simulations entered a ’smoldering phase’, at times after 20 minutes,253

the slashpiles continued to burn at a greater rate than the forest simulations and continued254

to produce a vertical plume as can be seen the figure. After the initial ’flaming phase’, the255

forest simulation largely ceased to produce a vertical lift.256

To integrate these heating results into the regional HIGRAD simulation, an averaged257

ground plume temperature over each burning regime were taken leading to four distinct258

heating profiles: 385/340 K for the ’Forest’ flaming and smoldering regimes respectively259

and 380/350 K for the ’Slashpile’ flaming and smoldering regimes respectively. Heat was260
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(a) (b)

Figure 1: Vertical spatial and temporal evolution of averaged potential tem-
peratures within the fires’ developed plumes. Image (a) shows results from the
Forest Simulation and Image (b) shows results from the Slashpile Simulation.

1

Figure 5. Vertical spatial and temporal evolution of averaged potential temperatures within the

fires’ developed plumes. Image (a) shows results from the Forest Simulation and Image (b) shows

results from the Slashpile Simulation.

added to the regional HIGRAD simulation in proportion to these averaged ground plume261

temperatures decaying linearly from the ground to 180 meters above the ground where no262

heat was added at all.263

3.2 Regional Atmospheric Simulations264

To represent the distribution of fuels in the regional HIGRAD simulation, three different265

fuel patterns were overlaid on the topography of Interior British Columbia. These three266

different fuel patterns were: 1) a uniform forest identical to the FIRETEC forest simulation,267

2) a series of slashpiles distributed reflective of the FIRETEC slashpile simulations, and 3)268

a mixed forest/slashpile thought to be more representative of the forest conditions at the269

time of the fire, this mixed landscape creates a ’checkerboard’ of forest and slashpile terrains270

with each occupying alternating square kilometers. Superimposed on these three different271

fuel patterns and the topography was an active fire map, shown in Figure 1, estimated by272

the Canadian Forest Service during the extent of the observed PyroCb formation.273

A total of six regional-scale HIGRAD simulations were undertaken to quantify the im-274

pact of different fuels (forest, slashpiles, or mixed) and latent heat release with regard to the275

upward transport of organic aerosol and soot. The simulations were driven by averaged en-276

ergy and mass sources from FIRETEC with the energy source having a vertical dependence,277

whereas mass sources for water vapor density, OA density, and BC density were specified in278

the lowest grid cell or 50 m above the topography. The sources were time dependent with279

a ramp up phase to induce vertical motions for cloud formation, followed by a relatively280

short flaming phase in which a majority of energy and mass were released. For three of the281

six HIGRAD simulations, cloud physics was activated at the end of ramp up phase and will282

serve as comparison against the three simulations in which the option was not activated. For283

the current simulations, no attempt was made to model fire spread and its potential impact284

on PyroCb formation. Note, given the high winds associated with this case, fire spread by285

spotting of hot embers could be significant with this topic and its associated impact on the286

PyroCbs being examined in future papers.287

The regional-scale HIGRAD simulations were run over a domain of 400 × 400 km2
288

utilizing a stretched horizontal mesh in which an inner square region of roughly 200 × 200289
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Figure 6. Topography, hot spot data, domain (black box) of 100 m resolution (200 × 200 km2),

and entire domain (400 m resolution outside black box; 400 × 400 km2) utilized in the HIGRAD

simulations.

km2 was resolved by 100 m spatial resolution and the outer region by 400 m with a total of290

2800 × 2800 grid points being employed in the horizontal directions. Vertical resolution was291

highest near the surface (100 m) and coarser at the model top of 35 km (400 m) with 150 grid292

points utilized in the vertical. To minimize impact of time-splitting and possible damping293

of vertical motions, an explicit 2nd order Runge-Kutta solution procedure was employed294

and used a time step size, 0.05 s, that was limited by the sound speed. Simulations were295

run on LANL high performance computers with runs typically utilizing between 2500-4900296

processors.297

Figure 6 shows the topography, the location of the higher-resolution inner grid, and298

hot spot data supplied by the Canadian Forest service. Within a given simulation, the hot299

spot data was used as a mask to activate the energy and mass forcing function with the300

terrain, hot spot data, and forcing functions available upon request. The background hori-301

zontal wind, temperature, and gas density fields were initialized using a Spokane Washington302

sounding taken at 00Z 13 August. Given the relatively short time scale of the simulations,303

4 hours, these environmental conditions were assumed constant in time and space. The304

cloud physics package was similar to the one utilized in (Fierro & Reisner, 2011), except305

water activation occurred on aerosol injected by the fires, background (750 cm3), organic,306

and soot aerosol from the fire, as opposed to just a background aerosol component with all307

three aerosol assuming κ = 0.1. Another difference within the cloud physics package was308

utilization of a ice activation model (Demott et al., 2010) that depends on three quanti-309

ties, aerosol size, temperature, and ice saturation, as opposed to just two parameters, e.g.,310

