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ABSTRACT

Jeff Kepert Bureau of Meteorology, Me Ibourne, Vic

This report marks the end of the initially -approved 3¥% years of the project. To
mark that milestone, this annual report is much longer than previous annual
reports, for it is also the final report of that initial part of the project, and as su ch
contains detailed descriptions of the six main activities in the first 3% years.

We have studied the dynamics, predictability and processes of severe weather,
including fire weather , with the purpose of improving forecasts of severe
weather and better depict ing forecast uncertainty in these events, thereby

facilitating better risk management and more cost -effective mitigation.
Two of the six main chapters of this report relate to our work with large -eddy
modelling of turbulent plumes. We have used this technology, in which the

model is run on a 50 -m grid to capture the most energetic size range of the
turbulent eddies, to both simulate ember transport and to model pyrocumulus
formation. The mean travel distance of firebrands depends mainly on wind
speed and fire intensity, but the spread in the landing positions shifts from being
substantially cross -wind at light winds, to dominantly along -wind at high winds.
This spread is greatly increased by the turbulence in the plume, and the
maximum spotting distanc e can be more than double the mean for this reason.

We have also used our plume modelling to study pyrocumulus clouds . We have
analyzed the processes that lead to pyrocumulus, with special attention on the
relative importance of moisture from two sources, the atmosphere and
combustion, and shown that the latter is negligible except in very dry
environments . This somewhat controversial result has been confirmed by a
conceptual study of the thermodynamics of pyrocumulus formation.

We have prepared three deta  iled studies of severe weather events.  East coast
lows are intense low -pressure systems that form over the sea adjacent to the
east coast of Australia, most commonly along the New South Wales coast. We
analyzed the 20-23 April 2015 event using, for the fir st time, an ensemble of 24
simulations rather than just a single forecast. The use of an ensemble allows us
to better discern the degree of risk, and to account for the inherent uncertainty

in any forecast. It also enables insight into the processes that lead to the rapid
intensification of these systems.

The Blue Mountains fires of October 2013  were most damaging on the 17 ™. This
was expected to be a day of high fire risk , but the extreme fire spread was  not
anticipated and the causes were unknown. Our high resolution simulations
showed that the downward extension of high upper -level winds to the vicinity
of the f ire ground, caused by mountain wave activity , was a factor . A dry slot &
that is, a long, relatively narrow band of dry air o which moved ove r the fire,
further contributed to the conditions
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Lastly, we have analyzed a simulation of a secondary eyewall formation and
eyewall replacement cycle in a tropical cyclone, yielding better understanding

of the underlying processes and the important facto rs in predicting these
developments. Eyewall replacement cycles are associated with marked
expansions of the tropical cyclone wind field, leading to a wider damage
swath, earlier onset of damaging winds, and increased storm surge and wave
damage.

We are p leased that the project will continue for another three years. Our focus
will shift to a greater emphasis on utilization activities during this period. In
particular, we aim to develop simple methods of calculating ember transport

and pyrocumulus developme nt, so as to transfer the knowledge we have
developed in these areas into operations. We will also continue to study severe
weather events in detail.
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Paul Fox-Hughes, Bureau of Meteorology, Tasmania
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INTRODUCTION AND BAGROUND

This project aim s to study the dynamics, predictability and processes of severe
weather, including fire weather. We seek also to improve forecasts of severe
weather, and to better depict forecast uncertainty in these events, thereby
facilitating better risk mana gement and more cost -effective mitigation.  Our
studies span a range of time and space scales and require a range of different
methods.

Extreme weather often occurs at relatively small scales d here, the devil really is
in the detail. Even when the meteoro  logy driving the event is not small scale,
small-scale perturbations within the overall framework can have a significant
effect. Accurate forecasts and understanding of such small -scale processes
requires high -resolution modelling. Developing and validat ing such modelling,
and extending it to all hazards, is the first aim of this project.

Forecasts are never perfect, but they are nevertheless useful. Forecasts are
especially useful in severe weather events, since they play an essential role in
allowing ¢ ommunities, industry and emergency services to prepare and
mitigate the impacts . Forecasting therefore underpins the work of emergency
services and related agencies, and makes the PPRR (Prevention, Preparedness,
Response and Recovery) process more efficien t and effective. Because
forecasts are inherently uncertain in the severity, location and duration of an
event, preparation needs to be more widespread than the eventual impact 0
but this over -preparation comes at a cost. Detailed prediction of the
proba bilities of severe impacts would avoid the risk of failing to alert areas with

the chance of an impact, while minimising the cost of over -warning. Thusthe
second aim of this project was  to provide pilot predictions of not just the most
likely course of e vents, but also the level of uncertainty, by identifying plausible
alternative scenarios and their  likelihoods.

A key aim of this project is to develop scientific understanding and to assist with
the Ol essons | earnedd from sevemdds tevwhent s .
collective wisdom of fire  fighters, emergency services personnel  and weather
forecasters, improving our ability to manage these events and reducing the risk

of adverse outcomes in the future.

The principal numerical weather prediction (NWP) modelling system used in this
project is ACCESS, the Australian Community Climate and Earth  -System
Simulator . ACCESSis used operationally within the Bureau of Meteorology and is
based on the UK Met O.f $everaleother ovdrgéRs natipralt e m
wea ther services similarly use this system. ACCESS therefore benefits from a

wide user base, and the discipline of operational use and continual verification.

The Met Office system is presently the second -best performing operational NWP
system in the world , and t he only system to consistently outperform it for global
prediction is a global -only model which cannot be run in the high -resolution
limited -area mode necessary to simulate fine  -scale meteorology.

For situations where extremely high resolution modelli  ng with a grid spacing of
tens of metres, and the capacity to explicitly resolve atmospheric turbulence is
needed, we use t he UK-EddeModeO(EEM). cTeidspecidlised g e
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model is designed not for forecasting, but rather for understanding phen omena
that are highly sensitive to turbulence, including boundary layers, fire plumes
and convective clouds.

