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Abstract. Violent fire-driven convection can manifest as towering pyrocumulus (pyroCu) or pyrocumulonimbus
(pyroCb) clouds, which can have devastating impacts on the environment and society. Their associated fire spread is

erratic, unpredictable and not generally suppressible. Research into large pyroconvective events hasmainly focused on the
atmospheric processes involved in normal atmospheric convection, or on surface fire weather and associated fuel
conditions. There has been comparatively less attention paid to the role of the fire itself in these coupled fire–atmosphere

events. This paper draws on recent insights into dynamic fire propagation and extremewildfire development to investigate
how the fire influences the occurrence of violent pyroconvective events. A static heat source of variable dimension and
intensity is used. This is accompanied by a companion paper that extends the analysis by including the effect of fire
geometry on the pyroconvective plume. The analyses indicate that the spatial expanse and intensity of large fires are

critical factors driving the development of pyroconvective plumes and can override the influence of the stability of the
atmosphere. These findings provide motivation for further investigation into the effect of the fire’s attributes on the
immediate atmosphere and have the potential to improve forecasting of blow-up fire events.
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Introduction

Extreme wildfires occur in several wildfire-prone locations
around the globe and are the most severe category of wildfire
(Sharples et al. 2016). Violent pyroconvective events (that is,

fires that manifest towering pyrocumulus (pyroCu) or pyr-
ocumulonimbus (pyroCb)) impact not only the surface but also
extend their influence high into the atmosphere. Extreme
wildfires are high-impact fires, often resulting in large costs to

society through the destruction of infrastructure and loss of
lives, as well as forestry and agricultural productivity and sites
of cultural importance (Sharples et al. 2016). The 2009 Black

Saturday fires in Victoria, Australia, for example, resulted in the
loss of 173 lives and a total economic cost estimated at AUD$4.4
billion (Teague et al. 2010). Expansion of urban areas, due to

population growth, is also increasing the area of urban margins,
which are vulnerable to wildfire impact owing to their proximity
to surroundingwoodland and forested areas (Moritz et al. 2014).

These demographic changes, combined with the increased
likelihood of extreme wildfires under climate change, mean that
the risk of extreme wildfires to communities is increasing. It is
therefore important to improve our understanding of the drivers

of these catastrophic events, and to use that understanding to

devise better ways of predicting their occurrence and informing

better management options that might ameliorate the risk.
To this end,McRae and Sharples (2014) describe a ‘Blow-Up

Forecast Outcome’ (BUFO) model that is currently being

developed and has successfully identified fires that are likely
to ‘blow-up’ or rapidly escalate in size. This model relies on the
assumption that these extreme fires are associated with a
phenomenon called ‘deep flaming’. The problem the present

paper (and its companion) seeks to address is whether deep
flaming is necessary for the development of violent pyroconvec-
tion, as its association has solely been observational to this point

and has not been tested with numerical modelling. It also seeks
to understand the relationship between the fire size and intensity,
using highly idealised simulations.

Deep flaming

Spot fires produced by lightning strikes and from embers may
coalesce into a larger fire, which owing to the nature of its
formation can exhibit sustained and intense flaming over a large
spatial expanse. We refer to these instances as ‘deep flaming’.

Thus, deep flaming describes large areas of the landscape (up to
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the order of hundreds of hectares) that are affected by quasi-
simultaneous active flaming. Deep flaming events result in large
spatial integrals of instantaneous energy release (SIIER) and

should be considered as quite distinct from the more typical
frontal propagation of a wildfire with a relatively narrow
flaming zone (e.g. tens of metres).

Several triggers for the development of deep flaming have
been identified or hypothesised. These include:

� Very strong winds – so the head fire advances more rapidly
than the back of the flaming zone, and increased prevalence of
short- to medium-range spotting (causing the flaming zone to

have depth of hundreds of metres, whereas typical frontal
propagation has depth of tens of metres);

� Eruptive fire behaviour – where steep slopes can cause a fire

to accelerate rapidly, with associated increases in intensity
(Viegas 2004; Viegas et al. 2012);

� Vorticity-driven lateral spread – where strong winds and
steep terrain interact to rapidly drive a fire laterally, accom-

panied by downwind spotting (Sharples et al. 2012; Simpson
et al. 2013, 2014);

� Mass spotting and fire coalescence – includingmass spot fires

from embers and lightning or merging of fires introduced into
the landscape by other means such as back-burning (Finney
and McAllister 2011; Hilton et al. 2017); and

� Inappropriate use of incendiaries.