Fletcher’s curve.311

In addition to aerosol produced by the fires, additional sources and transport of condens-312

able gases, dust, ash, and secondary organic aerosol (SOA), were included in two simulations313

using the mixed fuel type with the only difference being the inclusion of SOA formation in314

one of the simulations. The dust pickup model utilized was based on threshold velocity (C.315
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Figure 7. Isosurfaces of various fields, cloud water (turquoise), cloud ice (white), dust/ash

(blue), organic aerosol (brown), black carbon (black), and SOA (grey) at 1.5 hrs., 2. hrs., 2.5 hrs.,

and 3.5 hrs. Terrain is colored by gas temperature with hot spot data, visible at 1.5 hrs., being

denoted by red contours.

& Todd, 2012), raised to 10 m/s for the current run, whereas ash production was based on316

observations that related ash production to fuel type and fire activity (Bahador & Sundén,317

2008; Bian et al., 2020) with both fields, ash and dust, being transported in the same com-318

putational array. Further, for runs including dust pickup, a land use map was utilized in319

HIGRAD that turns off the pickup model for land types not supportive of pickup, e.g.,320

undisturbed forest. Likewise, the dust model was limited such that maximum dust densities321

in a surface cell did not exceed 10−5 kg m−3 (Ming et al., 2019).322

3.2.1 Results323

For illustration purposes, Figure 7 shows a time-series of various isosurfaces from a324

mixed fuel simulation in which all processes were active. As evident in the figures, a rapid325

upward injection of aerosol occurs during the active fire phase and is in direct response326

to the specified forcing. Comparison of a mixed fuel simulation against the forest and327

slash fuel simulations illustrate that this simulation induces more aerosol transport into the328

upper atmosphere than the slash simulation, but less than the forest simulation. To better329

quantify this finding, Fig. 8 (top panel) shows the domain integrated time series of total330

aerosol (OA and BC) from the three simulations (both total and above 10 km) with the331

forest simulation having the biggest impact in aerosol concentration above 10 km (upper332

troposphere and lower stratosphere). Overall, results from these three simulations reveal333

the importance of fuel type on upward injection of aerosol or equivalently the cooler the fire334

the less upward aerosol transport. Additionally, primary injection of aerosol occurs during335

the active phase of the fires; however, the mixed simulation does reveal a small ramp up336

in aerosol production towards the end of the simulation and is associated with the energy337

–13–



manuscript submitted to JGR: Atmospheres

Figure 8. Top panel shows the time history of aerosol, OA and BC, integrated over the entire

domain from HIGRAD PyroCb simulations driven by different fuel types, forest, slash, and mixed.

Hotter burning fuel, e.g., forest, induces significantly more vertical transport than cooler burning

fuel, e.g., slash piles, with a majority of the injection into the upper atmosphere occurring during

the active burning phase of the fires. Bottom panel reveals horizontally averaged aerosol amount,

OA and BC, from 6 HIGRAD simulations at 3.5 hours with (solid lines) and without (dashed lines)

cloud physics active. The impact of latent heat release associated with the simulated PyroCbs is

apparent with at least a 4 km rise in the aerosol profiles.
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and mass release within the smoldering phases of both the forest and slash piles. Figure 8338

(bottom panel) shows horizontally integrated vertical profiles over from all six simulations.339

The impact of latent heat release is evident with a clear rise in aerosol concentration with this340

energy release mechanism active. Examination of various energy release processes present341

in the cloud physics model reveal that the primary energy release was associated with342

ice condensation or evaporation with future work and data needed to further assess the343

importance of this process in PyroCb development. For example, for BC17 the tropopause344

was relatively low, whereas for other events involving higher tropopause heights (Wagman345

et al., 2020) condensation of water onto the abundant fire produced aerosol may be the346

primary mechanism for latent heat release.347

4 Discussion348

4.1 Impact of Other Aerosol Sources349

While the three simulations with latent heat active inject significant quantities of aerosol350

into the upper atmosphere, even for the forest simulation total aerosol amount above 10 km351

is still on the low end with regard to the observations, e.g., 0.1 versus 0.2 Tg. These352

low values motivated the need for the two additional simulations that included both dust353

and ash as well as with the SOA formation active. Indeed, with the addition of dust and354

ash, aerosol loading does go up throughout the domain with the activation of the SOA355

formation mechanism another increase in aerosol loading (0.1 Tg) is noted (see Fig. 9). As356

evident in Fig.9 (top panel), dust pickup is ongoing at 5000 s; however, dust and/or ash is357

not continually introduced into the upper atmosphere until the time period of significant358

forcing and formation of the PyroCbs. While dust pickup was evident in the Australian fires359