Our ember transport work has confirmed that the mean travel distance of
firebrands for a given fire intensity depends mainly on wind speed. Howeve r,
the spread in the landing positions shifts from being substantially cross -wind at

light winds, to dominantly along -wind at high winds. This spread is greatly
increased by the turbulence in the plume, and the maximum spotting distance

can be more than do uble the mean for this reason. A paper describing this
work has been published in the International Journal of Wildland Fire  (Thurston
et al. 2017). These sophisticated and computationally intensive ember transport
calculations can be used to inform the dev elopment of physically realistic and
computationally cheap parameterizations of ember transport for use in fire
models.

We have also used our plume modelling to study pyrocumulus clouds . Intense
fire plumes in suitably moist environments can lead to cloud development, with
the possibility of strong downbursts . We have analyzed the processes that lead

to pyrocumulus formation , with particular attention to the relative importance
of moisture from two sources, the atmosphere and combustion, and shown that

the latter is negligible except in very dry environments . This result was something
of a surprise to us, and is certainly controversial. We were prompted to better
understand the thermodynamics 0 that is, the interaction of fire heat and
moisture with that f rom the atmosphere & in pyrocumulus, resulting in a detailed

study of the basic underpinning processes, which confirmed our large -eddy
simulation results. Manuscripts are in advanced preparation on both the
pyrocumulus modelling and the thermodynamic analy sis We aim to use the

knowledge gained to develop a forecast tool for pyrocumulus formation . The
lack of sensitivity to fire moisture has important practical implications o fire
moisture is not well characterized, and would otherwise present a barrier to a

forecasting system. However, our work shows that the forecasts will be
insensitive to the value used, thereby simplifying the forecast process and
increasing its accuracy

We have made substantial progress on our case study of the April 2015 east
coast | ow, which produced severe flooding, winds and coastal erosion on the
north coast of NSW. This study is the first we have undertaken using ensemble
modelling, and the results of this study, as well as helping to understand the
dynamics of this event, will a Iso help guide users to make better use of this

coming data source in the future. The ensemble data set has demonstrated
many of the benefits of ensemble modelling which are becoming well known o}
for instance, the fact that the ensemble mean tends to be a m ore accurate

forecast, and that it provides the ability to compute probabilities and to
consider a range of possible scenarios in responding to an event. It also
enables a more rigorous approach to understanding the underlying
meteorological processes. Oft en, we tentatively conclude that two factors
which occur together also have some causal relationship, but since we have

only one simulation cannot be certain. Now, we can examine the full ensemble

for this association and potentially increase our confidenc e.
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We completed a detailed analysis of the meteorology of the Blue Mountains
fires of October 2013, focus ing on the most severe weather conditions and
damaging fire activity of that event, the State Mine fire on October 17. We
found two meteorological fact ors that likely contributed to the fire conditions
on that day, mountain waves and a dry slot of unusual origin. The occurrence
of mountain waves was interesting, since this was the third severe fire case in
which we have made this link, and the first that occurred during the day  rather
than at night . Although this link has been suggested before, actual examples
have been very thin on the ground , SO we prepared a Hazard Note on
mountain wave influence on bushfires, discussed further below.

About half of all intense tropical cyclones experience an eyewall replacement
cycle, in which a new eyewall forms concentrically around the existing one and

then contracts, eventually replacing the original eyewall . These events cause
an initial weakening, followed by a re -intensification of the storm, and are
associated with a marked expansion of the wind field, and hence broadening

of the damage swath and increase in storm surge. We are investigating a high -
resolution simulation of an eyewall replacement cycle, with a par ticular focus
on the role of boundary -layer convergence and its interaction with convection.
Changes in the internal structure of tropical cyclones cause difficulties with their
mitigation , particularly approaching landfall, so improved knowledge of a

majo r cause of such change will lead to better forecasts and mitigation.

We undertook a significant utilization activity this year with the publication of a
Hazard Note on the effects of mountain waves on bushfires. This work drew on

our analysis of the State Mine fire, as well as previous work on the Ellensbrook
and Aberfeldy fires for the former Bushfire CRC. In it, we discussed how
mountain waves can lead to strong winds on the lee slope of a hill or mountain,

which are often stronger at night, contrary to t he normal diurnal cycle. This
Hazard Note drew considerable attention, and the material has subsequently
been adapted for the Bureau of Meteorkreogyds
Australia, and for an article in the ~ Weekly Times. It can be difficult to foresee
where a piece of research will lead, but we are very pleased that this work has
clearly struck a chord with people exposed to or responsible for managing fire

risk, and we trust it will lead to improved mitigation in the future.

This project ha s now reached the end of its original term. All major deliverables
have been met with the exception of some journal article writing, which are

well advanced but not quite complete. We expect to complete one more

journal article than the original project pl an called for, due to the extra work on
pyrocumulus. We are very pleased that the BNHCRC has decided to extend

the project for an additional 3 years . This extension will allow us to become
more focused on utilization activities, particularly arising from t he fire plume
work where we plan to turn our improved knowledge of plume effects on
ember transport and pyrocumulus formation into practical forecasting tools.

This report is not just the annual report for the 2016 -17 year, but is also the final
report fo r the originally -approved project. As such, it is longer and more

detailed than our previous annual reports. It comprises six main chapters,
framed around our research areas. We would like especially to draw the

b

readertgd®&nti on to the toipomascd isceadt iionmplatcat he end

those chapters.
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THE EFFECTS OF TUERBU PLUME DYNAMIOS
LONGRANGE SPOTTING

This chapter is adapted from our paper at the 2016 AFAC conference, Thurston,
W., K.J. Tory, R.J.B. Fawcett and J.D. Kepert, 2016: The effe cts of turbulent plume
dynamics on long -range spotting. A fuller account can be found in Thurston et
al. (2017).