Deep flaming has also been implicated as a precursor for

violent pyroconvective events, as demonstrated in the 2003
Canberra fires and the 2006 Grose Valley fire in the Blue
Mountains west of Sydney (McRae et al. 2015). The develop-

ment of expansive flaming zones is also suspected to have
played a role in the development of the violent pyroconvection
associated the 2014 Grampians fire in Victoria and the Sir Ivan
fire that destroyed the township of Uarbry, NSW, in February

2017. In particular, McRae et al. (2015) demonstrated a spatio-
temporal link between spatially expansive, uniform signals in
multispectral linescans (interpreted as active flaming) with

radar echotop maxima and the strongest radar returns during
the 2006 Grose Valley fire.

Effects of extreme fires

Extreme fires are coupled fire–atmosphere events, and so can

have a significant effect on local weather patterns. They are
formed by fire-heated air, which ascends and condenses owing
to cooling. The condensation phase adds additional heat to the

system in the form of latent heat release.
Organised circulationmay also develop, creating downdrafts

(whereby higher-momentum air can be brought down to the
surface; Sun et al. 2009), and also enhancing vertical mixing.

This may produce strong and erratic flow, which may cause
unpredictable fire spread and could be problematic for tactical
firefighting and for planning of a broader strategic response. The

enhanced vertical mixing can also increase the entrainment of
drier, cooler ambient air into a large pyroconvective plume, and
influence the transport of embers. Indeed, enhanced spotting

processes can become the dominant mechanism for fire spread
associated with these extreme fires (Koo et al. 2010; Sharples
et al. 2016). The development of a large pyroconvective column

into a pyroCb may also transport smoke into the lower

stratosphere as the enhanced plume overshoots the tropopause,
thereby depositing aerosols such as smoke and ash high into the
atmosphere where they can then be transported around the globe

(Fromm et al. 2010). Injection of aerosols into the atmosphere
leads to extended lifetime of convective clouds (Fromm et al.

2008a, 2008b; Lindsey and Fromm 2008) as well as pollution of

the stratosphere (Fromm et al. 2005), with broader climatic
consequences. Moreover, pyroCbs often produce lightning
(Johnson et al. 2014; Lang et al. 2014; Dowdy et al. 2017),

which may result in the ignition of additional fires and even
spawn tornadoes. Both lightning and a tornado were observed in
the 2003 Canberra fires (Fromm et al. 2006;McRae et al. 2013).

This paper addresses the question: ‘Is deep flaming needed

for extreme fire development?’ The BUFO Model is based on
identifying triggers for deep flaming as a precursor for extreme
fire development, and as such, it is necessary to investigate how

the size (Part I) and shape (Part II) of the fire affect pyroconvec-
tion. As entrainment of environmental air only occurs along the
plume boundary, it is hypothesised that a plume emanating from

a large and spatially expansive area of active flame will be
subject to less overall entrainment, as the hot andmoist airwithin
the plume’s core will be more likely to reach the condensation

level before it mixes with ambient air and loses its buoyancy. At
this level, convection will be further enhanced by latent heat
release and atmospheric instability (Finney and McAllister
2011). Therefore, it is further hypothesised that both increased

size and intensity will increase the likelihood of extreme fires.
Therefore, it is the primary objective of this paper to identify

how the size and intensity of a fire affect the relative plumeheight.

To achieve this,we employ a coupled fire–atmospheric numerical
weather prediction model in idealised mode to investigate how
circular fires of varying size and intensity, with different wind

strengths, atmospheric instability and moisture combine to influ-
ence the development of violent pyroconvection.

While several authors have used physical models to investi-
gate the interactions of the atmosphere and a fire (Cunningham

and Reeder 2009; Luderer et al. 2009), we are not aware of any
studies that investigate the role of the spatial expanse of a fire on
pyroCb formation, as hypothesised above. Although these

studies address aspects of the generation of pyroCbs, several
related questions pertaining to the effects of fire intensity and the
vertical structure of the atmosphere also remain. Therefore,

there is a need for further research into how the geometry and
spatial expanse of a fire may influence the development of deep
pyroconvection. Such researchwill facilitate better prediction of

the most dangerous wildfire events and will improve under-
standing of fire–atmosphere interactions more generally.

