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ABSTRACT: Pyrocumulonimbus (pyroCb) clouds are difficult to predict and can produce extreme and unexpected
wildfire behavior that can be very hazardous to fire crews. Many forecasters modify conventional thunderstorm diagnostics
to predict pyroCb potential, by adding temperature (Du) and moisture increments (Dq) to represent smoke plume thermodynamics near the expected plume condensation level. However, estimating these Du and Dq increments is a highly
subjective process that requires expert knowledge of all factors that might influence future fire size and intensity. In this
paper, instead of trying to anticipate these Du and Dq increments for a particular fire, the minimum firepower required to
generate pyroCb for a given atmospheric environment is considered. This concept, termed the pyroCb firepower threshold
(PFT) requires only atmospheric information, removing the need for subjective estimates of the fire contribution. A simple
approach to calculating PFT is presented that incorporates only basic plume-rise physics, yielding an analytic solution that
offers important insight into plume behavior and pyroCb formation. Minimum increments of Du and Dq required for deep,
moist convection, plus a minimum cloud-base height (zfc), are diagnosed on a thermodynamic diagram. Briggs’s plume rise
equations are used to convert Du, zfc, and a mean horizontal wind speed U to a measure of the PFT: the minimum heat flux
entering the base of the plume. This PFT is proportional to the product of U, Du, and the square of zfc. Plume behavior
insights provided by the Briggs’s equations are discussed, and a selection of PFT examples presented.
KEYWORDS: Cumulus clouds; Thunderstorms; Forest fires

1. Introduction
In favorable atmospheric conditions, large hot fires can produce pyrocumulonimbus (pyroCb) clouds in the form of deep
convective columns resembling conventional thunderstorms,
which may be accompanied by strong and erratic inflow, potentially dangerous downbursts, and lightning strikes. These in
turn can enhance fire spread rates and intensity, cause sudden
changes in fire spread direction (e.g., Fromm et al. 2006; Trentmann
et al. 2006; Rosenfeld et al. 2007; Fromm et al. 2012), and ignite
additional fires (e.g., Dowdy et al. 2017). Dangerous pyroCb conditions are not very well understood and are difficult to forecast.
Conventional thunderstorm diagnostics such as convective
available potential energy (CAPE; a measure of the atmospheric thermodynamic instability) have been used to gauge
the potential for deep, moist pyro-convection (e.g., Potter
2005). CAPE is a measure of the buoyancy potential of a hypothetical air parcel once it has been lifted adiabatically until it
condenses and then moist adiabatically until it is buoyant relative to the surrounding environment. Given that fires provide
additional heat and moisture to air parcels rising in a smoke
plume, potential temperature u and specific humidity q perturbations can be added to a suitable air parcel to represent a
hypothetical smoke-plume parcel at the parcel’s condensation
level (e.g., fireCAPE, Potter 2005). This approach can be
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useful for identifying environments that are potentially unstable to tall vigorous smoke plumes, but otherwise too stable
for conventional deep, moist convection.
Examples of fireCAPE are illustrated in Fig. 1a, for a 1000
local summer time (LST) sounding at Wagga Wagga (New
South Wales, Australia) on 18 January 2003, the morning of the
infamous Canberra fire that produced multiple pyroCb (Fromm
et al. 2006; McRae et al. 2012).1 Here mixed-layer (ML) values
of u and q have been used to define the lifting condensation level
(LCL) to ensure air entrained into the plume from all levels is represented as the plume rises to the LCL (Tory et al. 2018, section 5c).
Two fireCAPE examples are included, using potential temperature
and specific humidity perturbations of 2 K and 2 g kg21 (green lines)
following Potter (2005), and 2 K and 0.2 g kg21 (pale blue lines)
consistent with heat to moisture ratios of Luderer et al. (2009).
The moist adiabat emanating from the ML-LCL (purple dotted
line) is everywhere colder than the environment (i.e., zero CAPE)
illustrating that the atmosphere is stable to moist convection, as
might be expected for this time in the morning. The increments of
2 K and 2 g kg21 result in very minimal fireCAPE (Fig. 1, shaded),
and the increments of 2 K and 0.2 g kg21 produce zero fireCAPE.
These increments were included primarily to illustrate the
sensitivity of increment choices using values suggested in the
literature, but it also draws attention to a discussion on realistic
ratios of temperature to moisture increments. Luderer et al. (2009)
argued that Potter’s hypothetical 1:1 ratio (Fig. 1, green lines)

1
This sounding is distant from the fire in space and time, and thus
not necessarily a good representation of the actual environment the
pyroCb developed in. However, forecasters using fireCAPE or the
PFT are often faced with this additional uncertainty.

DOI: 10.1175/WAF-D-20-0027.1
Ó 2021 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).
Unauthenticated | Downloaded 01/09/23 02:53 AM UTC

440

WEATHER AND FORECASTING

VOLUME 36

FIG. 1. (a) Thermodynamic diagram from Wagga Wagga, 2300 UTC 17 Jan 2003 (1000 LST 18 Jan), on the morning of the Canberra fires
that spawned a very substantial pyroCb later that day. The red lines are the environment temperature and dewpoint temperature. The
purple lines represent mixed-layer average potential temperature and specific humidity, with the mixed-layer lifting condensation level
(ML-LCL) at their apex, and a moist adiabat (purple dotted line) indicating a ML lifted saturated parcel path. The green lines represent a
hypothetical fireCAPE calculation (Potter 2005; using perturbations of 2 K and 2 g kg21) and the pale blue lines represent a more realistic
fireCAPE (Luderer et al. 2009; using perturbations of 2 K and 0.2 g kg21). (b) Zoomed rectangular inset of (a) with additional quantities
from Tory et al. (2018). The SP curve (dark blue) emanates from the ML-LCL. The minimum equivalent potential temperature ue,min
plume path that is warmer than the environment (positively buoyant) everywhere between the SP curve and a designated level above,
describes the free-convection moist adiabat (orange curve). The height of the intersection of these two curves, zfc, defines the minimum
height the plume must rise, and Dufc defines how much warmer than uML the plume needs to be for free convection to develop.

was unrealistically moist, which overestimated fireCAPE and
produced a plume LCL lower than the environment LCL (cf. the
ML-LCL with 2,2 LCL in Fig. 1). In comparison, the more realistic
(but still relatively moist, according to Luderer et al., 2009) 10:1 ratio
(Fig. 1, cyan lines), shows a plume LCL slightly more elevated than
the ML-LCL, and a moist plume parcel path (cyan dashed line)
about 58C cooler than the 1:1 ratio equivalent (green dotted line).
While fireCAPE for both sets of perturbations show reduced
stability, there is insufficient instability to support deep moist convection. Adding larger increments will, of course, increase fireCAPE
and the diagnosed potential for deeper moist convection but the
increment magnitude is highly subjective. Australian fire-weather
forecasters tend to adjust the increments according to expected
fire size and intensity (based on fire-weather conditions, fuels,
terrain, and expected wind changes), and they may vary the ratio
of temperature to moisture increments with fuel type (K. Parkyn,
D. Grant, and Z. Berry-Porter 2019, personal communication).
However, without in situ observations of the plume thermodynamics it is very difficult to know what increments are appropriate
for any given plume. Furthermore, given the strong dependence
of plume rise on background wind speed (e.g., Briggs 1975; Weil
1988) the increment choices should also consider wind speed.
In this paper an alternative approach is proposed. Instead of
trying to anticipate how much additional heat and moisture a

fire might be capable of delivering to an expected condensation
level, we invert the problem and consider what is the minimum
firepower2 (i.e., the total heat flux entering the base of the
plume) required to generate deep, moist convection (pyroCb)
in any given atmospheric environment. Thus, the concept of a
pyroCb firepower threshold (PFT) is introduced to diagnose
the favorability of any given atmospheric environment for
pyroCb formation. Importantly, this approach does not require
any fire information, and it considers the impact of both the
kinematic and thermodynamics of the atmospheric environment on potential plume rise. We take a simple approach that
yields an analytic PFT solution that is easy to understand and
offers very useful insight into potential plume behavior. We
anticipate that additional complexity will be built into future
PFT diagnostics when accurate firepower observations become
more readily available for verification. It is important that the
diagnostic remains as transparent to users as possible, because
diagnostics based on clear physical principles facilitate user
interpretation and confidence.