Fire spotting is a hazardous phenomenon which leads to unpredictable fire
behaviour and accelerated fire spread. Spot fires occur when embers are
launched by bushfire plumes into the background wind, which then carries the
embers a significant distance from the fire front. If the embers land in a suitable

fuel bed and are still burning a spot fire is ignited. The magnitude of the

pro blem is illustrated by Cruz et al. (2012), who provide evidence of long -range
spotting in excess of 30 km during the Black Saturday bushfires of February 2009.
Therefore a better understanding of the processes that contribute to long -
range spotting is esse ntial for the prediction of fire spread. In this contribution

we aim to assess the contribution of turbulent plume dynamics to the process of

long -range spotting.

We use a two -stage modelling approach to calculate the landing positions of

poten tial firebrands launched by bushfire plumes. Firstly, we use the UK Met
Office large -eddy model (LEM), described by Gray et al. (2001), to perform
numerical simulations of idealised bushfire plumes. A number of plumes are
simulated for background winds var  ying from 5to 15 m s1. Secondly, the three -
dimensional, time -varying velocity fields produced by the LEM are used to drive

a simple Lagrangian particle -transport model. Potential firebrands are released
near the base of the plume and then advected by the LEM velocity field with a
constant fall velocity of 6 m st applied , representative of jarrah and karri bark
flakes (Ellis, 2010). The time-varying particle -transport calculations are then
repeated using a steady plume velocity, calculated from the one -hour mean
plume fields, in order to assess the contribution of the in -plume turbulence to
the firebrand transport.
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Figure 1. Vertical crosssections of the mean (left) and instantaneous (right) vertical velociy?, through the plurr

centre line, for background wind speeds of 5 (top) and 15 (bottorf) m s

Vertical cross sections of the instantaneous and 1~ -h mean updrafts for plumes in
the weakest (5 m s1) and strongest (15 m s1) backgr ound winds are shown in
Figure 45. The instantaneous plumes in strong wind have weaker updrafts, and
are more bent over than the plumes in weak wind. The instantaneous strong
wind plume is turbul ent over its whole height, whereas its weak
counterpart is only turbulent above a height of about 2 km. Plan views of the
weak -wind plume, not shown here but seen in Thurston et al. (2014), reveal that
the plume has two updraft cores that form a count er-rotating vortex pair. The 1
h mean plumes do not exhibit any of the turbulence that is visible in the

-wind

instantaneous plume updrafts, and as a result have a weaker peak updraft.
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Figure2. Trajectories of 100 firebrands lofted by the mékeft) and timevarying (right) plumes under background w
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The trajectories of 100 firebrands lofted by each of the plumes in  Figure 1 are
shown in Figure 2. Firebrands lofted by the time -varying weak -wind plume
initially travel up the two branches of the counter -rotating vortex pair, and are
then spread out further laterally as the reach the turbulent region of the plume
above a height of 2 km. Firebrands lofted by the time -varying strong -wind
plume do no exhibit any of this lateral spread, instead landing near the plume

centre line. These firebrands app ear to be lofted in clumps by the turbulent
puffing of the plume, and hence tend to fall out in clusters. The trajectories of
firebrands lofted by the 1 -hr mean plumes highlight the importance of the in -
plume turbulence. In the weak -wind case the firebrand s still travel up the two
branches of the counter -rotating vortex pair, but there is less lateral dispersion
above 2 km. In the strong -wind case the effect of the in  -plume turbulence is
more pronounced, with most firebrands now having similar trajectories.

Figure 3 shows the two -dimensional landing distributions for 1.5 million firebrands
launched by each of the plumes in Figure 1. The counter -rotating vortex pair
and upper -level turbulence of the time -varying weak -wind plume lead to the
firebrands landing in a V -shaped pattern with considerable lateral spread. The
landing positions of firebrands lofted by the 1 -h mean plume in weak winds still
land in a V -shaped pattern, but there is less lateral spread du e to the lack of in -
plume turbulence. Firebrands lofted by the time -varying strong -wind plume
travel on average about twice as far as their weak -wind plume counterparts,
have more longitudinal spread and less lateral spread in their landing
distribution. T he landing positions of firebrands lofted by the 1 -h mean plume in
strong winds show much less spread and crucially the maximum spotting
distance is reduced by half from about 16.7 km to 8.4 km.
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Figure3. Spatial distthutions of firebrand landing position (percent of particles launched per km2) for the mean (

time-varying (right) plumes under background wind speeds of 5 (top) and 15 (bottditt) m s

A critical consideration in  the potential for firebrands to start spot fires is whether
they are still burning when they land. Therefore the flight times of the firebrands
lofted by the time -varying weak -wind and strong -wind plumes are presented in
Figure 4. Firebrands that are lofted by the weak  -wind plume have a relatively
long flight time, even if they do not travel a long distance. For example
firebrands that are lofted by the weak -wind plume and subsequently travel only

11
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0fi 2 km are in the air for 7.5 i 12.5 minutes, whereas firebrands that are lofted

by the strong -wind plume and travel only 0 i 2 km are in the air for 1.5 i 3.5
minutes. This caused by the plume dynamics seen in Figure 1: the weak -wind
plume is more upright and has a st ronger updraft, causing the firebrands to go
almost straight up, reach a greater height and therefore be in the air for longer.

This behaviour is confirmed by the trajectory plots of Figure 2. The firebrands
that have travelled th e furthest (16 i 18 km, in the strong -wind case) have a
median flight time of 21.5 minutesanda 1l  stfi 99" percentile range of 19.3 1 23.4
minutes. This is of the order of the maximum burnout time of ribbon gum bark
observed in the wind tunnel studies of Hall et al. (2015) and would suggest that
firebrands that took these trajectories would still be capable of starting spot

fires.