TheMethods section details the model, its basic configuration
and the changes to size, intensity, wind and atmospheric profiles

used inorder toexplore the varyingeffects onplumeheight. These
comparisons are then analysed in the Results section, followed by
a discussion of the implications of these results given the current

situation of research. The analysis of these simulations allows us
to quantify the relative importance of these fire and atmosphere
characteristics on the generation of pyroCb.

A companion paper (Badlan et al. 2021 – hereafter Part II)
extends this work by considering how the geometry of the static
heat source and the intensity also affect pyroconvective
potential.
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Methods

The section is as follows: a brief description of the model and its
general configuration for all simulations. This is followed by a
description of the fire sizes, intensities, wind and atmospheric

profiles and finally an additional simulation with moisture. A
summary of all the model configurations is summarised in
Table 1.

Numerical weather model

The numerical simulations were performed using version 3.9 of
the Weather Research and Forecasting model (WRF) –
Advanced Research core (ARW) version 3.9 (Skamarock et al.

2008), which is coupled to the WRF-Fire module (Coen et al.

2013). These idealised simulations are run in large-eddy simu-
lation (LES)mode (Moeng et al. 2007), whichmodels the small-

scale (subgrid) eddies using a subfilter-scale stress model; the
atmospheric large-scale eddies are explicitly resolved. The
WRF model is fully compressible and utilises a mass-based

terrain-following hydrostatic pressure vertical coordinate sys-
tem (Skamarock et al. 2008).

The computational domain is 21 km wide in the x and y

directions horizontally and 30 km vertically. The horizontal

resolution of the model is 150 m on the atmospheric grid. There
are 201 vertically stretched levels, with minimum vertical
resolution of,50 to 130 m in the lower levels. For simulations

involving a non-zero wind profile, the domain is extended to
42 km in the x direction. The sensitivity of the plume to the
horizontal grid resolution was evaluated by producing three

simulations with horizontal resolutions of 50, 100 and 150 m
(not shown). There was very little difference between the
plumes produced, so for the sake of computational resources,
the 150 m horizontal resolution model was used.

Simulations were also run using a fire of 750 m radius,
100 kW m�2, 150 m resolution model using fire:atmospheric

grid ratios of 2, 4, 6, 8 and 10 (with corresponding horizontal
resolutions of 75, 37.5, 25, 18.75 and 15 m respectively) to
ascertain the coarsest fire:grid resolution that might be used to

save on computational resources. There was no appreciable
difference in the plume height (,100 m spread), maximum
vertical velocities (ranged from 64.8 to 70.4m s�1) ormaximum
temperature perturbations (48.8 to 50.58C) within the plume, so

for computational cost and speed, theWRF-Fire model grid was
set to a 4:1 ratio (i.e. the fire model was run with 37.5 m
horizontal resolution).

The effects of subgrid turbulence are parameterised using a
predictive 1.5-order turbulence kinetic energy (TKE) closure. A
Rayleigh damping layer is used in the top 5 km of the model

domain to absorb vertically propagating waves. The simulations
are idealised and have no radiation, planetary boundary layer, or
cumulus parameterisation schemes (the resolution of the atmo-

spheric grid means that the clouds are explicitly resolved by the
model). The microphysics scheme employed is the Single
Moment 6-class (WSM6) scheme (Hong and Lim 2006). It
has six categories of hydrometeor, can simulate the processes of

water vapour, cloud water, cloud ice, rain, snow and graupel,
and is particularly suitable for high-resolution simulations. The
terrain is flat. For the present study, the cloud mixing ratio is the

sum of cloud water, cloud ice, snow and graupel and the plume/
cloud outline is the 0.01 g kg�1 contour.

Fire size

The spatial extent of the fire source is varied to represent dif-
ferent degrees of deep flaming. Five circular fires of different
radii are included in the analyses. The radii used are as follows:

Table 1. Summary of basic model configuration and simulations for Part 1

Simulation setup

Horizontal domain size 21� 21 km (no wind) 42� 21 km (wind)

Atmospheric mesh 160� 160� 200 grid points

Atmospheric horizontal resolution 150 m

Model top 30 km

Vertical resolution 50m (surface) to 130m (top)

Fire mesh 540� 540 grid points

Fire horizontal resolution 37.5m

Simulation length 150min

Time step 0.9 s (150–750m radius fires) 0.3 s (1000–1500m radius fires)

Subgrid-scale closure 1.5 TKE

Lateral boundary conditions Open

Spin up 20min

Depth of Rayleigh damping layer 5 km

Microphysics Single Moment 6-class scheme (WSM6)

Changes for simulationsA

Fire radius 150, 500, 750, 1000 and 1500m

Fire intensity 25, 50 and 100 kWm�2

Wind profiles 0, 5 and 10m s�1

Atmospheric profiles Stable, neutral and unstable

Additional run

Moisture profile Run for 750m, 100 kWm�2, 0m s�1 wind, neutral only

ASimulation run with every combination of size, intensity, wind and atmospheric profile. i.e. 5 � 3 � 3 � 3 ¼ 135 simulations.