2
Firepower is often reported as a heat flux per unit area
(W m22), whereas in this paper firepower refers to the entire, or
area-integrated, heat flux (W).
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The simple PFT presented in this paper draws on the plume
saturation point (SP) concept of Tory et al. (2018). The plume
SP on a thermodynamic diagram depends on the heat and
moisture produced by the fire and how diluted the plume has
become from air entrained from the surrounding environment.
Assuming the fire releases heat and moisture in a specific ratio,
these SPs line up on a SP curve (e.g., Fig. 1b dark blue curve).
From this SP curve hypothetical moist-plume paths emanate
(lines of constant equivalent potential temperature ue), representing the set of possible moist plume parcel traces. The
path with minimum ue (ue,min) that is warmer than the environment everywhere between the SP curve and a designated
cloud-top height represents the moist-plume parcel pathway
that has enough buoyancy to freely convect to that designated
level (Fig. 1b, yellow curve). It represents the minimum-energy
pyroCb parcel path.
This procedure not only identifies the temperature and
moisture increments required, but the height the plume must
rise for the instability to be released, the free-convection height
zfc (Fig. 1b). The temperature increment, expressed as a potential temperature increment Dufc, is a measure of how much
warmer the plume needs to be, at zfc, than the mixed-layer
environment, to ensure it has sufficient buoyancy to penetrate
any inversions above that might inhibit the deep, moist-plume
ascent. These quantities are fundamental to determining the
favorability of the atmosphere to support pyroCb development, since the higher the plume must rise to condense and the
greater the buoyancy it requires to penetrate inversions, the
greater the required heat flux entering the plume.
To quantify the minimum heat flux entering the plume (the
PFT), a relationship between the plume buoyancy at zfc and the
heat flux or buoyancy flux at the surface, is required, which can
be obtained from a bulk plume model. In the next section, bulk
plume models are introduced and their relevance to the wildfire plume discussed. In section 3 the simplest suitable bulk
plume model, the set of Briggs’s equations, is described, and
equations that provide insight into plume behavior are derived,
and the insight discussed. The simple PFT is introduced in
section 4, where further insight from the PFT equation is discussed, and an approximate method for calculating PFT
manually from an atmospheric sounding is explained. Manual
PFT calculations for a selection of events are presented in
section 5, to provide a sense of how this PFT varies throughout
the day and from event to event. The paper is summarized in
section 6.

2. Can bulk plume models be used for the PFT?
Bulk plume models are derived from the full three-dimensional
Navier–Stokes equations by averaging over a plume volume (e.g.,
Briggs 1975; Weil 1988). The bulk plume equations express the
conservation of mass, momentum, and thermodynamic energy as
mass, momentum, and buoyancy fluxes that vary with distance
along the plume axis. The Boussinesq approximation ensures a
constant relationship between mass and volume, and allows the
mass/volume flux to be represented as a function of the plume
velocity integrated over a plume cross section, i.e., the average or
‘‘bulk’’ plume velocity. Similarly, the buoyancy flux is expressed as

the integrated buoyancy transported by the bulk along-plume
flow. This treatment of the along-plume fluxes as bulk properties
allows plume entrainment to be treated in bulk too, so that the
variation in mass/volume and buoyancy with along-plume distance is expressed as a bulk inward entrainment flux.
Realistic solutions require a physically realistic closure assumption. The entrainment function provides this closure. It is
assumed that entrainment is governed by the turbulence at the
plume edge, and that it scales with the difference in velocity
between the plume and environment—a tried and true relationship identified in numerous boundary layer and turbulence
studies, and consistent with the turbulent kinetic energy
equation (e.g., Stull 1988). Entrainment constants have been
identified through experimentation and observation, and found
to be very consistent across a range of scales and fluids (e.g.,
Briggs 1984). In consideration of the question posed in the
section title, bulk plume models are underpinned by the physics
of fluid dynamics. (They are not a set of empirical relationships
determined by fitting equations to experimental or observational data.) The approximations used to generate solutions are
based on well-established and well-understood fluid dynamical
relationships. While the solutions describe time- and spaceaveraged plume structure and properties (they do not describe
turbulent motion within the plume), these mean properties are
ideal for the PFT, which needs to capture plume behavior that
persists long enough to generate a thunderstorm, (perhaps several tens of minutes).
The simplest bulk plume model that can be used for the PFT,
i.e., diagnose the buoyancy distribution with height, is the set of
Briggs’s equations, which represent an analytic solution of the
bulk plume equations for a plume in a constant horizontal wind
U and neutrally stable environment (Briggs 1975, 1984). These
conditions are fairly typical of elevated fire danger conditions,
which generally occur in a deep well-mixed boundary layer
(e.g., Peterson et al. 2017). Briggs’s plume geometry is described by an equation for the plume centerline height zc with
distance downwind x:

zc 5


1/3
3 Bflux
x2/3 ,
2b2 pU 3

(1)

and an equation for the radius R of the circular plume crosssectional area centered on zc:
R 5 bzc .

(2)

Here b is the constant entrainment parameter, Bflux is the
buoyancy flux (conserved in the plume), p is the circle constant, and R represents the radius of Briggs’s ‘‘dynamic’’
plume. To explain the dynamic plume, we refer to the schematic in Fig. 2, which depicts the outlines of two plumes, one
inside the other. The ‘‘internal’’ plume (shaded) contains the
plume gases, whereas the dynamic plume (pale blue lines) includes the internal plume plus a hypothetical layer of surrounding environmental air lifted by the rising internal plume.
Prime symbols (0 ) are used when referencing the internal
plume radius and associated entrainment parameter:
R 0 5 b0 zc .

(3)

Unauthenticated | Downloaded 01/09/23 02:53 AM UTC

442

WEATHER AND FORECASTING

VOLUME 36

FIG. 2. Schematic representation of a Briggs plume, bent over in the downwind direction x by a constant horizontal wind U. The internal plume (yellow shading) has a vertical circular cross section about the plume centerline
height zc (yellow line) of radius R0 , which is linearly proportional to the plume centerline height via the constant
internal plume entrainment parameter b0 . Similarly, the dynamic plume (inside the pale blue lines) is defined by the
dynamic plume radius and entrainment rate, R, and b. Only a fraction a of the plume cross-sectional area is
required to exceed the free-convection height zfc. The distance between zc and zfc is expressed as a fraction a0 of R0 .
The method for determining a0 from a is described in appendix C.

The entrainment parameters have been measured in numerous
observational and laboratory studies, with Briggs (1975, 1984)
concluding they should be set to b 5 0.6 and b0 5 0.4. Limited
derivations of these equations are provided in section 3 and
appendix A. See Briggs (1975, 1984) for a more complete
derivation. Descriptions of all the variables used in this paper
are provided in Table 1.
When conditions deviate from constant U and neutral stratification, the assumption of a plume with Briggs-like geometry becomes less accurate. However, as shown in the next section, the
PFT only needs Briggs’s equations to express the plume-buoyancy
variation with height, in the ‘‘dry-plume layer’’ between the surface and zfc. The actual plume geometry is not especially important, as long as it captures reasonably well the difference in plume
buoyancy between the top and bottom of this layer, and since the
buoyancy change is a function of entrainment, the equations need
only represent the net entrainment in the layer. To minimize errors associated with the assumed constant U and neutral stratification, U is expressed as an average horizontal wind over the
plume depth, and the constant environment potential temperature uenv is specified as a representative potential temperature of
the dry-plume layer. These choices result in over and underrepresentation of plume buoyancy as the plume ascends, leading to a
partial cancellation of errors by the time the plume reaches zfc.
A final important point of difference between the Briggs plume
and a wildfire plume is the shape and variation in intensity of the
heat source. Figure 2 shows the Briggs’s plume has a point source,
whereas wildfires have finite heat sources with substantial variation in areal geometry. However, smoke-plume elements are often observed to merge and contract into a single circular neck
(e.g., Baum and McCaffrey 1989; Trelles et al. 1999; Kaye and
Hunt 2009, see also the discussion in Tory 2018, 19–21), above

which the plume is well described by the Briggs equations (e.g.,
Fig. 4a of Lareau and Clements 2017). Figure 3 shows a photo of
the Elephant Hill fire in which an upscale cascade of hundreds of
finger-like plumes merge into fewer and fewer larger plumes,
culminating in a single approximately circular neck. Tory (2018,
p. 20) speculates that the height of the circular neck above the
surface is likely to be similar to the distance between the point
heat source and an equivalent circle in the Briggs plume. To the
extent that this speculation is valid, the Briggs equations could be
used to approximate real fire plumes without the need to adjust
the height for different fire sizes and surface geometries. This assumption is used in this paper to maximize simplicity and transparency. The shape of the surface heat flux may become important
for very linear heat sources (Badlan et al. 2019); however, pyroCb
typically, or perhaps always, occur in ‘‘deep-flaming’’ events
(McRae et al. 2015) characterized by sustained and intense
flaming over a deep area of fire, rather than a linear fire line.