(Li et al., 2021) and was suggested in high intensity fires (Wagner et al., 2018), we contend360

that the simulation represents an upper bound with regard to the amount of dust and ash361

introduced into the atmosphere for BC17, e.g., unlike Australia no nearby desert is present362

in British Columbia.363

Latent heat associated with the PyroCbs and upward injection of heat from the fires364

produces a wide area of warmer than ambient temperatures in the upper atmosphere. This365

temperature excess in combination with continued burning of the slash piles can induce366

motions that support continued vertical aerosol transport and dust pickup. To examine367

this, the mixed simulation with dust, ash, and SOA production mechanism active was368

extended beyond 3.5 hours with Fig. 10 showing that in the lower parts of the atmosphere369

the production of aerosol still continued and lead to an increase in aerosol above 10 km (0.16370

Tg at 3.5 hrs. versus 0.19 Tg at 4 hrs). Beyond 4 hours, significant aerosol mass started371

exiting the lateral boundaries making inferences regarding whether the aerosol profile will372

continue to rise difficult; however, the aerosol profile at 4 hours is in the range from what373

was inferred from observational data (Torres et al., 2020).374

4.2 Black Carbon Estimation375

Based on climate modeling studies of the BC17 event (D’Angelo et al., 2022), esti-376

mated BC mass is 1-2 percent of the total aerosol mass with higher percentages leading377

to significantly higher rises in the stratosphere than supported by observations. Figure 11378

illustrates that for the mixed simulation the BC percentages are considerably higher than379

supported by observations; however, with the addition of other aerosols BC percentages380

approach observed amounts. But, additional observational data is needed to quantify the381

amount of various aerosol present in the upper troposphere and lower stratosphere, e.g.,382

the current simulations may be underestimating OA production and overestimating dust383

aerosol pickup.384
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Figure 9. Top panel reveals aerosol amount as a function of time from mixed fuel simulations

with BC and OA production active (black lines), BC, OA, and DA production active (red lines), and

BC, OA, DA, and SOA production active (green lines). Bottom panel shows horizontally averaged

aerosol amount at 3.5 hours from simulations shown in the top panel.
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Figure 10. Horizontally averaged aerosol amount from a simulation with all production mech-

anisms active at 3.5 hours (solid green line) and 4.0 hours (dashed green line).

Figure 11. BC percentage as a function of height from the simulation with all aerosol production

mechanisms active at 3.5 hours with black line indicating percentage with respect to OA only, red

line with respect OA and DA only, and green line with respect to all aerosol.
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5 Conclusions385

A multi-scale modeling approach was utilized for the BC17 megafire. A novel aspect386

of this work was the linking of high-resolution combustion simulations to regional scale387

simulations. The combustion simulations resolve the burning of slash piles and forest with388

the forest burning significantly hotter than the slash piles. Integral representations of energy389

and mass release during the active and smoldering phases from the combustion simulations390

were used in the regional scale simulations and were partially responsible for driving the391

upward transport of aerosol. And, when latent heat and corresponding PyroCb development392

is included in the simulations, the aerosol plume rises approximately 5 km over simulations393

without this mechanism active.394

The mixed fuel PyroCb simulation with all aerosol production mechanisms active pro-395

duced a vertical aerosol profile that roughly agreed with an inferred profile from observations396

(Torres et al., 2020). But, while this profile could be used to initialize a climate model sim-397

ulation, it would be of interest to utilize the three dimensional aerosol output to initialize398

an aerosol plume within a climate simulation using relatively high resolution (25 km or399

less). Questions regarding the importance of the three dimensional structure of aerosols on400

potential plume rise within the stratosphere could then be addressed and compared against401

observed plume dynamics.402

6 Open Research403

HIGRAD and FIRETEC are export controlled models, but input decks and data can be404

requested via LANL’s Richard P. Feynman Center for Innovation (feynmancenter@lanl.gov).405
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Figure 2.



(a) (b)

Figure 1: Full flaming regime of the forest simulation (a) and the slashpile
simulation (b). Images are captured 50 seconds after ignition and show a red
iso-surface of potential temperature at 330 K. The initial fireline is shown in
yellow and the areas of interest from which fuel statistics were computed are
shown in black.
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Figure 3.



(a) (b)

Figure 1: Smoldering regime of the forest simulation (a) and the slashpile sim-
ulation (b). Images are captured 300 seconds after ignition and show a red
iso-surface of potential temperature at 305 K. The initial fireline is shown in
yellow and the areas of interest from which fuel statistics were computed are
shown in black.

1



Figure 4.



(a)

(b)

Figure 1: Fuel consumption rates within the forest and slashpile simulations as
a function of time. (a) shows the entire duration of the FIRETEC simulations.
(b) shows a scale-up of the smoldering regime after the initial 2000 seconds of
the simulation.
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Figure 5.



(a) (b)

Figure 1: Vertical spatial and temporal evolution of averaged potential tem-
peratures within the fires’ developed plumes. Image (a) shows results from the
Forest Simulation and Image (b) shows results from the Slashpile Simulation.
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Figure 6.
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