486 Int. J. Wildland Fire R. L. Badlan et al.



150 m, 500 m, 750 m, 1 km and 1.5 km. These fires are run to
determine whether the areal extent of a zone of deep flaming
affects the generation of violent pyroconvection associated with

extreme fires. The timestep is 0.9 s for the three smallest fires
and 0.3 s for the two largest fires. The lateral boundaries are
open, and the simulation runs for 2 h 30min with the first 20min

used for spin-up to allow for the development of the convective
boundary layer.

Fire intensity

Three different fire intensities are investigated (25, 50 and

100 kWm�2 – the latter being the limit of heat fluxes that may be
introduced into the model) to determine how the sensible heat
from the firemay affect the nature of the resulting pyroconvective

plume. When evaluating the pyroconvective potential of the fire,
the plume height is observed. The heat flux is introduced after the
boundary layer has initialised (i.e. after 20 min) and is increased

linearly over 10 min to avoid numerical instability.
This atmospheric model uses static heat flux, similarly to

other studies (e.g. Cunningham and Reeder 2009) that are
constructed in the fire model and interact with the atmospheric

model to produce plumes. Although two-way coupling is turned
on, the fact that the heat source is not allowed to vary (it is static)
means that the coupling is actually just one-way (from the fire to

the atmosphere).
Although this study uses the term ‘fire’, it should be rein-

forced that these are highly idealised simulations using an

artificially forced static heat source (which does not vary in
area or magnitude during the course of these simulations). The
energy release of these static sources is spatially uniform across

the whole circle (although in reality, interior parts of mass fires
may be starved of air and, as the fuel cannot react completely,
the burning rate and corresponding heat release diminish;
Finney and McAllister 2011). It is also worth mentioning that

although flaming duration in smaller fires may be of the order of
tens of seconds, in large conflagrations the fire may reinforce
itself, and that different parts of the mass fire will be burning at

various times. Residence times for fuel loads of duff or heavy
wood and large-diameter fuel loads will be much longer. Small
and Heikes (1988) modelled a large fire with 100 kW m�2 heat

flux with significant heat release up to 4 h.
When referring to the total heat flux of a fire, the term ‘fire

power’ (FP) is used. This is the product of the intensity and the
area of the fire (for circular fires FP ¼ Ip r2, where I is the fire

intensity in W m�2 and r is the fire radius in metres).

Wind profile

To test the effect that wind has on the plume, the initial wind

profilewas thenmodified to produce constant vertical shear near
the surface such that

U0 zð Þ ¼ U0; z > h;
U0z
h
; z � h:

(

whereU0 is the wind speed with values of 0, 5, and 10 m s�1 and
the height of the mixed layer h ¼ 3.0 km. The results were

compared with another simulation with a wind profile with
a log relationship and no appreciable difference in plume

development was observed. This is likely due to the model
developing a log wind profile after convective spin-up.

Atmospheric profile

The model is initialised with three different profiles, each
representing stable, neutral and unstable atmospheric profiles in

the lowest 3 km of the atmosphere (Fig. 1) and a tropopause
located at a height of 12 km. To understand how the atmospheric
profiles correspond to conditions known to be associated with

explosive fire development, they are quantified in terms of the c-
Haines index, which is used by fire management agencies
throughout Australia (Mills and McCaw 2010). This index
measures the atmospheric stability by comparing the differences

in moisture and temperature between the 700 and 850 hPa levels
and is calculated using the using the following empirical formula:

CA ¼ 1

2
T850 � T700ð Þ � 2:

CB ¼ 1

3
T850 � DP850ð Þ � 1:

where CA and CB are the continuous forms of the stability and

moisture terms used in the Haines Index, T is the temperature
and DP the dewpoint. To account for the large dewpoint
depressions that may occur, the following conditions apply: if

(T850 – DP850) . 308C, then (T850 – DP850) ¼ 308C and if
CB . 5, then

C ¼ 5þ CB� 5

2

The c-Haines value is then given by the sum CA þ CB.
The c-Haines value for each sounding was calculated and

produced values of 3.8 for stable, 6.4 for neutral and 11.5 for
unstable. The mixing ratios for each stability profile were also
chosen to ensure that the relative humidity was fairly low
(,50%) throughout the profile. These results may then be

compared with another simulation with a moist atmospheric
profile to identify any differences therewould be on the resultant
plume.

