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ABSTRACT

Much remains unknown how the atmospheric stability profile influences updraft 
acceleration or deceleration within fire plumes, which influences local horizontal convergence 
and divergence and fire intensity. Therefore, there is a need to address largely unanswered and 
unexplored questions such as how vertical variations in stability affect wind speed at the ground. 
The main aim of this thesis is to improve understanding of the fundamental role of the 
atmospheric boundary layer (ABL) stability in the characteristics of a wildfire's convective 
plume and associated feedback processes.

Chapter 1 provides background information on current knowledge of fire-atmosphere 
interactions; more specifically the influence of ABL stability on the convective plume dynamics 
of wildfires and basic fire-induced circulations. ABL characteristics and the basic concept of 
atmospheric stability are also reviewed.

Specific research questions addressed in Chapter 2 was: what atmospheric stability 
profiles and ABL structures does Advanced Regional Prediction Systems (ARPS) model 
simulate in complex terrain under weak synoptic forcing to investigate fire-atmosphere 
interaction? The main goal of Chapter 2 is to use an atmospheric numerical model to investigate 
ABL temperature and wind structures associated with weak synoptic forcing in mountainous 
terrain, in preparation for undertaking simulations of wildfires in complex terrain in the 
following chapter. The selected model configuration successfully produced the diurnal evolution 
of temperature and wind structures in the ABL over the valley.

A research question addressed in Chapter 3 was: what atmospheric processes are 
involved when the convective plume of wildfires interacts with ABL over complex terrain? The 
main goal of this chapter is to identify processes associated with fire-atmosphere interaction in 
complex terrain dominated by a thermally-driven diurnal mountain wind regime using a hot 
patch in the ARPS model to represent effects of the intense surface heating by wildfires. Fire-
induced circulation was characterised by inflow layers, that is relatively cool mixed layers and 

overlying warmer return flow layers, penetrative convection over the surface convergence zone, 
subsidence and associated internal gravity waves. 

A research question addressed in Chapter 4 was: how does interaction between the 
identified fire-induced circulation and the ABL stability affect surface wind variability that 
primarily controls fire spread and intensity? A primary goal of this chapter is to gain more
insight into how the atmospheric stability profile influences the entire fire-induced circulation 
and surface heat flux using a series of idealized 2-D simulations. It was found that the role of K-
H instability at the inflow-return flow interface was to cause a density difference in the inflow 
layer as a result of mixing. This variation in the inflow layer depth generated the surface u-
velocity maxima at the surface directly underneath the wave trough where the K-H waves 

formed due to vertical transport of momentum and the surface wind reversal below the wave 
crest due to a hydraulic jump. Results suggest that the combination of a deeper initial mixed 
layer, stronger surface heating, and a weaker capping inversion is favourable for the formation of 
surface wind reversal near the fire and thus extreme fire behaviour potential. 

A research question addressed in Chapter 5 was: how does the third dimensionality in the 
ARPS model affect the formation of surface wind reversal near the fire as simulated in the 2-D 
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models in Chapter 4? Overall, thermodynamic and flow structures associated with the feedback 
processes between free convection and the ABL remained very similar and are thus not very 
sensitive to the model dimensionality. Thus likely to be reasonable from the 2-D simulation. 
However, the overall magnitude of fire-induced circulations was lower in the 3-D simulation as 
compared to the 2-D counterpart. Surface wind reversal associated with the density variation 
within the inflow layer, a hydraulic jump phenomenon, and rotor formation were key findings 
from the 2-D simulations in Chapter 4, and these features were generally reproduced in the 3-D 
simulation but with a much reduced reversed surface flow depth and weaker reversed flow 
velocity.

In Chapter 6, a summary of key findings is presented and the major contributions to 
generation of new knowledge in the subject area are discussed. The use of the coupled fire-
atmosphere model, even though idealised and simplistic, is shown to be valuable for better 
understanding of the complex relationship between ABL stability and plume dynamics. It is 
concluded that a developed fire-induced circulation involving penetrative convection can result 
in surface wind reversal that could cause extreme fire behaviour by convective heating of 
unburnt fuel without the influence of background mean flow. Limitations of this work and some 
suggestions for future research are made at the end. 
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Chapter 1
Introduction and background

1.1. Introduction

We have seen lengthening wildfire seasons and increasing wildfire frequency in many 

parts of the world), meaning that we need to adapt to a ‘new normal’ (Westerling et al. 2006; 

Tedim et al. 2018). Furthermore, an increasing frequency of large wildfires that overwhelm 

suppression capabilities has caused significant damage and has often resulted in both civilian and 

firefighter fatalities. Therefore, effective wildfire suppression and firefighter safety will become 

increasingly challenging. 