3. Briggs’s model
The Briggs plume rise model is a bulk plume model where
analytic solutions are found after making two additional approximations. The bulk quantities are integrated over vertical circular
cross sections3 through the plume (Fig. 2), and it is assumed that
the bulk plume horizontal flow advects with the background wind.
These two approximations greatly simplify the flux equations,

3
Numerical solutions to the flux equations using a circular cross
section perpendicular to the plume axis, rather than the Briggs
vertical circular cross section, show only minor differences in
plume centerline very close to the heat source (not shown).
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TABLE 1. List of variables.

z
x
zc
R, R0
b, b0
U
UML
Vflux
mflux
MVflux
Bflux
Hflux
Vent
r0
P
Pc
T
w
DH
DT
upl
ua
qa
u0
uenv
Du
lb
zcon
xcon
zfc
upl,fc
Dufc
PFT
uML
qML
bT18
ue,min
dub

m
m
m
m
m s22
m s21
m s21
m3 s21
kg s21
kg m s22
m4 s23
W
m s21
kg m23
Pa
Pa
K
m s21
J m23
K
K
K
g kg21
K
K
K
m
m
m
m
K
K
W (GW)
K
g kg21

Height above plume source
Downwind distance from plume source
Briggs’s plume centerline height
Dynamic and internal plume radii
Dynamic and internal plume buoyancy
Constant horizontal wind speed
Average mixed-layer horizontal wind speed
Plume volume flux
Plume mass flux
Plume vertical momentum flux
Plume buoyancy flux
Plume heat flux
Plume entrainment velocity
Plume and environment constant density (Boussinesq approximation)
Plume pressure
Plume centerline pressure
Plume temperature
Plume vertical velocity
Combustion energy per unit volume of plume gas
Plume temperature in excess of the environment temperature
Internal plume potential temperature
Potential temperature of the atmosphere
Specific humidity of the atmosphere
Reference potential temperature
Environment potential temperature (constant atmospheric potential temperature in the plume environment)
Difference between internal plume and environment potential temperature
Buoyancy length scale
Hypothetical plume condensation height
Downstream distance from the plume source to where zc 5 zcon
Free-convection height
Internal plume potential temperature at the free-convection height
Du at the free-convection height
Pyrocumulonimbus firepower threshold
Mixed-layer potential temperature
Mixed-layer specific humidity
The b term used in Tory et al. (2018), (5Dufc/uML)
Minimum equivalent potential temperature warmer than the environment everywhere between the SP curve
and the electrification level
Buoyancy buffer added to ue,min to account for buoyancy losses from evaporation in the pyro-cloud

K
K

by reducing the flux velocity to the constant horizontal wind U
(Briggs 1975, 1984). The constants introduced in the remainder of
this section are listed in Table 2.

For a vertical, circular cross section through the Briggs plume
(e.g., Fig. 2) the volume flux is the product of the cross-sectional
area and the flow perpendicular to the cross section (U):
(4)

The mass flux mflux is the product of Vflux and density r0, the
vertical momentum flux MVflux is the product of the mass flux and
plume ascent velocity w, the buoyancy flux Bflux is the product of
Vflux and the plume buoyancy b, and the heat flux Hflux is the
product of Vflux and the excess heat per unit volume DH:
mflux 5 r0 (pR2 U),
MV

flux

5 r0 (pR2 U)w,

(7)

Hflux 5 (pR2 U)DH ,

(8)

where

a. Briggs’s plume flux equations

Vflux 5 pR2 U .

Bflux 5 (pR2 U)b ,

(5)
(6)

b5g

upl 2 ua
u0

5g

Du
,
u0

(9)

is a Boussinesq form of the buoyancy equation, in which the water
vapor contribution to the plume buoyancy is assumed to be
negligible;4 g is the acceleration due to gravity; and upl and ua are
the plume and atmospheric potential temperature, respectively;
u0 is a reference potential temperature that could be either upl or
ua (or anything in between); and Du is the difference between the

4
Errors are ,0.5% for specific humidity , 8 g kg21, which would
be typical for plumes near the condensation level where the
buoyancy is calculated.
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FIG. 3. The Elephant Hill Fire, illustrating plume upscale cascade and ‘‘necking.’’ (Photo: Paul Simakoff Ellims).

plume and atmosphere potential temperature. The term DH is the
dry static energy difference between the plume and the environment per unit volume. In a neutral atmosphere:
DH 5 r0 Cpd Du ,

plume rises through, which affects the plume–atmosphere potential temperature difference [numerator of Eq. (9)]:
dBflux
5 pR2 N 2 w ,
dx

(10)

(12)

where Cpd is the specific heat of dry air at constant pressure.
See appendix B for the DH derivation.
Mass entrained into the plume is expressed as a linear flux
around the circumference of the circular cross section at an
influx or entrainment velocity Vent, linearly proportional to w
(Vent 5 bw) so that the volume-flux change with downwind
distance x is

where N2 5 (g/u0)(›ua/›z) is the square of the Brunt–Väisälä
frequency. In a neutral environment ua 5 uenv 5 constant, and
thus N2 5 0 and Bflux is constant [Eq. (12)], which eliminates
cause ii of plume buoyancy variation. A constant Bflux in
Eq. (7) shows that entrainment expanding the plume crosssectional area pR2 must also dilute the bulk plume buoyancy b.
The vertical momentum flux is dependent on the vertical
acceleration provided by the plume buoyancy:

dVflux d
5 (pR2 U) 5 2pRbw.
dx
dx

d(r0 Vflux w)
B
5 r0 pR2 b 5 r0 flux .
U
dx

(11)

The variation in buoyancy along the plume is caused by:
(i) entrained ua that dilutes upl, and (ii) variations in ua that the

(13)

Equations (11) and (13) are then used to derive the Briggs
plume centerline height equation [Eq. (1)] in appendix A.

TABLE 2. List of constants.
p 5 3.141 592 65
Cpd 5 1005.7 J kg21 K21
Rd 5 287.04 J kg21 K21
k 5 Rd/Cpd 5 0.2854
a0 5 0.32
b 5 0.6
b0 5 0.4
g 5 9.8 m s22
P0 5 105 Pa
f 5 6.67 3 1025 kg kg21 K21
"
pCpd



b0
1 1 a0 b0

2 #

r0 5 0.755 kg m23

5 397:3 J kg21 K21

Circle circumference to diameter ratio
Specific heat of dry air
Gas constant for dry air
Ratio of the gas constant to specific heat for dry air
Fraction of plume radius below zfc
Dynamic plume entrainment parameter
Internal plume entrainment parameter
Gravitational constant
Reference pressure
Ratio of moisture to temperature increment released by the fire. This value represents a
15-K temperature increment per 1 g kg21 specific humidity increment.
Constant component of the PFT equation [Eq. (25)]
Value of r0 used in the manual PFT estimation procedure
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These flux and flux-gradient equations are valid for both the
dynamic and internal plumes. Simply replace the dynamic plume
quantities R, b, and b with the internal plume quantities R0 , b0 ,
and b0 to get equivalent internal plume equations.5
The Briggs equations assume a constant environment potential
temperature uenv and the SP curve calculations (Tory et al. 2018)
assume constant uenv and constant specific humidity qenv. To calculate PFT in environments that are not well mixed, suitable approximations for these quantities are made. Mixed-layer values
(uML and qML) are chosen to represent the average ua and qa
entrained into the plume during the ascent to the mixed-layer
lifting condensation level. To incorporate the variable mass entrainment rate with height (or pressure if the model data are on
pressure levels), vertical gradients of the plume mass-flux equations need to be considered. Equation (11) can be expressed
as a vertical gradient using the relationship dx/dz 5 U/w:
d(pR2 U)
5 2pRbU .
dz