Moist profile

To identify the effect of moisture with height on plume devel-
opment and whether this aids in convection, an additional
simulation was run. The 1500 m radius fire with 100 kW

intensity and neutral atmospheric stability had the addition of
mid-level moisture above the 700 hPa level (the relative
humidity at these levels is close to saturation (90–100%)). The

profile is based on the relative humidity profile during the
Chisholm fire in Alberta, Canada, in 2001. Peterson et al. (2017)
highlight the key role mid-level moisture plays in the develop-
ment of pyroCbs in North America, as a mid-tropospheric

moisture source usually accompanies intense pyroconvective
events. The entrainment of the moist ambient air into the plume
is thought to be one mechanism of pyroCbs, as the additional

influx of latent heat drives convection (Trentmann et al. 2006).
Terrasson et al. (2019) investigated the Sir Ivan fire in southern
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Australia using weather radar and showed that moisture near the
surface combined with a cold front and the fire itself was also
associated with thermodynamic instability, leading to the gen-

eration of a pyroCb.

The Briggs plume model

A comparison of the plumes produced in this paper (and in Part

II) and the predicted centreline of each time-averaged plume in
neutral stability is made using the Briggs plume equation and
compared with that observed in the numerical model. This
confirms that the WRF model is producing similar thermal

plumes to that predicted by a simple plume rise model. The
Briggs equation (Briggs 1975) is a semi-empirical formula that
describes the location of the centre of a bent plume in wind. The

Briggs plume-rise equation for buoyant plumes in a neutrally
stratified atmosphere with wind used to calculate the plume
height is (Lareau and Clements 2017):

z ¼ C
F
1=3
0

U
x2=3

 !
ð1Þ

where z is the plume centre height, U is the mean wind in the

convective boundary layer, F0 is the buoyancy flux at the plume
base and C is a constant, where C ¼ (3/2b2)1/3, with b an
entrainment parameter. A value of b¼ 0.6 is used for plumes in

a cross-wind (Briggs 1975; Tory et al. 2018). F0 is calculated
using the time-mean heat flux Hs:

F0 ¼ pr2g
raCpTa

� �
Hs ð2Þ

where ra is the density of the ambient air, Cp is the specific heat
at constant pressure, Ta is the ambient air temperature in degrees

Kelvin, g is the acceleration due to gravity. For non-circular fires
in Part 2, pr2 is simply the area of the heat source.

Results

Fire size

Fig. 2 shows vertical cross-sections through the centre of the

domain for three of the different-sized fires with a heat flux of
25, 50 and 100 kW m�2 in a neutrally stable atmosphere after
1 h of simulation. This time was chosen as the plumes had

stabilised by 45–50 min of simulation time. It is evident from
the 500m radius fires (Fig. 2a, d, g) that, although they produce
a small cloud or plume, they do not develop sufficiently to

generate any circulations associated with organised pyr-
oconvection. The 750 m fires (Fig. 2b, e, h) have plumes
attaining heights of,12–14 km, just reaching the tropopause,

which they maintain for the whole 2.5 h simulation. The 1 km
fires (Fig. 2c, f, i) produce clouds that both extend to the upper
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Fig. 1. Profiles of (a) potential temperature (K); and (b) mixing ratio (g kg�1) for all three atmospheric profiles.
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troposphere/lower stratosphere (UTLS) and would likely rep-
resent pyroCb development (in contrast to pyroCu, which
extend above the lifting condensation level (LCL) into themid-

troposphere), as do the 1.5 km radius fires (not shown). Pyr-
oCbs are also more vigorous and long-lived (i.e. they do not
lose any structure), have a larger horizontal extent and over-

shoot the tropopause owing to strong vertical motion within the
convective core. However, the different fire sizes illustrate the

fact that larger fires are more likely to produce deep pyr-
oconvection, due to increased FP.