35 — T T T T T T T L— 35 T T T T T T T T —

20 é Time-varying, u=5ms é 30 E Time-varying, u=15ms é
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Figure4. Box and whisker plots of flight times for firebrands lofted by the tirmgying plumes under background w
speeds of 5 (left) and 15 (right) rit.sFlight times are binned according to the distance travelled by the firebtai
km intervals. The thick line shows the median flight time and the box spans the interquartile range. Whiskers
the £'and 99 percentile flight time.

We have combined large  -eddy simulations of bushfire plumes with Lagrangian
particle transp ort modelling to investigate how turbulent plume dynamics can
affect long -range spotting. Plumes exhibited different dynamical and turbulent
behaviour depending on the background wind conditions and this
consequently leads to differences in firebrand trans port. Plumes in weak winds
contain a counter -rotating vortex pair which leads to large lateral spread in
firebrand landing position. Plumes in strong winds are more turbulent and bent

over, leading to more longitudinal spread in firebrand landing position and a
greater maximum spotting distance. In  -plume turbulence was shown to
substantially reduce the lateral and longitud inal spread in firebrand landing

position and in the case plumes in strong background winds, reduce the
maximum spotting distance by a ha  If. Systematic studies such as this will inform
the development of better empirical spotting models.

12
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This work has highlighted the processes that affect long -range ember transport,
and we now have the necessary underpinning knowledge to develop an
operational technique for calculating this important process. However, the
present calculation is much too computationally expensive to be operationally
feasible. Therefore, we will be developing a much simpler model, which
nevertheless will incorporate the key important physical processes which this
work has revealed . This model will be computationally cheap enough to be
used in the field, or as part of  a fire spread simulator.

13
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LARGEEDDY SIMULATION OFROCUMULUS

This chapter is adapted fr om our draft manuscript,  Thurston, W., K.J. Tory and
J.D. Kepert, 201 7: The modest role of pyrogenous moisture in pyrocumulus
development

Pyro-convective clouds have the potential to increase surface rates of wildfire
spread, enhance ember transpo  rt, generate lightning and tornadic storms, and

al ter Earthos radi ati ve bal ance t hrough t he
combustion products. It is well known that sufficient moisture is required for a
buoyant plume above a wildfire to generate pyro -convecti ve cloud, and

indeed this happens with some degree of regularity. However, the typical
source of this moisture is less clear, with conflicting evidence available
regarding the significance of pyrogenous moisture (that is, moisture released by
combustion) in the development of moist pyro  -convection. Here we attempt to

fill this knowledge gap by quantifying the relative importance of environmental

and pyrogenous moisture in pyrocumulus development. We expand upon
previous case -study-based modelling approaches by performing large -eddy
simulations of buoyant wildfire plumes of different intensities and over the
parameter space of environmental moisture and pyrogenous moisture. Intense
fires in sufficiently moist atmospheres can produce pyro -convective cloud int he
absence of any moisture from the combustion process and the cloud is deeper

for the more -intense fires and moister atmospheres. The addition of pyrogenous
moisture only has a small effect on the development of pyro -convective cloud.
Further analysis rev eals that this is due to substantial entrainment of relatively dry
environmental air into the sub -cloud buoyant plume. Entrainment dilutes
pyrogenous moisture to the extent that very little remains once the plume has
ascended to the level of the cloud base , suggesting that relative to
environmental moisture, pyrogenous moisture plays only a modest role in
pyrocumulus development. This has implications for forecasting pyro -
convective cloud and its impacts.

Intense heating of the air in the vici nity of a wildfire causes deep ascent. If
deep enough to raise air above the lifting condensation level, this ascent leads

to the formation of pyrocumulus (pyroCu) or pyrocumulonimbus (pyroCb). The
generation of such pyro -convective cloud by wildfire plume s is significant
because of the many ways in which it can potentially influence fire behavior .
For example, moist pyro -convection has been associated with (i) amplified burn

and spread rates (Peterson et al., 2015); (ii) tornadogenesis (McRae et al.,
2013); (iii) ignition of new fires by pyroCb lightning, noting that pyroCb lightning
conditions favor hotter and longer -lived lightning strikes (Rudlosky and Fuelberg,
2011); and (iv) enhanced spotting potential due to deeper and stronger
updrafts (e.g., Koo et al., 2010) as a result of latent heat release in the
convective column. The invigorated updrafts in moist pyro -convection are also
capable of penetrating the tropopause, leading to stratospheric injection and
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hemispheric -scale transport of aerosol and oth  er combustion products (Fromm
et al., 2006, 2010). Therefore, knowledge of the processes that contribute to the
development of moist pyro -convection in wildfire plumes is an important
component in understanding the behaviour of fires, their impacts and pot ential
climatic influences.

Here we use large -eddy simulations to investigate the generation of pyro -
convective clouds by buoyant wildfire plumes. Firstly, we perform simulations

over a range of fire intensities and environmental moisture levels. We then
repeat a subset of these simulations with differing amounts of pyrogenous
moisture, allowing us to assess the relative importance of environmental
moisture and fire -derived moisture in the development of pyro -convective
clouds.

The simulations presented here are performed with Version 2.4 of the UK Met
Office Large -Eddy Model (LEM). The LEM is a high -resolution cloud -resolving
model which solves a quasi -Boussinesq, anelastic, equation set on a three -
dimensional Cartesian grid . Sub-grid stresses are parametrized using a stability -
dependent version of the Smagorinsky  -Lilly scheme, described by Brown et al.
(1994). Moist processes are represented by the three  -phase microphysics
scheme of Swann (1998), which accounts for phase cha  nges between vapour,
liquid (cloud and rain) and frozen (snow, ice and graupel) water species. Our
simulations are performed without any radiation parametrization and the
Coriolis force is also neglected, a reasonable assumption given the scale of the

plum es simulated here. For further details about the LEM, the reader is referred

to Gray et al. (2001) and references  therein.