(14)

Combining Eqs. (14) and (2), and making use of the hydrostatic
equation, ›P/›z 5 2r0g:
d(mflux )
5 2r0 pb2 zc U ,
dz

(15)

d(mflux )
2pb2
zc U .
52
g
dP

(16)

and

Equations (15) and (16) show that the entrained mass flux increases linearly with plume centerline height, suggesting that
the calculation of uML and qML that best represents the mean ua
and qa entrained into the plume would be average values
weighted linearly with height.

b. Plume behavior insight from the Briggs equations
Useful insight into plume geometry can be obtained from
Eq. (1) and its horizontal gradient:
dzc 2 zc 2
5
5
dx 3 x 3




1/3
3 Bflux
x21/3 .
2
3
2b pU

(17)

These equations show that U and Bflux are the only variable
quantities that determine the plume centerline height and
slope at a given downstream distance x. Together they define
the buoyancy length scale:
lb 5

Bflux
,
pU 3

(18)

FIG. 4. Schematic illustration of Briggs’s plume centerline height
zc variability due to changes in the buoyancy length scale lb. The
vertical and horizontal axes represent height z and downwind
distance x, respectively. The blue and red curves represent plume
centerline heights for plumes with lb 5 1 and 8 arbitrary units,
respectively. The corresponding plume heights and slopes at x 5 x1
are labeled. The height zcon is an arbitrary condensation height
discussed in the text, which is equal to zc for lb 5 1 at x 5 x1. The
same height for the lb 5 8 plume occurs about 0.35 times closer to
the origin (yellow dashed line) and is almost 3 times steeper than
the lb 5 1 plume at the same height. The plume centerline slope
tangents for the three cases are overlaid for comparison in the
lower-right corner of the figure.

depiction of this relationship, comparing lb 5 1 and lb 5 8
arbitrary units, which doubles the plume centerline height
and slope at a given downstream position.
Equation (18) also shows that the plume centerline height and
slope are much more sensitive to changes in the wind than
changes in firepower.6 For example, to double the plume height
and slope at a given x would require the wind speed to be halved,
whereas it would require the firepower to be increased 8 times.
This suggests that observed fluctuations in plume height and
slope, in the absence of any dramatic change in firepower, are
likely to be associated with variations in wind speed. Of course,
wind speed induced plume fluctuations may be subject to a
negative feedback if any corresponding increase (decrease) in
surface wind speed increases (decreases) the firepower.
For moist pyro-convection a focus on the condensation
height zcon is useful, especially if the thermodynamic environment is relatively steady over time scales in which the wind
and firepower vary more frequently. Fixing zc 5 zcon and
making zcon the subject of Eq. (17):

dz 
3
(19)
zcon 5 xcon c  ,
2
dx z
con

in which the plume centerline height [Eq. (1)] and slope
pﬃﬃﬃﬃ
[Eq. (17)] are proportional to 3 lb . Thus, as lb increases, the
plume becomes more upright. Figure 4 provides a graphical

shows that any increase in plume slope at zc 5 zcon must be
accompanied by a reduction in xcon, i.e., increasing lb causes the
plume to become more upright (dzc /dxjzcon increases) and the

5
By definition the heat is contained within the internal plume;
hence, the bulk dynamic-plume buoyancy is more dilute than the
bulk internal-plume buoyancy, such that b 5 (b0 /b)2b0 .

6
For this exercise, buoyancy flux, heat flux, and firepower, can be
used interchangeably because they are approximately proportional
to one another.
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condensing part of the plume moves closer to the fire (xcon
decreases), with potentially important implications for plumefire feedbacks. The fireward shift of x 5 xcon and plume-slope
increase at zc 5 zcon is illustrated in Fig. 4. These changes can
be quantified by expressing x as a function of zcon using Eq. (1):

3/2
xcon 5 zcon

 21/2
3
l
,
2b2 b



lb 1/2
2
.
3b2 zcon

con

(21)

Hflux 5 p(b0 zc ) Ur0 Cpd Du .
2

xcon } lb21/2

Here,
and dzc /dxjzcon } lb1/2 . Thus, increasing lb eightfold to double the plume slope and height
pﬃﬃﬃat a fixed downstream
position, results in an almost tripling ( 8 ; 2:83) of the plume
slope at zcon, and brings xcon almost 3 times closer to the fire.
In addition to the above changes to the plume geometry,
variations in lb have an impact on the internal plume buoyancy
at zcon, which can be determined from Eqs. (7) and (2):
b5

Bflux
p(bzcon )2 U

.

4. Pyrocumulonimbus firepower threshold

(20)


5

greater potential to penetrate any stable layer that might be
present above the condensation level.

In a neutral atmosphere entrainment does not add heat to the
plume, thus the sensible heat flux from combustion entering the
plume8 can be determined from the heat flux on any plume cross
section down wind of the heat source. This heat flux can be expressed as a function of measurable quantities on an internal
plume cross section (e.g., see Fig. 2), using Eqs. (3), (8), and (10):

and substituting Eq. (20) into Eq. (17):

dzc 
dx z
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(22)

Importantly, at a given height zcon, b is proportional to Bflux/U,
whereas dzc /dxjzcon is proportional to (Bflux/U3)1/2, and xcon is proportional to (Bflux/U3)21/2 . This means changes to Bflux and U, that
increase the plume slope and proximity to the fire at zcon, will in
general increase the internal plume buoyancy at zcon. However,
exceptions are possible when the changes to Bflux and U contribute
to opposing tendency changes. For example, tripling Bflux and
doubling U produces a 50% increase in internal plume buoyancy,
but a 40% reduction in plume slope at zcon.7 Given such combinations of changes are a relatively small subset of possible
changes, a general rule of thumb for the relationship between
plume buoyancy and slope can be made: A steeper plume at a
given height is likely to be more buoyant than a flatter plume at
that height. An additional rule of thumb that can be determined
from Eqs. (21) and (22) is as follows: the buoyancy of a plume at
zcon in a stronger background wind will be much greater than a
plume with the same slope in a lighter background wind.
These results have important implications for interpreting
the potential behavior of plumes that are beginning to produce
pyrocumulus. If at the cloud base the plume angle is nearly
horizontal, then the cloud is relatively far from the fire and the
plume buoyancy will be relatively small. If on the other hand
the plume angle is relatively steep (especially in strong winds)
then the cloud will be closer to the fire, the plume buoyancy will
likely be considerably stronger, and the plume will also have

7
More generally, if U increases (decreases) and Bflux increases
(decreases) by a greater amount, but less than the cube of the
change in U, an increase (decrease) in buoyancy will be accompanied by a decrease (increase) in plume slope and proximity to the
fire at zcon.

(23)

If it is known how high a plume must rise and how buoyant the
plume needs to be at that height for a pyroCb to develop,
and, if an average wind speed the plume must rise through
can be estimated, then Eq. (23) can be used to estimate the
minimum heat flux or fire power required for pyroCb development. We propose that this quantity is the simplest form of
PFT that captures the necessary plume-rise physics, which, as
noted in section 1, represents an estimate of the minimum
firepower required for pyroCb to form in any given atmospheric environment.
Using zc directly in Eq. (23) implies that half the plume cross
section has exceeded zc and that the plume top is actually b0 zc
higher than zc [(i.e., 40% higher than zc, Eq. (3)]. A more appropriate assumption is that some smaller fraction of the plume
cross-section area a needs to exceed the free-convection height
zfc (Fig. 2). It is simpler to represent this fraction as a plume
radius fraction a0 in the PFT calculation, such that zfc 5 zc 1
R0 a0 (Fig. 2). Then using Eq. (3):
zc 5

zfc
.
1 1 a0 b0

(24)

A method for determining a0 from a is described in
appendix C.
The PFT equation is obtained by substituting Eq. (24)
into Eq. (23), and arranged into constant and variable
components:
"



PFT 5 pCpd

b0
1 1 a0 b0

2 #
r0 z2fc UML Dufc .