The height of the cloud base also increaseswith the size of the

fire (shown by the white horizontal dotted lines). For the smaller
fires, the cloud base formed just above 3 km,while for the largest
fires, the cloud base was well above 4 km. This agrees with

findings from Luderer et al. (2009), as the higher temperature
within the plume usually results in higher saturation pressures,
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Fig. 2. Instantaneous cross-sections of three plumes at 1 h for 25, 50 and 100 kWm�2 simulations for fires with radius 500m, 750m and 1 km.
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approximate height of the cloud base. The orange dashed line is the plume height from Morton et al. (1956).
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which delays saturation and therefore results in a higher LCL.
The predicted plume heights using the model for maintained
sources of Morton et al. (1956, eqns 24–26) are also added to

Fig. 2. There is good agreement for smaller plumes, but for the
larger, hotter fires, the UTLS may act as a cap on a plume,
thereby suppressing the height (Brode and Small 1986), which is
possibly the reason the larger plumes are overpredicted.

The temperature anomalies within the plumes for all of the
100 kW m�2 fires in a neutrally stable atmospheric profile are
shown in Fig. 3 (left). It is clear that the magnitude of the

temperature difference within the plume increases with the size
of the fire source; that is, the larger the fire, the hotter the air
within the core of plume, likely owing to the proportion of the

plume that is subject to entrainment. It should also be remem-
bered that this study uses the temperature anomalies for com-
parative purposes (i.e. between similar simulations) and not as

absolute values. In real fires, the flames mark the start of the
plume and have temperatures in the range 1200–1400 K; how-
ever, this study uses idealised plumes and consequently these
temperatures are not resolved.

Fire intensity

Fig. 2 also shows how the plumes are affected by the strength of
the heat flux from the surface, as the fires attain greater plume

height maxima with greater intensity and the cloud bases are
slightly lower for the cooler (lower-intensity) fires.

A comparison of the maximum plume height attained by the

different-sized fires (with neutral stability) and all three fire
intensities is provided in Fig. 3. The figure shows that the
maximum plume height increases with intensity (Fig. 3, right).

The 25 kW m�2 fire with 1.5 km radius produces a plume that
nearly reaches the tropopause, similar to a towering cumulus
(i.e. cumulus congestus) whereas the plume from the same size
fire with intensity of 50 kW m�2 extends higher, just passing

into the stratosphere. The 100 kWm�2 1.5 km radius fire has the

strongest plume, which clearly overshoots the tropopause, as
seen from the spreading out of the anvil just below the highest
point of the plume, shown in Fig. 2. Such features are also seen in

violent pyroconvective events. This size and strength of fire also
generates more turbulence due to the increased vertical motion.
Fig. 4a shows the time-averaged TKE in each circular plume for
each intensity and size. Fig. 4b shows the same values but in

terms of FP and indicates a direct relationship between FP and
TKE. It is evident that for the larger fires, the fire intensity is
influential on the strength of the convection, with a higher-

intensity fire producing a deeper convective column and a
higher cloud top. This is due in part to the greater intensity,
which equals greater FP for a given size fire. Moreover, both the

fire intensity and fire size affect the magnitude of the maximum
temperature anomaly within the fire plume and its height.

Wind simulations

The effect of wind can be seen in Fig. 5, which shows that with

no wind, fires with the same FP produce similar plume heights.
Oncewind is introduced, this relationship ismaintained between
those simulations with the same wind speed, but the plume

height is reduced as the plume is tilted downwind. Clearly, the
stronger the wind, the more the plume tilts downwind; this is
discussed in detail later. The effect of wind is explored further in

Part II.

Atmospheric stability

The simulations were then repeated with the lowest levels
(,3 km) having stable and unstable profiles. The stable and
neutral profiles were almost identical; however, surprisingly,

the unstable profile produced slightly lower plume heights than
the two most stable profiles (Fig. 6). This is most likely due to
the instability in the unstable mixed layer being greater than in
the other two profiles, which raises doubt about basing the

unstable profile solely on the c-Haines metric. However, the
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plume produced was less laminar and encompassed a larger
horizontal area, likely owing to greater turbulence driving
energy dissipation within the troposphere, which in turn

suppresses the tendency of the plume to overshoot the tropo-
pause. In the case of the stable profile, the plume’s development
is delayed, asmore energy is required to attain enough buoyancy
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to perhaps overcome higher convective inhibition. The neck of

the plume is at a height of ,1 km and has a width of ,500 m.
Plume heights are compared using the magnitude of the FP

released. Fig. 7 shows that, as expected, there is a direct

relationship between the maximum plume height and log FP,
and indicates a strong correlation between the FP and pyrocon-
vective potential, regardless of the atmospheric stability, for
circular fires. Note that the 1 km, 25 kW m�2 simulation has

FP ¼ 78.54 GW, which is the same as the 500 m, 100 kW m�2

simulation. Similarly, the 1.5 km, 25 kWm�2 simulation has the
same FP value of 176.71 GW as the 750 m, 100 kW m�2. It is

interesting to note that the plume heights for these equivalent
runs are very similar, regardless of the stability conditions. It
also suggests that the fire size – at least for these regular-shaped

fires – plays an influential role in determining whether violent

pyroconvection is likely to occur.