While the number and extent of New Zealand (NZ) wildfires have been relatively small 

compared to many other fire-prone countries, NZ emergency managers expect that NZ residents 

will be exposed to more wildfires in the future for three main reasons: The first reason is global 

climate change. Climate change studies by Pearce et al. (2005; 2011) suggest that hotter weather 

and drier fuel conditions are likely to occur more frequently and also promote increased fire 

intensity in the future. The second reason is the effect of potential significant growth of the rural-

urban interface (RUI) in NZ. Consequently, more people will live in high fire-risk areas causing 

the increased occurrence of human-caused fire ignitions. The third reason is the potential 

conversion of large areas of grazing land to conservation and recreation uses, resulting in 

increased fuel loads and fire risk (Jakes and Langer 2012). Therefore, effective wildfire 

management will become an increasingly important issue in NZ.

Wildfires cause a wide range of social, economic, and ecological impacts that should be 

considered when management strategies are developed. Forest fire management covers activities 

that are concerned with the protection of human life, property and forested areas from wildfire 

and prescribed burning, all conducted in a way that satisfies environmental, social and economic 

criteria (Martell 2007). Scientific research can play an important role in assisting the fire 

management community with wildfire suppression, fuel reduction, landscape planning, fire 

occurrence, risk predictions, and forest and ecosystem recovery.

Wildfire responds to variations in weather, fuel and topography. Wildfire behaviour 

refers to how fuel ignites, flame develops, and fire spreads and it is influenced by how fuel, 

weather and topography interact. The complex interactions of these three factors occasionally 

result in extreme fire behaviour that makes fire suppression difficult, resulting in compromised 

firefighter safety. 

Extreme fire behaviour is defined broadly as fire spread other than steady surface spread, 

especially when it involves rapid increases in fire spread (Werth et al. 2011). It occasionally 

involves one or more of the following: prolific crowning defined as both the ascension into the 

crowns of trees and the spread from crown to crown (Werth et al. 2011) and/or spotting, defined 

as the discontinuous mode of fire spread associated with the lofting of firebrands or burning 

material (Fendell and Wolff 2001), strong convection column, or fire whirls as defined by the 

National Interagency Fire Centre (NIFC). Such fire behaviour makes fire suppression extremely 
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difficult. A number of complex processes that may explain extreme fire behaviour has been 

investigated, including a Generalized Blaze Flash defined as an instantaneous ignition of a forest 

area from surface vegetation to canopy (Dold et al. 2009; Chatelon et al. 2014), vorticity-driven 

lateral spread (Sharples et al. 2013; Simpson et al. 2013a; 2014), downward transport of dry, 

high momentum air and a deepening mixed layer (Charney and Keyser 2010). A particular 

challenge is that characteristic features of extreme fire behaviour may be influenced by wind 

shear and vertical temperature structures that are often undetectable on the ground.

Many firefighter entrapments and fatality have occurred in mountain environments where 

meteorology becomes locally complex and unpredictable (e.g. Page and Butler 2017; Lahaye et 

al. 2018) and therefore, fire behaviour in regions of complex terrain has received considerable 

interest for several decades. For example, the effect of sloping terrain on the rate of fire spread 

has been investigated using a series of laboratory and numerical experiments to identify 

environmental conditions favourable for rapid changes in the rate of fire spread (e.g., Weise and 

Biging 1994; Viegas 2004; Linn et al. 2010; Pimont et al. 2012). Lahaye et al. (2017) also 

discussed other dynamic fire behaviour situations that likely cause firefighter entrapments; 

facing a violent fire front either because of a change in wind direction or not; fire developing at a 

long distance because of mass spotting. Lahaye et al. (2018) showed that 42% of the firefighter 

entrapments/accidents in Australia examined was associated with changes in wind direction.  

Interaction between strong wind and local/small scale topography were also shown to influence 

the likelihood of entrapments. Further study is necessary to better understand the interactions 

between wildfire and the mesoscale meteorological phenomena (e.g. Seto and Clements 2011; 

Hanley et al. 2013; Peace et al. 2015), typically occurring in complex terrain. 

The remainder of this chapter provides background information on the current knowledge 

of fire-atmosphere interactions; more specifically the influence of atmospheric stability on 

convective plume dynamics of wildfires and basic fire-induced circulations. ABL characteristics 

and the basic concept of atmospheric stability are also reviewed.