The LEM has traditionally been used to simulate a wide range of common
turbulent and cloud -scale atmospheric phenomena, from the dry, neutral
boundary layer (e.g. Mason and Thomson, 1987) to tropical deep convection
(e.g. Petch and Gray, 2001), although more recently it has been used to study
the behaviour of buoyant plumes from fires. Devenish and Edwards (2009) used

the LEM to perform simulations of the Buncefield oil depot fire in the United
Kingdom, the largest fire in Europe since the Second World War. The model was
able to successfully reproduce the observed height and multi -directional
spread of the plume. Devenish et al. (2010) p  erformed further validation by
comparing the entrainment and radial spreading rates of buoyancy and
vertical velocity in LEM-simulated plumes to theoretical plume models.

All simulations presented here are performed on a model domain of 256 by 256

grid poi nts in the horizontal, with a uniform horizontal grid length of 50 m,
resulting in a domain size of 12.8 km by 12.8 km. The domain has a stretched
vertical grid of 256 points in the vertical, with a vertical grid length of 20 m near
the surface, increasing smoothly to 50 m at a height of 1.5 km. The vertical grid
length is constant at 50 m between heights of 1.5 and 10 km and then smoothly
increases to 60 m between 10 km and the model top, which is situated at 12.7

km. The lateral boundary conditions of the model are doubly periodic and a
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no-slip condition is applied at the lower boundary, with a specified roughness
length of 0.05 m. A free -slip condition is applied at the upper boundary of the
model domain in conjunction with a Newtonian damping layer in th e top 2.5
km of the domain, to  prevent the reflection of vertically propagating gravity
waves. The horizontal extent of the domain is sufficient that over the duration of
the simulations presented here the pyro  -convective clouds are  not affected by
the per iodic lateral boundary conditions. None of the pyro -convective clouds
deepen enough to encounter the Newtonian damping layer near the model

top.

The wildfire plumes presented here are simulated using a two -stage process.

The first stage isadspumé phase, in which a realistic at
layer is generated. The model output at the end of the spin -up phase is then

used as a set of initial conditions for the second stage, in which the buoyant

plume from a wildfire is simulated.

At the beginning of stage one the model is initialized with horizontally
homogeneous conditions,  designed to be representative of a high fire danger

day. An initial potential temperature profile is specified, consisting of a 4.0 -km
deep well -mixed layer w ith a constant value of 310 K. Above this, a troposphere
with a constant lapse rate of 3 K km ™! is specified from the top of the mixed
layer to the model top. The initial water vapour mixing ratio pro file is also
specified as a con stant value throughout th e 4.0-km deep well -mixed layer,
and then reduced above the mixed -layer top at a rate such that the relative
humidity remains constant throughout the troposphere. The model is initialized
with zero environmental wind, allowing us to co ncentrate on the effec  ts of the
thermodynamics onthe  formation of pyro -convective cloud.

In order to explore the sensitivity of the development of moist pyro -conv ection
to the environ mental moisture, a range of simulations is performed in stage one.
These simulations differ on ly in their initial value of the water vapour mixing ratio.

Five simulations are performed, with constant mixed -layer water vapour mixing
ratios, q wmi, of 2.0, 2.5, 3.0, 3.5 and 4.0 g kgl 1.
maximum amplitude of +0.1 K, are added to the initial potential temperature
field within the atmospheric boundary layer, in order to break the model
symmetry and promote the development of turbulence, and a sensible heat

flux of 50 W m 72 is applied uniformly at the  surface. The model is then in tegrated
forward in time with a variable time  -step, determined by the Courant &
FriedrichsdLewy condition, until the boundary layer has spun up to a quasi -
steady state, as determined by the time -series of the domain -average turbulent
kinetic energy (TKE). At the end of the spin -up period we have five sets of initial
conditions for use in stage two of the process, the simulation of wildfire buoyant
plumes. These initial conditions are shown in  Figure 5, in which the temperature
and de w point traces together form the classic inverted -V profile, which is
characteristic  of conditions under which pyro -convective cloud forms (e.g.
Peterson et al., 2017).

Then, in stage two of the simulation process we take the model state at the end
of the first stage of the simulation and generate a buoyant wildfire plume, using
the method employed by Devenish and Edwards (2009). A sensible heat flux
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anomaly is applied at the model lower surface boundary over a circular area
of radius 250 m, located in the  centre of the model domain, equidistant from
both lateral boundaries. It should be noted that there is no direct feedback of

the atmosphere back onto the fire in these simulations and therefore no
capacity to simulate fire spread. This means that in this configuration it is
possible to isolate and consider only the interaction between the buoyant
plume and the thermodynamic environment in which it exists, without the extra
complication of  surface -based fire behaviour feedbacks.

Fires of four different inten sities, Q, of 5, 10, 20 and 30 kW m "2 are simulated and

in each case the heat flux is linearly ramped up from zero to its peak value over

five minutes, held constant for  one hour, and then linearly ramped down back

to zero over five minutes. The combinatio n of five different environmental

moisture profiles and four different fire intensities gives us twenty simulations in

total . We denote these simulations o0dryo fires
the pyrogenous moisture flux, either from moisture withi n the fuels or from the

combustion process itself. These dry fires permit the assessment of the sensitivity

of pyro -convective cloud to environmental moisture and fire intensity.