(25)

The fc subscript has been added to Du, because it is diagnosed at the free-convection height (i.e., Dufc 5 upl,fc 2 uML),
and the ML subscript has been added to U to indicate a
mixed-layer average is required in practice. The term r0
represents the mean density on the vertical plume cross
section (depicted in Fig. 2). Thus, using the gas law, P 5
r0RdT, and the potential temperature equation, T 5 u(P/P0)k,

8
In this model, it is assumed that most of the radiant heat is
emitted in the combustion zone, and that any additional radiant
heat loss from the plume is negligible and thus ignored (e.g.,
Luderer et al. 2009; Tory et al. 2018).
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an appropriate r0 corresponds to the plume centerline temperature and pressure Pc:
r0 5

 k
Pc
P0
.
Rd upl,fc Pc

(26)

To calculate Pc, it is assumed that the ratio of the free-convection
and plume-centerline heights is the same as the ratio of freeconvection and plume centerline pressures above the surface:
Psfc 2 Pfc zfc
5 5 1 1 a0 b0 ,
Psfc 2 Pc zc

(27)

so that
Pc 5

Pfc 2 Psfc
1 Psfc .
1 1 a0 b0

(28)

a. Insights from the simple PFT
Before discussing how each term might be calculated, it is
worth considering the insight Eq. (25) offers, and we remind
the reader that the PFT represents an estimate of the minimum
firepower necessary for pyroCb development, which means
smaller values favor pyroCb development. The square bracket
term is constant for all environments, and r0 varies minimally
compared to the last three terms. These last three terms are
responsible for the majority of the PFT variability, and provide
very useful insight into pyroCb formation potential. They
confirm the intuitive relationships between plume behavior,
fire intensity, and atmospheric state:
d

d

d
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The taller the plume needs to be (zfc) the greater the fire
power required.
The stronger the horizontal wind (UML) the greater the
firepower required to counter the tendency for the plume to
tilt over in the wind.
The greater the capping inversion or stable layer that the
plume must penetrate, the larger Dufc must be, and the
greater fire power required.

While it is important to have these intuitive relationships confirmed, the greatest value of Eq. (25), is that it quantifies the exponents of each term and their relative relationship to one
another. For example, pyroCb very often form in the vicinity of
wind changes on days of extreme fire danger: hot, dry, and windy
conditions. Hot and dry conditions ensure large zfc, and windy
conditions are reflected in large UML, contributing to considerable
PFT even if Dufc is relatively small. A wind change that brings
significantly cooler and moister air to the fire ground, produces a
dramatic reduction in the square of the free convection height z2fc
contributing to a large reduction in PFT. Experiments with the
PFT have shown an order of magnitude reduction in PFT with the
passage of a wind change is not uncommon.
While pyroCb formation in the vicinity of wind changes is a
common occurrence in southern Australia, and a threat well
known to fire weather forecasters and fire behavior analysts, the
insight gained by Eq. (25) is new. It complements existing understanding of the relationship between wind changes and
pyroCb formation that dramatic increases in fire power results as

the wind change transforms a flank fire into a head fire, and
increased plume height as frontal lifting helps elevate the plume.

b. Assumptions required to calculate the simple PFT
The variable terms in Eq. (25) need to be determined to
calculate the simple PFT. A set of assumptions are made to
ensure a unique solution:
1) The plume behaves like a Briggs plume in a neutral, constant
background wind environment. This requires single values of
mixed-layer potential temperature uML, specific humidity qML
and horizontal wind UML to be determined that represent the
atmospheric column from the surface to the height at which
the plume condenses. The mixed-layer lifting condensation
level (ML-LCL) is a good approximation for this height.
2) The mixed-layer properties need to reflect the average
potential temperature and specific humidity entrained into
the plume, thus a weighted average, that incorporates increased entrainment rates with height, is assumed to calculate
uML and qML from the environmental temperature and moisture profile.
3) The wind U is set to the magnitude of the average horizontal velocity within the mixed layer.
4) The Tory et al. (2018) saturation point curve, using uML and
qML, and an assumed fire heat to moisture ratio of 15 K to
1 g kg21, defines the plume condensation properties.
5) After condensing, a plume parcel must remain buoyant
(warmer than the environment) while it rises to or beyond
the designated minimum cloud-top height. In this PFT a
conservative electrification level, corresponding to 2208C,
was chosen for the cloud top height.9 The minimum equivalent potential temperature of a parcel satisfying this criterion
is labeled ue,min. An arbitrary buoyancy buffer (dub ;
0.5–1.08C, potential temperature increment to account for
buoyancy dilution from entrainment of cooler drier air into
the moist plume) is added to ue,min to represent a more realistic free-convection limit.10 The height at which this parcel
condenses is the minimum free-convection height zfc.

c. Calculation of the simple PFT
The simple PFT calculation is a multistep process that requires
the determination of the five variable quantities in Eqs. (25) and
(26). The procedure is illustrated is this subsection using thermodynamic diagrams from the Melbourne soundings on the
morning and evening of Black Saturday, 1000 and 2200 LST

9

This cloud-top temperature indicator was chosen to ensure the
majority of electrified plumes are captured, as well as other potentially dangerous towering pyrocumulus events.
10
The pyroCb climatology of Peterson et al. (2017) identifies
middle troposphere humidity above the mixed layer as an important indicator of pyroCb formation potential, which suggests the
dub increment would ideally vary with evaporation potential of
entrained air (e.g., the difference in specific humidity between the
plume parcel and the environment). Forecasters could perhaps
adjust dub upward by a few kelvin when the middle troposphere is
very dry.
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FIG. 5. Illustration of the manual PFT calculation for the Melbourne soundings on Black Saturday (7 Feb 2009), (a) 1000 and
(b) 2200 LST, described in section 4c. The zfc estimates are 4.8 km in (a) and 3.5 km in (b) after subtracting 0.5 km for the
elevation of the Kinglake and Marysville fires. The Dufc estimates are 9 K in (a) and 8 K in (b), and UML estimates are 20 m s21 in
(a) and 17 m s21 in (b). Corresponding manual PFT estimates yield 1240 and 500 GW in (a) and (b), respectively. In (a) two moist
adiabat lines (yellow) are shown close together, where the gap between them represents the arbitrary addition of buoyancy to
account for in-plume buoyancy losses due to cooling from evaporation of cloud water by dry air entrained into the plume.
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7 February 2009 (Fig. 5). A manual procedure for estimating the
PFT from a thermodynamic diagram is also described here. The
principal simplifications in the manual method are that the SP
curve is a straight line, r0 is assigned a constant value, and the
remaining terms are estimated from the thermodynamic diagram.
Step 1: Determine uML (thick red line) and qML (thick pale blue
line) by taking average values of the environment potential
temperature and specific humidity, up to the mixed-layer
lifting condensation level (ML-LCL, intersection of the two
lines). Begin with a shallow estimate of the ML and increase
incrementally until the ML-LCL lies within this estimated
ML. Quantities used in the averaging should be weighted to
reflect entrainment rates that increase linearly with plume
centerline height [Eqs. (15) and (16)]. If calculating manually, estimated averages with a slight bias toward more elevated levels provides a good approximation.
Step 2: Determine a series of saturation points corresponding
to small increments of plume buoyancy. With respect to the
buoyancy-like parameter of Tory et al. (2018, bT18 5 Dufc/uML)
these increments range from bT18 5 0 to about 0.1. The
saturation-point potential temperature and specific humidity are linked via bT18, and the assumed ratio of moisture to temperature increments produced by the fire, u:
uSP 5 (bT18 1 1)uML ,

(29)

qSP 5 qML 1 bT18 uuML .