Mid-level moisture

Another simulation was conducted in which air between the 700
and 500 hPa levels (,3–5.5 km) was near saturation. Above the
500 hPa level, the moisture content gradually decreased to
below 50% relative humidity above 300 hPa. This moisture

profile, with addedmid-level moisture, was used in a simulation
using the 1.5 km radius fire with neutral stability and an intensity
of 100 kWm�2. Interestingly, themaximum height of the plume

was almost the same as that of the dry simulation during the
early stages of development (Fig. 8), with each model having
almost identical maximum temperature anomalies. However,
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the plume simulated with the added mid-level moisture dissi-
pated slightly earlier (,0140 hours) than the dry simulation

(0225 hours), when the top of the convective core seems to
separate from the surface. This can be seen in Fig. 8b, where the
convective core has two areas of maximum vertical velocity,

one just above 6 km and the other near the tropopause. This gives
the convective core the appearance of a slight ‘wobble’. The
moist simulation produces weaker, shorter-lived plumes, pos-

sibly owing to turbulent mixing in the lower levels of the
atmosphere. Instability along with increased turbulence cause
the core to separate and dissipate the energy from the surface

within the cloud. The lower and upper regions of the plume
separate with the core, stabilising again before repeating the
cycle over the course of 30–40 min. Eventually, the plume core
dissipates at,2 h 20 min. Increased moisture is also associated

with lower cloud bases as previously noted. Both the dry and
moist runsmaintained a similar violent pyroconvective structure
throughout the simulation.

Briggs equation

Fig. 9 shows time-averaged cross-sections of vertical velocity of
the 150, 500 and 750 m radius fires in 5 and 10 m s�1 wind with

heat flux 100 kW m�2. The dashed line is the plume centreline
calculated using the Briggs equation (Eqn 1). There is good

agreement generally with all plots, with the smallest fire (150 m
radius) having the closest match. As the size of the fire (and

therefore also the FP) increases, in lowwinds, the model plumes
are more upright than that predicted by Briggs.

Discussion and conclusions

We have presented several simulations of dry, static circular

fires that examined the combined influence of several factors on
the development of pyroconvective plumes. In particular, we
considered the effects of the size and intensity of the fire, the

wind speed, the atmospheric stability profile and the presence of
mid-level moisture. The plumes were then compared with those
predicted using a simple plume rise model.

Results indicated that the areal expanse of fire strongly

influences the development of plumes that manifest as violent
pyroconvective events. The areal nature of the heat source
driving convection has an influence on the dynamics of the

plume, and in particular, the heights it can attain. Entrainment
explains why a small plume would have a smaller, weaker
convective core than a larger one, as it would be subject to a

greater degree of mixing with the drier, cooler ambient air.
The finding that fire size is influential supports the assump-

tion that deep flaming is conducive to greater pyroconvection
potential and extreme fire development, as described in McRae
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and Sharples (2014), because larger fires are more likely to
produce deep pyroconvection owing to increased FP. To give an

indication of how FP relates to actual fires, large mass fires such
as the Sir Ivan fire have FP of the order of 100–1000 GW.
Therefore the 100 kW m�2, 1 km radius fire has an FP of

,314 GW, which is in the given range for a mass fire.
The magnitude of the heat flux produced by the fire is also

important for areas of deep flaming up to a minimum of 1 km

radius, but as the size of the heat source increases beyond this,
there appears to be less influence on theway the plume develops.
It is worth noting in this respect that several fires have exhibited
active flaming zones with areas comparable with those

considered here (e.g. linescan imagery of the Bemboka fire in
NSW in September 2018 indicated an active flaming zone of

,2.5 km2; L. McCoy, NSW Rural Fire Service, pers. comm.).
This suggests that when deep flaming occurs, the FP is less
relevant than for smaller fires, and that strong pyroconvection is

more likely to occur. Prescribed burns have heat fluxes in the
range 8 kWm�2 to 3MWm�2 (Lareau and Clements 2017), and
so the heat fluxes used range from smaller prescribed burns

through to larger, extreme fires.
Our model analyses also highlight the need for care when

choosing a heat source for idealised simulations, as the model
can be sensitive to the magnitude of the heat flux and may not
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produce realistic pyroconvection. The largest fire analysed
(1.5 km radius) also developed strong upward motion within
the column and this produced an overly high plume top. These

results indicate that larger fires have higher plumes, which is
consistent with observations of Lareau and Clements (2017),
who, using Gaussian cross-sections of a pyroCb plume, noted

how the core of the plume may be partially protected from
entrainment. This idea is examined further in Part II.