Addi tional |y, -fiesimuationsdsfperformedtirowhich all five Q=30

kW mT2 dry-fire simulations are repeated twice, once with a latent heat flux, L E

of 21 kW mT72 and once with Le = 11.4 kW my2. These values are chosen to

represent the range  of realistic ratios of heat to moisture fluxes in wildfires,

based on the calculations of Luderer et al. (2009), and are denoted the O0-l east
moi sto anenoiosmost fires, respectivel y. These
assessment of the sensitivity of pyro -convective cloud to pyrogenous moisture,

and in combination with the dry fires an assessment of the relative roles of

environmental and pyrogenous maoisture.
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Figure5. SkewT log-p diagrams of the environmental atmospheric conditions spun up at the end of stage one. All
simulations have the same temperapnafile, shown in black, and the five different d@eint profiles are shown in
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17



DOCUMENT TITLE REPORT NO. 000.000

VIFF 7T TIIIIIIIINININIIII

Figure 6 shows a snapshot from the Q = 30 kW m 72 fire intensity and q wi.=4.0 g
kg'! mixed -layer water vapour mixing rat io simulation, 22 minutes after the fire
has reached maximum intensity. This is the simulation with the moistest
background conditions and the highest fire intensity. The wildfire buoyant
plume has a strong updraft throughout most of the extent of the boun dary
layer, with a maximum vertical velocity in excess of 25 m s 1 (Figure 6 (@)). The
plume decelerates as it penetrates into the stably stratified troposphere, but the
ascent is deep enough to trigger the formation of a pyro  -convective cloud. The

cloud base is located at 4.5 km above ground level (AGL) and the cloud
extends to an altitude of 7.5 km AGL (  Figure 6 (c)). Although the updraft  core of
the buoyant plume is reasonably slender within the boundary lay er, the

horizontal extent of the pyro -convective cloud is m uch greater, having a width
in excess of 3 km ( Figure 6 (d)).

Extensive condensation within the cloud, particularly notable in the liquid water

mixing ratio field around (x, z) = (0.5, 6.5) km, leads to the release of latent heat
which is evident in the potential temperature perturbation field at the same
location ( Figure 6 (b)). There is a co -located updraft greater than 10 m' s 71 within
the pyrocumulus cloud, which is s eparated from the main plume updraft within
the boundary layer. This resurgence of the updraft is due to latent heat release
increasing the local plume buoyancy.

Figure 7 shows a snapshot of the liquid water mixing ratio vertical cross -sections
for all twenty combi nations of Q and g ww, at 22 minutes after the fires have
reached full intensity. The potential  formation of a pyro -convective cloud and
the properties of that cloud are dependent on both the intensity of the fire and
the environmental moisture. Pyrocumulu s is more likely to form if the
environment is moist and the fire intensity is high. The size of a pyro -convective
cloud and its cloud -top height both increase with environmental moisture and

fire intensity. In the driest environment,  with a mixed -layer wa ter vapour mixing
ratio of 2.0 g kg ™%, pyro -con vective cloud only forms for  the most intense fire
and the cloud that does form is very small. As the environmental moisture
increases, pyro -convective cloud forms for weaker and weaker fire intensity,
and by the time the mixed -layer water vapo ur mixing ratio reaches the
maximum value of 4.0 g kg%, pyro -convective cloud forms for all values of fire
intensity. For fixed fire intensity, increasing the mixed  -layer water vapour mixing
ratio lowers the cloud -base height, from 5.7 km AGL for the drie  stto 4.5 km AGL
for the moistest. Conversely for a fixed mixed  -layer water vapour mixing ratio,
increasing the fire intensity does not substantially affect cloud -base height.
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Figure 6. Vertical crosssections of the instantames (a) plume vertical velocity, mi's and (b) plume potential

temperature perturbation, K, both in the y = 0 plane. Instantaneous liquid water mixing ratip,rgakgmum values
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at 22 minutes after the fires have reached full intensity. Panels show all twenty combinations of fire intensity, Q = (5,
10, 20, 30) kW i, arranged vertically and mixdelyer water vapour mixing ratio, qvML = (2.0, 2.5, 3.0, 3.5, 4.0) g
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panels, as indicated by the arrows.
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Snapshots of the liquid water mixing ratio vertical cross -sections for all five Q =
30 kW m'2 fire intensity simulations, with latent heat fluxes LE of 0.0, 2.1 and 11.4
KW mi2 at 22 minutes after the fires have reached full intensity are shown in
Figure 8. The effect of adding a latent heat flux to the fire is very small, slightly
increasing cloud amount and cloud top height, for all of the mixed -layer water
vapour mixing ratios shown.

To investigate why the addition of a moisture source, in the form of a latent

heat flux, to the fire has only a small effect on pyrocumu Ilus formation, we
construct time -height diagrams of the  maximum water vapour mixing ratio at
each model level ( Figure 9). In the zero latent heat flux case the boundary -
layer water vapour mixing ratio is constant throughout the si mulation and the
lifting of the boundary layer air by the plume into the relatively dry free
troposphere is evident after about 10 minutes. Inthe L e = 2.1 kW m'2 case, the
water va pour mixing ratio is greater near the surface, above which the moisture

bec omes more diffused with height and is similar to the zero latent heat flux
case. Eveninthe L e=11.4 kW m'2 case, the moisture released by the fire is only
just reaching the top of the boundary layer, where it is then able to have a
minimal effect on pyr ocumulus formation. The amount of moisture that gets
transported upwards in the Le = 114 KW m'2 case is made clear by the
difference plot of tim  e-height water vapour mixing  ratio in Figure 9 (d).
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Figure8. Verticalcrosssect i ons of the maximum instantaneous) liquid wa
at 22 minutes after the fires have reached full intensity. Panels show all fifteen combinations of fire latent heat flux,

LE = (0, 2.1, 11.4) W m'?, arranged vertically and mixedyer water vapour mixing ratio,g = (2.0, 2.5, 3.0, 3.5,

4.0) g kg?, arranged horizontally. Fire latent heat flux increases from the bottom row of panels to the top row of

panels and boundatgyer water vapour mirg ratio increases from the ldfand column of panels to the rigand

column of panels, as indicated by the arrows. All simulations are performed with a fire intensity Q = 36, kw m
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Large -eddy simulations of buoyant wildfire plumes have been performed in
background atmospheric conditions representative of high fire -danger d ays.
The potential for the formation of pyro -convective cloud has been investigated
by varying the environmental moisture and the fire intensity. Moister back -
ground atmospheres produce larger, more intense pyro -convective clouds and

if the background atmo  sphere is moist enough, intense fires can produce pyro -
convection even in the absence of any moisture from the combustion.