(30)

For ease of plotting on a thermodynamic diagram, these
saturation points can be defined by their temperature and
pressure using Eqs. (14)–(16) of Tory et al. (2018). If calculating manually an approximate SP curve can be constructed
by marking an approximate saturation point (Fig. 5, blue
star) at the intersection of the uML 1 15 K adiabat (dotted red
line) and the qML 1 1 g kg21 specific humidity isopleth
(dotted pale blue line). A straight line between the ML-LCL
and this point provides a good SP curve approximation
(Fig. 5, dark blue line).
Step 3: Find the free-convection height zfc. Starting at the MLLCL, proceed along the SP curve to a point where a moist
adiabat (left orange line in Fig. 5a) just exceeds the environment temperature everywhere between the SP curve and
the T 5 2208C minimum cloud-top height (dashed pale blue
line). Add the buoyancy buffer (dub, mentioned in assumption 5 above) to find the moist parcel path with added
buoyancy to account for buoyancy losses from evaporation
of entrained air (right orange line in Fig. 5a). The height
above the surface of the intersection between this new moist
adiabat and the SP curve is the free-convection height zfc.
At present the buoyancy buffer is a small fixed value, which
is barely distinguishable on thermodynamic diagrams (e.g.,
the thin gap between yellow lines in Fig. 5a). Hereafter,
a single thicker line is used in subsequent figures.11

11
In the future, a variable buoyancy buffer may be introduced
that accounts for greater buoyancy losses when moist plumes rise
through drier air.
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Note, the surface height might vary significantly from
the base of the height indicator on the thermodynamic
diagram, especially if the balloon launch was some
distance from the fire.
Step 4: Find Dufc: Subtract uML (thick solid red line) from
upl,fc (dashed red line).
Step 5: Find UML: in the layer between the surface and zfc,
average the meridional and zonal wind components
separately and set UML to the magnitude of this averaged wind vector. If calculating manually, a visual
estimate of the average wind speeds in this layer (green
ellipse) is sufficient.
Step 6: Find Pc: Use Eq. (28) to determine the plume
centerline pressure.
The constant terms in Eq. (25) (p, Cp, a0 , and b0 ) and
Eq. (26) (P0, k, Rd) are listed in Table 2 (Note: experimentation
and validation in the future could lead to changes in a0 ). While
r0 can be determined manually from the thermodynamic diagram (upl,fc can be read directly, and Pc can be calculated
manually by reading the pressure at zfc to get Pfc, and noting an
appropriate Psfc) it is time consuming and perhaps unnecessary
if only a rough PFT estimate is desired. Choosing r0 5
0.755 kg m23, the product of the square bracketed term and r0
in Eq. (25) reduces to a round 300. To reduce complexity even
further, units of kilometers, meters per second, and kelvin are
used for zfc, UML, and Dufc, respectively, and the constant is
divided by 1000, yielding PFT in units of gigawatts (GW):

2
PFT(GW) 5 0:3 zfc(km) UML(ms21 ) Dufc(K) .
(31)
(This equation represents a total firepower, and not a firepower
per unit area.)

5. Examples
In this section, manual PFT analyses from atmospheric
soundings relating to four fires are presented using Eq. (31).
While r0 could be estimated using Eqs. (26)–(28) to provide a
more accurate PFT estimation, there is limited practical value in
calculating PFT to high precision if the firepower estimates have
high uncertainty, or do not exist. Furthermore, available soundings may not accurately represent the true atmospheric profile at
the fire location when pyroCb form. Targeted balloon launches
near fires, could be of high value for accurate PFT estimates.
Despite these uncertainties, preliminary comparisons between
PFT and firepower estimates for past events and real-time pyroCb
prediction made by Musa Kilinc (Country Fire Association,
Victoria, Australia) have yielded very encouraging results. This
firepower estimation method is presented in appendix D.
Apart from these preliminary efforts, PFT verification has
been mainly qualitative. We expect that calculated PFT values
will contain both biases and random errors. Random errors
could be due to random errors in the input data, while biases
might result from inaccuracies in the underpinning assumptions. Assuming that biases due to inaccurate assumptions are
reasonably similar between events, useful insight can be gained
by considering relative values. Furthermore, comparison with
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PFT values from known events can provide a rough baseline
for the comparison. For example, the PFT calculated from a
forecast model sounding corresponding to an intense pyroCb
that developed during the Sir Ivan Fire (February 2017, New
South Wales, Australia) with the passage of a wind change, was
about 300 GW, when fire danger conditions were extreme.
Additional PFT experiments would suggest this might be close
to an upper limit for most wildfires, excluding exceptionally
large fires such as Chisholm (May 2001, Alberta Canada),
Canberra (January 2003, Australian Capital Territory, Australia),
Black Saturday (February 2009, Victoria, Australia), and Gospers
Mountain (December 2019, New South Wales, Australia).

a. Black Saturday
The two most destructive fires on Black Saturday occurred
within 100 km of the Melbourne airport radiosonde station.
Fire danger conditions were unprecedented due to record high
temperatures and very strong and gusty winds. Both fires were
ignited on the day and spread rapidly, exhibiting extreme fire
behavior, exacerbated by a wind change that transformed long
flank fires into head fires tens of km in width, and the merging
of the two fires. PyroCb formed on both fires with associated
lightning persisting for more than 7 h. Record spotting distances (.30 km, Cruz et al. 2012) and lightning ignition distances (.100 km, Dowdy et al. 2017) were recorded.
The two Melbourne Airport soundings on the day were
launched at 1000 and 2200 LST (Fig. 5), the former prior to the
ignition of both fires and the latter about 4 or 5 h after the
passage of the wind change. The morning sonde shows evidence of a shallow stable layer between the surface and
900 hPa with a deep and well-mixed layer above extending to
about 650 hPa. In the next few hours, the near-surface stable
layer mixed out bringing surface temperatures approaching
488C in the outer southwest of Melbourne, suggesting the
mixed layer grew to about 550 hPa (;5 km deep). A manual
PFT analysis for the 1000 LST sonde (Fig. 5a) yields 1240 GW,
which is about 4 times greater than the Sir Ivan baseline value,
suggesting very unfavorable pyroCb conditions.
The 2200 LST sonde shows a cool change had arrived with a
substantial drop in temperature and increased moisture below
about 800 hPa. The corresponding manual PFT analysis yields
500 GW, which is still large compared to the Sir Ivan benchmark, but a substantial reduction compared to the morning
value. However, focusing on the 2200 LST trace above 800 hPa,
and extrapolating the temperature and dewpoint temperature
lines to the surface, a manual estimate of the corresponding zfc
is perhaps only a few hundred meters higher and Dufc is much
smaller than that shown in Fig. 5b, yielding an estimated PFT
just prior to the wind change of about 290 GW (using zfc 5
4 km, Dufc 5 3 K, and UML 5 20 m s21).
This case illustrates a common pattern with pyroCb events
investigated so far (not shown), in which the PFT is extreme
(very low chance of pyroCb) during the most severe fire danger, when the free-convection height is very large, and it reduces to a minimum value in the hour or so prior to or
following a wind change, before increasing again. The first
sounding captures the extreme PFT, and the second captures
values on the increase again postwind change.
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The first lightning strike was recorded at 1650 LST (Dowdy
et al. 2017), about 40 min prior to the arrival of the wind change
that dramatically increased the fire size. Lightning activity
became more frequent following the wind change and continued for several hours after. The exceptional nature of these
fires saw the pyroCb activity continue to at least midnight, two
hours after the second sounding, well beyond the expected PFT
minimum (and most favorable pyroCb values).