The results also indicate that the influence of atmospheric

instability decreased for larger fires, and that fires occurring in
more unstable atmospheres produced plumes with smaller
vertical extent, but that extended over a larger horizontal area.
This is somewhat counter to the common conception that more

instability leads to enhanced plume development (deeper
convection) – these results suggest that ‘enhanced’ should mean
‘more turbulent’ rather than simply ‘higher’. The plume necks

observed for all three stabilities are consistent with Kaye and
Hunt (2009), who noted that wide heat sources tend to produce
plumes that contract to a circular neck (with approximately half

the radius of the heat source) at a height equal to the radius, and
that above this neck, they behave like the classic circular heat
source plumes.

The introduction of additional moisture into themid and high
levels of the atmosphere caused the plumes to dissipate more
rapidly, but their horizontal extent was greater. This contrasts
with the model developed by Peterson et al. (2017), who

included mid-level moisture as a vital factor driving pyroCb
development. It must be remembered, however, that the simula-
tions that included mid-level moisture were highly idealised.

Indeed, they assumed dry atmospheres, static heat sources, flat
terrain and an absence of wind. It is possible, therefore, thatmid-
level moisture may influence pyroCb development through

processes that are not accounted for in our simulation. Further
research, involving more realistic simulations, could shed more
information on this apparent discrepancy.

The model plumes were then compared with plumes

described by the Briggs plume equation and closely matched
the predicted values for smaller fires. Although the use of the
Briggs equation is common for heat fluxes from industrial point

sources, its use for plumes from wildfires is not as certain.
Lareau and Clements (2017) applied this equation to a wildfire
plume and had a close agreement with the predicted Briggs

centreline. When the 150 m, 100 kW m�2 circular fire (which
has a similar size and intensity to the fire in Lareau andClements
2017) is calculated, it has a similar close agreement, suggesting

that for smaller fires, they act as a point source. This comparison
confirms that the numerical model has a close agreement with a
simple plume rise model and that the Briggs equation is suitable
for use with small, regular-shaped single-core plumes with a

linear wind profile (i.e. no shear). As the fire size increases,
however, the model plumes are more upright than those pre-
dicted by Briggs. This is likely due to themuch larger expanse of

the fire, whereby the core becomes increasingly protected as the
width of the plume neck is also proportional to the radius of the
heat source. Tohidi andKaye (2016) note howwildfires produce

plumes that are highly buoyant and have initial trajectories that
are more upright than industrial plumes, which could therefore
explain why the Briggs centreline underpredicts the observed
centreline in larger fires with corresponding greater FP.

Understanding the role that wildfire dynamics and the spatial
expanse of a fire’s flaming zone play in the development of
towering pyrocumulus and pyrocumulonimbus has several

important implications for fire management. Better prediction
of the burning characteristics of a fire, which may sometimes be
dominated by dynamic modes of fire propagation and a transi-

tion to deep flaming, combined with information on the vertical
atmosphere, will assist fire managers to monitor fires in the
landscape and better assess their likelihood of developing into

violent pyroconvective events. The results presented here pro-
vide insight into how the attributes of a wildfire (heat flux and
areal extent) combine with those of the atmosphere (wind and
stability profile) to influence the likelihood of deep

pyroconvection.
Results suggest that FP is a good predictor of plume height, at

least for the circular fires considered. These findings are

consistent with recent work by Tory et al. (2017), who used
thermodynamic diagrams to identify how plume buoyancy
decreases with height and how FP is important in the prediction

of pyroCbs. Logically, the more irregular the shape of the fire,
the greater the edge effect (i.e. the interior area of the undiluted
plume decreases) and consequently, we surmise that the fire size

and shape also play an important role. The companion paper
(Part II) continues the investigation into the effect that the
geometry of the fire (shape of the flaming zone) has on plume
development.
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