1.2. Background
1.2.1. Fire-atmosphere interaction scales

Fire-atmosphere interaction is defined by Potter (2012a) as: 1) the interaction of the 

atmosphere with the combustion process, as long as the perturbation variables related to fire are 

greater than the ambient variability; 2) energy and mass fluxes between the atmosphere and fuel 

that occur on time scales approximately of the order of 10-2 to 105 s and spatial scales 

approximately of 10-2 to 105 m. This interaction between fire and atmosphere can occur in the 

opposite direction (from the atmosphere to the fire) due to feedback processes, as demonstrated, 

for example, by Byram's (1954) 'power of the fire and wind' concept. The definition indicates 

that wildfires interact with atmospheric circulation systems involving micro (< 2 km), meso-• (= 

2-10 km), and meso-• (= 20-200 km) scales (Orlanski 1975). 
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1.2.2. Plume dynamics
Plume dynamics refers perhaps to the most complex part of the fire-atmosphere 

interaction. An idealized, conceptual fire-induced circulation in the mixed layer without strong 

synoptic influence and environmental winds, as presented by Potter (2002), is shown in Fig.1.1. 

The direct dynamical effect of the wildfire on the atmosphere is the visible updraft convective 

column that the fire itself creates, while the usually invisible downdraft, surface inflow into the 

base of the fire and divergent flow aloft are the results of mass continuity. 

Figure 1.1. (left) Idealised atmospheric temperature profile in regions of high atmospheric 
pressure, and (right) idealised, conceptual atmospheric circulation driven by fire without an 
environmental wind (modified from Potter 2002). Note the two figures have independent, 
abstract vertical scales.

Potter (2002) presented a 3-stage model for the convective plume development for a fire 

with the atmosphere representative of weak synoptic influences. The first stage is the surface 

stage when the interaction between the fire and the atmosphere is limited within the surface layer 

that extends ~100 m from the ground (Stull 1988; also see Section 1.2.4.2). In the second or 

deepening (or mixing) stage, fire-induced circulation occurs through the entire mixed layer that 

has a typical depth of ~ 1 to 2 km above ground over land in mid-latitudes (Stull 1988) as the 

plume will rise freely in the adiabatic environment. The deeper the mixed layer, the stronger the 

influence it has on fire behaviour. The penetration stage is the third stage of development when 

the convective plume will interact with the overlying stable layer and the free atmosphere above 

the mixed layer. The ascending plume starts slowing down and spreading laterally due to vertical 

convergence. If there is a highly stable layer acting as a strong lid on top of the mixed layer, the 

energy released by the fire may be trapped below the stable layer. This scenario may result in 

either minimal penetration or an enhanced near-surface circulation leading to greater blow-up 

potential during the penetration stage. Strong ambient horizontal winds reduce the dynamic 

feedback on the wildfire as the region of penetration will shift downwind of the fire, decoupling 

the downdraft or return flow from the fire. It should be noted that the 3-stage model does not 

explain when or how a given fire will blow up. He also hypothesized the possible presence of 

buoyancy waves generated by the convective column of the fire and their impacts on surface 
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winds in the vicinity of fires, which highlights the significance of more complex atmospheric-fire 

feedback processes. 

Kiefer et al. (2008) identified three modes of convective plumes such as multicell 

convective plume, deep wave and intense fire plume modes by investigating the impact of 

background mean wind speed and critical level height associated with the mean wind reversal 

with height on dry convection. Their results suggested that the intense fire plume mode exhibited 

the strongest updrafts and low-level indrafts believed to be associated with fire storm 

phenomenon. Near-surface reversed flow indicative of boundary layer separation was also 

evident in their study as a result of the formation of a descending vortex and Kelvin-Helmholtz 

instability associated with a critical level embedded in the background mean flow.

Fire plumes and vortices display the full range of interactions between the atmosphere 

and wildfire behaviour. Convection of the fire is the key mechanism of fire propagation during 

the developing stage (Jenkins et al. 2001). The concept of a plume-driven or wind-driven fire 

(Nelson 1993; Nelson 2003) has been used to connect extreme fire behaviour with plume 

dynamics (Werth et al. 2011). Wind-driven fires are generally more predictable because the fire 

spread can be determined by the speed and direction of ambient winds unless ember generation 

and spotting become to dominate in the propagation of the fire. It is commonly known that the 

fire intensity and rate and direction of the fire spread may change rapidly during plume-driven 

fires. In reality, most fires exhibit a combination of both characteristics, often at the same time. A 

large fire exhibiting extreme fire behaviour, such as crown fires or long-distance spotting caused 

by firebrands lofted ahead of the fire front by winds, can produce a convective column over a 

height of 7000 m. 