b. Chisholm
Two manual PFT analyses are presented in Fig. 6 for
morning and afternoon soundings from Edmonton Stony Plain
(Alberta, Canada) on the day of the Chisholm firestorm,
28 May 2001 (Rosenfeld et al. 2007). The sounding site is about
150 km south of the fire location, with the afternoon (0000 UTC,
Fig. 6b) sounding corresponding to the time of greatest fire intensity and plume activity. The morning sounding shows a
shallow nocturnal inversion with a near-isentropic layer extending to about 650 hPa. The specific humidity decreases with
height, and conditions are very dry above 600 hPa. The diagnosed free-convection height is about 3.2 km (assuming the
Chisholm fire location is about 100 m lower in elevation than the
sounding site), and Dufc ; 78C. Strong south-southeast winds
of about 40 kt (1 kt ’ 0.51 m s21) are evident below zfc, giving
UML ; 20 m s21, and a manual PFT estimate of about 520 GW.
At about the time of the morning sounding the estimated
fire spread rates and head fire intensities increased rapidly
(See Fig. 2.12 of ASRD, 2001), soon exceeding 1 m s21 and
100 MW m21, respectively. Using this head fire intensity, a
head fire of about 5 km in length would be required to generate enough heat to exceed the 520 GW PFT.12
The arrival of a wind-change in the afternoon dramatically
increased the fire front to about 25 km (Rosenfeld et al. 2007)
and the head-fire intensity estimates increased further peaking
at 130 MW m21. If representative of the entire head fire, the
firepower would have been 3250 GW. The wind change brought
moister conditions to the fire ground (Fig. 6b), which according
to the PFT analysis, reduced zfc and Dufc significantly, contributing to a fivefold decrease in PFT to about 100 GW. This estimated heat flux exceeds the estimated firepower threshold for
pyroCb formation in this case by more than 30 times. Drawing
on the discussion in section 3b, upright plumes with substantial
buoyancy at condensation, and exceptional values of fireCAPE
would be expected, which is consistent with the observed
extreme cloud heights and tropopause overshooting of up to
3 km (Rosenfeld et al. 2007).

c. Bald Fire and Sedgerly Rd Fire: A comparison
The Bald Fire of Northern California (July 2014) was the
subject of a field campaign that used lidar to study the fire
plume and mobile radiosondes to measure the thermodynamic
profile of the atmosphere the plume was rising through (Lareau

12
This simple calculation ignores radiative heat losses, and additional heat gains from combustion and smoldering behind the
head fire and on the flanks, which will partially compensate one
another.
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FIG. 6. Manual PFT calculations for the Edmonton soundings on the day of the Chisholm firestorm
(28 May 2001), (a) 0600 and (b) 1800 LST. The zfc estimates are 3.3 km in (a) and 2.7 km in (b). The Dufc
estimates are 8 K in (a) and 2.5 K in (b), and UML estimates are 20 m s21 in (a) and 18 m s21 in (b).
Corresponding manual PFT estimates yield 520 and 100 GW in (a) and (b), respectively. These
soundings were retrieved from http://weather.uwyo.edu/upperair/sounding.html.
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FIG. 7. Manual PFT calculations from radiosondes launched near (a) the Bald Fire (Northern California), at 2100 PDT 2 Aug 2014 and
(b) the Sedgerly Rd Fire (near Inglewood, Queensland, Australia) at 1741 Australian eastern standard time (AEST) 5 Dec 2016. The zfc
estimates are 4.4 km in (a) and 2.8 km in (b). The Dufc estimates are 8 K in (a) and 1 K in (b), and UML estimates are 3 m s21 in (a) and
5 m s21 in (b). Corresponding manual PFT estimates yield 140 and 12 GW in (a) and (b), respectively. The Bald Fire trace and photo are
reproduced from Lareau and Clements (2016), and the Sedgerly Rd fire trace and photo were provided by Nick McCarthy.

and Clements 2016). The fire location was about 1000 m above
sea level in the midlatitudes (about 418N). The Sedgerly Rd
Fire occurred on the opposite side of the Pacific and opposite
hemisphere in the subtropics (about 288S, near Inglewood,
Queensland, Australia, December 2016) at a lower elevation of
about 500 m. It was also the subject of a field campaign that
included mobile radiosondes to analyze the environment. It is

interesting to compare the two cases given their substantial
environmental differences.
Soundings for the two events are provided in Fig. 7. The
main difference between the two is the Bald Fire plume developed in quite dry conditions with a capping inversion above
700 hPa (Fig. 7a), while the Sedgerly Rd sounding shows a
classic inverted-V (Fig. 7b) with the boundary layer specific
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humidity about double that of the Bald Fire case. The drier
conditions result in a more elevated zfc for the Bald Fire of
about 4.4 km compared with about 2.8 km for the Sedgerly Rd
Fire. The drier conditions and capping inversion for the
Bald Fire contribute to a relatively large Dufc ; 88C, compared with the minimal Dufc ; 18C associated with the
inverted-V profile of the Sedgerly Rd Fire. Corresponding
PFT estimates using the manual analysis method yields
about 140 and 12 GW, based on UML estimates of 3 and
5 m s21, respectively.
The substantial difference in Dufc for the two cases also has
implications for the relative buoyancies and plume slopes at
the respective free-convection heights (assuming the firepower
is similar to the diagnosed PFT). Since b } Dufc [Eq. (9)] the
minimum free convection buoyancy for pyroCb formation
would have been about 8 times greater for the Bald Fire than
the Sedgerly Rd Fire. The differences in plume-centerline
slope between the two fires can be estimated using Eq. (21),
and using the PFT estimates in place of Bflux in Eq. (18), and
zfc ; zcon. The slope ratio is
"
  #1/2
slopeB
PFTB zcon,S US 3
5
; 5:9,
slopeS
PFTS zcon,B UB

(32)

suggesting the Bald Fire would have been about 6 times steeper
than the Sedgerly Rd Fire, which is consistent with the differences in slope of the two plumes shown in Fig. 7.

6. Summary
Athough the FireCAPE approach to pyroCb prediction has
been used for some years, it is ad hoc and its implementation is
highly subjective, with no recognized standard procedure for
choosing an appropriate condensation level or the temperature
and moisture increments that represent the plume thermodynamics at condensation. A further disadvantage is that it
does not incorporate kinematic influences on plume behavior. In this paper, an alternative approach is introduced
in which the pyroCb potential is represented as a minimum
firepower required for pyroCb formation in a given environment: the pyroCb firepower threshold (PFT). The simplest PFT derivation that incorporated essential plume-rise
dynamics was presented, yielding an analytic PFT solution
comprising three main terms. Each term provides useful
qualitative insight into fundamental properties of the atmosphere that impact pyroCb formation potential. The
simplicity also ensures the diagnostic is transparent to users.
It is anticipated that additional complexity will be built into
future PFTs once real-time application and further experimentation reveal opportunities for refinement. This simple
PFT procedure includes:
1) A specific process for determining the mixed-layer potential
temperature and specific humidity (uML, qML) and the associated mixed-layer lifting condensation level (ML-LCL),
which represents thermodynamic properties of air entrained into a plume that rises sufficiently for condensation to occur.
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2) A specific ratio of temperature to moisture increments
added to uML and qML that represent the plume thermodynamics at condensation, consistent with Luderer et al.
(2009) and Tory et al. (2018).
3) The use of this ratio and uML and qML to define a set of
hypothetical plume saturation points (SP) on a thermodynamic diagram (the SP curve of Tory et al. 2018) and hence
the origin of all hypothetical moist-plume pathways.
4) The selection of the coolest moist plume pathway that has
sufficient buoyancy to rise freely from the SP curve to the
minimum cloud-top height (2208C), to represent a minimumthreshold plume moist entropy at condensation for pyroCb to
develop.
5) A procedure for determining the height the plume must
rise, with this minimum moist entropy (the free convection
height zfc), in order to follow the coolest moist pathway, and
how much warmer than uML (Dufc) it must be. These (zfc and
Dufc) are two of three main properties that largely determine the favorability of the atmosphere for supporting
pyroCb formation.
6) A method for determining a representative wind speed for
UML, the third main property that inhibits plume rise.
7) A procedure for combining these three factors (zfc, Du, and
UML) into a single measure of atmospheric pyroCb formation favorability, using Briggs’s plume model.
This methodology allows users to calculate PFT from a single
column of temperature, moisture and wind data. While it is not
yet possible to verify the actual firepower values predicted by
this PFT diagnostic, they can be used to establish an understanding of relative threat in different environments, and how
variability in the input variables impacts the relative threat.
Additional insight into plume behavior and dynamics can be
gained from the Briggs’s equations alone. The plume centerline height [Eq. (1)] and slope [Eq. (17)] at a given downstream
position is proportional to the cube root of the buoyancy length
scale lb, which is the ratio of the buoyancy flux Bflux to the
horizontal wind speed cubed U3 [Eq. (18)]. Consequently, the
plume height and slope are much more sensitive to changes in
wind speed than changes in firepower, e.g., an eightfold increase in firepower is equivalent to halving the wind speed.
Although, the impact of surface wind fluctuations on firepower
would be expected to partly offset these changes to plume
height and slope.
Focusing instead on the plume condensation height zcon
(rather than a specific downstream position), changes to lb have
an even greater impact on
pﬃﬃthe
ﬃ plume slope. An eightfold increase in lb almost triples ( 8) the plume slope at zcon [Eq. (21)]
and brings it almost 3 times closer to the heat source [Eq. (20)],
which may have implications for fire behavior when the atmospheric adjustment to the developing moist plume projects to the
surface (e.g., enhanced indrafts).
The plume buoyancy b at the condensation height is a
function of the ratio of the buoyancy flux to the background
wind speed (Eq. 22), which means variations in b with
changes in lb are dependent on how lb changes. In general,
increasing lb will increase the buoyancy at zcon, leading to a
general rule of thumb that the steeper the plume at cloud