Increasing the environmental moisture reduced the cloud -base height,
whereas increasing the fire intensity had no discernible effect on cloud -base
height.

The relative importance of environmental and fire-derived moisture has been

assessed by repeating a set of fixed -intensity runs twice, with latent heat fluxes
representative of dry and moist fuels respectively. Pyrogenous moisture was
found to only have a small effect on pyrocumulus formation. This is because

even for high rates of moisture release, this moisture becomes diluted as it is
transported by the plume to the top of the boundary layer.

The resurgence of the plume updraft due to the latent heat released within a
pyro -convective cloud has the potential to increase the height to which
firebrands are lofted, particularly as the pyrocumulus updrafts are in excess of

10 m s, considerably greater than the fall velocity of typical f irebrands of 4 66
m s’ (e.g. Ellis, 2010). Lofting the firebrands higher into the atmosphere has the
potential to increase the distance they travel before landing, although detailed
calculations similar to those  described in the previous chapter (see also Thurston
et al. 2017) would need to be performed to accurately assess the potential
impact of pyro -convection on spotting distance.

Although we are currently unable to forecast the precise location and timing of

an individual pyro -convective updraft or dow  nburst, by performing studies such
as this we are able to learn about the conditions under which they form, their
dynamics and potential impact on fire behaviour.

The ingredients for cloud formation are well known 0 moist air, and a cooling
mechanism, which is usually ascent. In the case of pyrocumulus, there are two
possible moisture sources, the atmosphere and the fire, and their relative role

has been controversial. The moisture from the fire is difficult to characterize, for

it depends on the total heat output from the fire, and the fuel characteristics.
Hence, finding that forecasts are insensitive to a poorly -known parameter is
good news, for it means that the forecast can probably make do with quite

rough estimates of fire mois ture output. Further good news is that the
atmospheric contribution to moisture, particularly on likely pyroCu days, can be
reasonably well estimated from surface observations near the fire.

In future, we plan to develop a pyrocumulus forecasting tool. Thi s knowledge
will be a crucial underpinning of that tool.
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THERMODYNAMIC CONSNIRTS ON PYROCUMULUS
FORMATION

This chapter is based on a draft manuscript, Tory, K.J., W. Thurston and J.D.
Kepert, 2017: Thermodynamics of pyrocumulus: a conceptual study.

In favourable atmospheric conditions, large hot fires can produce
pyrocumulonimbus (pyroCb) cloud in the form of deep convective columns
resembling conventional thunderstorms, which may be accompanied by
strong inflow, dangerous downbursts and lightnin g strikes. These in turn may
enhance fire spread rates and fire intensity, cause sudden changes in fire
spread direction, and the lightning may ignite additional fires. Dangerous
pyroCb conditions are not well understood and are very difficult to forecas t.

Here, a conceptual study of the thermodynamics of fire plumes is presented to
better understand the influence of a range of factors on plume condensation.
Recognising that plume gases are undilute at the fire source and approach
100% dilution at the plume top (neutral buoyancy), we consider how the plume
condensation height changes for this full range of dilution and for a given set of
factors that include: environmental temperature and humidity, fire
temperature, and fire moisture to heat ratios. Th e condensation heights are
calculated and plotted as saturation point (SP) curves on thermodynamic
diagrams for a broad range of each factor. The distribution of SP curves on
thermodynamic diagrams provides useful insight into pyroCb behaviour.
Adding plu me temperature traces from Large -Eddy Model simulations to the
thermodynamic diagrams provides additional insight into plume buoyancy,

how it varies with height, and the potential for dangerous pyroCb
development.

Pyrocumulus (pyroCu) cloud s are produced by intense heating of air from fire
or volcanic activity that leads to ascent and subsequent condensation when

the rising air becomes saturated due to cooling from adiabatic expansion. The
process is similar to conventional convective cloud formation, when a lifting
mechanism (e.g., orographic lifting, intersection of two air masses) raises air
above the level at which cloud forms (the lifting condensation level).
Additional lifting and condensational heating may raise the air to the level of
free convection, above which it is positively buoyant. Turbulent entrainment of
cooler and drier air from outside the rising airmass dilutes the cloud buoyancy,
which can limit the size and growth of the cloud (e.g., fair weather cumulus).
Larger and more intense lifted regions can accelerate to the tropopause (e.g.,
cumulonimbus thunderstorms). The main difference between conventional
cumulus and cumulonimbus and fire  -sourced pyroCu and pyroCb (hereafter
referred collectively as pyroCu/Cb) clouds is that the initial lifting in the latter
cloud types is provided by the buoyancy from the heat and perhaps moisture
released by the fire. In large fires with an intense convection column the cloud
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may resemble towering cumulonimbus with updrafts that p enetr ate into the
stratosphere . We refer to these plumes as pyroCb. (See Tory et al 2015, 2016 for
a review of pyroCu/Cb literature and forecast techniques respectively).

There is abundant anecdotal evidence to suggest that the presence of pyroCb
activity ca n have a significant impact on fire behaviour, including: (i) the
amplification of burn - and spread -rates (Fromm et al. 2006, Trentmann et al.
2006, Rosenfeld et al. 2007, Fromm et al. 2012), (ii) enhanced spotting due to
larger, taller and more intense pl umes (e.g., Koo et al. 2010), and (jii) ignition of
new fires by pyroCb lightning strikes due to pyroCb conditions favouring hotter

and longer -lived lightning strikes (e.g., Rudlosky and Fuelberg 2011, Peace et al.
2017).