Unauthenticated | Downloaded 01/09/23 02:53 AM UTC

454

WEATHER AND FORECASTING

base, the greater the plume buoyancy there (and the greater
the chance of pyroCb formation). However, exceptions occur
when changes to Bflux and U are of the same sign, and the
change to Bflux is greater than the change to U but less than
the change to U3. In these specific instances the plume
buoyancy can increase while the plume slope decreases at
zcon and vice versa.
Finally, the PFT equation itself provides valuable insight
into the relative importance of the three main ingredients
that determine the favorability of the environment for
pyroCb formation: free convection height zfc, free convection potential temperature increment Dufc [which is proportional to the free-convection buoyancy, Eq. (9)], and the
mixed-layer wind speed UML. These terms confirm the intuitive relationships between plume behavior, fire intensity,
and atmospheric state. The taller the plume needs to be (zfc)
the greater the fire power required. The stronger the wind
(UML) the greater the firepower required to counter the
tendency for the plume to tilt over in the wind. The greater
the capping inversion or stable layer that the plume must
penetrate, the larger Dufc must be, and the greater fire power
required. However, the real insight is in the combination of
these terms, which enables the identification of an overall
change in pyroCb formation threat when each of the three
ingredients change.
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expressing as a time derivative using (d/dt) 5 (dx/dt)(d/dx) 5
U(d/dx):
d(pb2 z2c Uw)
5 Bflux .
dt
Integrating with respect to time and using w 5 dzc/dt:
z2c

dzc Bflux t
5
.
dt pb2 U

(A3)

From the chain rule, dz3c /dt 5 3z2c (dzc /dt), hence,
dz3c 3Bflux t
5
.
dt
pb2 U

(A4)

Integrating with respect to time and taking the cube root of
both sides:
3Bflux t2
zc 5
2pb2 U

!1/3
.

Derivation of the Briggs’s Plume Centerline Height
Equation
The Briggs plume centerline height equation [Eq. (1)]
is derived from the volume flux equation [Eq. (11)] and the
vertical momentum flux equation [Eq. (13)]. Converting Eq. (11)
to a vertical gradient using dx/dz 5 U/w,
d(pR2 U)
5 2pRbU ,
dz

(A1)

yields the trivial solution R 5 bzc [Eq. (2)] described in
the introduction. Substituting Eq. (2) into Eq. (13), dropping the density term on both sides of the equation, and

(A5)

This is the plume centerline height equation expressed as a
function of time. Use x 5 Ut to return to Eq. (1).

APPENDIX B
Derivation of DH Used in the Heat Flux Equation
In this derivation, it is assumed that dry static energy per
unit mass (S d ) is conserved in the plume (negligible energy
losses to radiation) and that mixing of plume air and air
from the surrounding environment results in an average S d
matching the relative mass fractions of the two sources. By
definition,
Sd 5 Cpd T 1 gz,

(B1)

where Cpd, T, g, and z are the specific heat of dry air, temperature, gravitational constant, and height, respectively.
Expressing Sd with respect to a reference-pressure height
z0 5 z(P0), then,
Sd 5 Cpd T 1 gDz 5 Cpd u ,

APPENDIX A

(A2)

(B2)

where Dz 5 z 2 z0, and u is the potential temperature relative
to the reference pressure P0.
Conservation of mass dictates that the mass flux on a vertical
cross section through the plume (mflux, as depicted in Fig. 2) is
equal to the mass flux entering the plume at the source (mflux,in)
plus the mass flux entrained between the source and cross
section (mflux,ent):
mflux 5 mflux,in 1 mflux,ent .

(B3)

Noting that the Sd flux is the product of Sd and the mass flux,
the Sd flux through a plume cross section (Sd,plmflux) is equal
to the Sd flux entering the plume at the source (Sd,inmflux,in),
plus the sensible heat flux (H flux ), and the entrained S d
flux (Sd,entmflux,ent):
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Sd,pl mflux 5 Sd,in mflux,in 1 Hflux 1 Sd,ent mflux,ent .

(B4)

In the neutral atmosphere the environment potential temperature is constant, which means

1
f (f) 5 f 2 sin2f 2 ap ,
2
0

f (f) 5 1 2 cos2f ,
0

Sd,in 5 Sd,ent 5 Sd,env 5 Cpd uenv .

(B5)

Here the subscript ‘‘env’’ refers to the neutral environment.
From Eqs. (B3)–(B5),
Hflux 5 (Sd,pl 2 Sd,env )mflux 5 (Cpd Du)mflux ,

(B6)

where Du 5 upl 2 uenv. It follows from Eqs. (5), (8), and
(B6) that
DH 5 r0 Cpd Du .

(B7)

Method Used to Express a Circle Area Fraction (a) as a
Circle Radius Fraction (a0 )
The area of a circle cut by the intersection of a horizontal
line, depicted in Fig. 2, can be expressed as a fraction a of the
full circle:
02

(C1)

It can also be expressed in terms of the fraction of the circle
radius (a0 in Fig. 2) between the circle origin and the horizontal
line. Here, a method for determining a0 corresponding to a
specified value of a is presented.
Let f be the angle between the vertical and the radius intersecting the horizontal line at the circle edge
(Fig. 2), then
a0 5 cosf,

(C2)

and the circle segment area (SAf) subtended by the angle f is
SAf 5

f 02
R .
2

(C3)

The triangular area within this part-circle segment (TAf) is
1
R02
sin2f .
TAf 5 R0 cosfR0 sinf 5
2
4

(C4)

Thus, the difference between SAf and TAf is half A, therefore,


1
02
A 5 f 2 sin2f R .
2

(C5)

From Eqs. (C1) and (C5),
1
f 2 sin2f
2
.
a5
p

APPENDIX D
Method for Estimating Firepower from Fire-Spread Rate
Observations
Using aerial observations and other fire intelligence, the rate
of area burned is estimated and converted to a firepower using
Eq. 10 of Harris et al. (2012) modified to account for energy
lost to radiation:
FP 5 ahwa

APPENDIX C

A 5 a(pR ).

fn11 5 fn 2 f (fn )/f (fn ).

(C6)

To find a0 using Eqs. (C2) and (C6) is solved for f using
Newton’s method:

dA
,
dt

(D1)

where a 5 0.7 is the fraction of sensible heat entering the
plume (assuming a 30% loss to radiation), h 5 15 MJ kg21 is
the heat yield of the fuel, wa is the fine fuel available for
burning and ranges from about 1.25 to 4 kg m22, and dA/dt is
the rate of area burned (m2 s21). These numbers vary with fuel
type. For example, firepower estimates for the Chisholm Fire
ASRD (2001, p. 67) quote estimates of surface fuel burned of
up to 9.4 kg m22, and use h 5 18.7 MJ kg21.
Note, firepower is often expressed as power per unit area
(W m22). The firepower (FP) in Eq. (D1) represents the total
firepower for the entire area burned (W), averaged over the
time period dt.
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