Given the potential threat posed b y pyroCb there is great interest in being able
to predict its development. Unfortunately, pyroCb are very difficult to forecast.
Current forecast techniques draw on similarities between pyroCb and
conventional thunderstorms, and the recognition that cond itions that favour
thunderstorm development will also favour pyroCb development. Ideal pyroCb
conditions are thus similar to ideal thunderstorm conditions but with a dry rather

than moist lower troposphere. These conditions appear on a thermodynamic
diagr am as the classic inverted -V profile, in which a dry adiabatic temperature
profile of constant potential temperature ( — ) forms the right side of the
inverted -V, while the constant specific humidity (11 ) moisture profile makes up
the left side.

In this paper we construct an idealized theoretical plume model in an inverted -
V environment to aid our understanding of how the environment and fire
properties influence pyroCu/Cb formation.

The fire plume is a mixture of hot ¢ ombustion gases and entrained air from the
immediate environment. For simplicity, it is assumed that the plumes are well -
mixed and develop in a well -mixed atmospheric boundary layer of constant
potential temperature ( — and constant specific humidity (  q), and that the
plume condensation level (CL, which is the saturation point on a
thermodynamic diagram) occurs within this well -mixed layer. While this
assumption is likely to be unrealistic for deeper CLs, it has no i mpact on the
conclusions. For simplicity the thermodynamics of the plume above the CL are

not considered. However, useful information on plume thermodynamics can

be determined from the plume —and q at the CL, and diagnostic quantities
derived from thes e variables.

The plume —and g are expressed as functions of the environment —and g and
the fire —and g, and the plume dilution fraction 1,

— = p | — 1.
n 1N PN . 2.
— and n are specified for each scenario, and ] Is varied from 0 to 1,

representing a range of plume dilution rates from pure combustion gases to
pure environmental air (i.e., infinitesimal quantities of combustion gases). These
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parameters and other variables introduced below are listed and described in
Table 1.

Tablel: Plume model variables and constants

— Potential temperature (units  0)

— Constant environment  potential temperature (up to the condensation
level)

— Potential temperature of the fire (flames)

— Plume potential temperature

y— Plume potential temperature contribution from combustion

n Specific humidity (units "Q"®"Q, mass of water vapour to total mass of
air)

n Constant environment specific humidity (up to the condensation level)

n Fire specific humidity (includes moisture from the air consumed in

combustion)

N Plume specific hum idity

w Plume moisture contribution from combustion (evaporation of fuel
moisture and moisture as a product of combustion)
Plume dilution factor. Ranges from 1 (100% dilute = environment value)
to O (pure combustion gas)

f Plume buoyancy fa ctor. Ranges from O (plume 100% dilute) to | p.
(Useful range 9 x p 11 .)

[ Fire heat multiplication factor to express — as amultiple of —

. Fire moisture to heat ratio (units QMQ v ).

The potential temper ature of combustion, — , can be expressed as a

multiplier (T ) of the environment potential temperature, — [ — . Assuming

— x gnm[ ranges from ¢© v representing flame temperature estimates from
forest fires of 6 00 K (flame tips) to 1500 K (flame base). The heat produced by
the fireis, Y— [ p — . The fire moisture to heat ratio, e, is specified, which
means fire moisture, «] ¢ Y—. Taking into account a 6 to 1 air to fuel ratio in
combustion, the combustion gas includes an additional moisture contribution

from the environment, 1 M ™G 8

An iterative process is used to calculate the CL based on estimates of the CL
pressure (0 ). The CL temperat ure is calculated from — and 0 , which are
used to calculate the saturation vapour pressure at O . If this saturation vapour
pressure is less than (greater than) the actual vapour pressure the plume must

be saturated (unsaturated) at 0 and the process is repeated at a lower
(higher) level until the plume CL is approached to the nearest 1 hPa.
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A number of diagnostic equations have been developed to illustrate plume

characteristics. Each can be expressed as a function of a buoy ancy
parameter,

r — — i— p LT p, 3.

which reduces the experimental parameter space by replacing 1l and [ with 1.

Two well -mixed boundary layer profiles are considered, one warm (Fig. 1a) and

the other cold  (Fig. 1b,). The firsthas — omnm@ o 1, N v PTTQM@Q,
19% relative humidity, and an elevated lifting condensation level (LCL) about 3
km above the surface. The second has — CXP ¢, N C

p T QMQ, 61% relative humidity, and a relatively low LCL. This is
representative of the Flatanger fire in Norway, January 2014, which destroyed

140 houses. The LCL is located at the apex of the — and 1 curves. For
clarity we re fer to this LCL as the environment LCL (ELCL) to distinguish it from
any in -plume LCLs.

Figure 10 includes SP curves for the hottest fire ( [ v) in the warm environment
(Figure 10a) and the coolest fire ( [ ¢) in the cold environment (  Figure 10b),
and each with the two values of fire moisture to heat ratios that represent
Luderer et al.®é&so(@mMQ®MQud rréedpamd wet test(s p v
p T QMQUL |, blue) realistic fires. Each SP curve represents the position of the
plume condensation level corresponding to | varying from 1 (100% dilution,
lower left) to O (pure combustion gas, upper right) for the specified environment
conditions, fire moisture to heat ratio, and fire heat. For example, the dots on

the SP curves represent the apex of plume temperature and moisture traces for

a plume consisting of 95% environment air and 5% combustion gas.

Figure 10: Saturation point curves for the dry (red) and moist (blue) fires, for the two cases (a) hot fire in a warm
environment, and (b) cool fire in a cold environment, on a skiegp diagram. The 95% dilution points are
indicated by dots. Thenvironment LCL is located at the apex of the grey lines of constanfandry . The pale

blue lines are lines of constant pressure (dashed, horizontal), temperature (dashed, diagonal), potential temperature
(solid, shallow gradient) argpecific humidity (solid, steep gradient).
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