Plume dynamics also includes the effects of heat (and moisture) generated by the fire and 

the generation of vortices. Atmospheric vortices at some scale are almost always present in the 

wildfire environment and can occasionally interact with the fire and cause extreme fire behaviour 

and firefighter safety concerns (Forthofer and Goodrick 2011). An idealised illustration of 

vortices described by Forthofer and Goodrick (2011) also suggests the horizontal gradient of 

vertical motion generated by buoyancy of the fire as a source of vortices. Fire whirls, for 

example, are one of the extreme fire behaviour characteristics and may require a source of 

ambient vorticity to form. 

Observational studies also provide insight into interactions between convective plumes 

and surrounding environments. Benech et al. (1986) presented analysis of the flow structures in 

and around artificially-produced large thermal plumes and showed accelerated horizontal flows 

that are steady state and divergent upwind of the plumes, whereas temperature and vertical 

velocity, as well as temperature and horizontal velocity, were found to be closely correlated in 

the convective zone above the heat source. Goens and Andrews (1998) mentioned a downburst 

wind estimated to be 18-27 m s-1 for 5-10 minutes followed by a weaker downburst for another 

30 minutes when a convective column over a fire decayed.  Banta et al. (1992) also observed 

strong persistent downward flows in both the upwind and downwind directions several 

kilometres away from the fire. High frequency, high resolution two-dimensional infrared images 



5

by Clark et al. (1999) and Coen et al. (2004) revealed horizontal and vertical velocities and 

vortex structures in and around a crown fire convection that are important for understanding 

mechanisms for rapid propagation of crown fires. More recently, high resolution Doppler LiDAR 

observations by Lareau and Clements (2017) also revealed the time-varying velocity structure of 

a wildfire convective plume, such as flow convergence into the base of the convective plume and 

regions of convective overshoot and sinking motion in the upper plume. 

Mean characteristics of the atmospheric boundary layer and the definition and basic 

concepts of atmospheric stability are reviewed below as they provide relevant background 

information essential to this thesis.

1.2.3. Atmospheric boundary layer
The atmospheric boundary layer (ABL) is the lowest layer of the atmosphere in which 

temperature and humidity are directly affected by the transfer of heat and moisture to and from 

the ground (Whiteman 2000). An upward transfer of heat from the Earth's surface warms the 

ABL during the day, and a downward transfer of heat from the atmosphere to the surface cools 

the ABL at night. Such diurnal variation of temperature near the ground is one of the key 

characteristics of the boundary layer over land, whereas little diurnal variation occurs in the free 

atmosphere aloft. The ABL responds to surface forcings such as frictional drag, evaporation, 

transpiration, sensible heat transfer, pollutant emissions, and terrain-induced flow, within a 

timescale of about an hour or less. The depth of the ABL depends on atmospheric stability and 

sensible heat flux. The remainder of the air in the overlying troposphere is defined as the free 

atmosphere (FA).

1.2.3.1. Convective boundary layer

During daytime, incoming shortwave solar radiation is received at the ground and is 

converted to sensible heat flux. The warmed near-surface layer is called the convective boundary 

layer or CBL (Whiteman 2000). The CBL is characterised by three layers following Stull (1988):

1) the surface layer (the bottom 5-10 %),

2) the mixed layer (the middle 35 to 80 %), and

3) the entrainment zone (the top 10 to 60 %).

The structure and evolution of the CBL are briefly reviewed below.

1.2.3.2. The surface layer

Mean characteristics of the surface layer are a super-adiabatic lapse rate during daytime, 

a decreasing moisture profile with height, and strong wind shear. The virtual potential 

temperature decreases rapidly from the hot ground to the warm air at the bottom of the surface 

layer.    

Plumes are coherent vertical structures of warm rising air with diameters and depths of 

the order of ~100 m, which is also similar to the depth of the surface layer. Plumes translate 

horizontally with a speed equal to the layer-averaged wind speed. 
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The word 'plume' should not be confused with a quasi-horizontal smoke plume 

downwind of an emission source as used in the study of air pollution and diffusion. 

1.2.3.3. The mixed layer

Mean characteristics of the mixed layer (ML) are intense vertical mixing and resulting 

constant potential temperature, humidity, and even wind speed and direction with height. Mixing 

generated convectively by buoyancy tends to favour vertical motions, and a ML dominated by 

buoyant turbulence is called a convective boundary layer (CBL).

During a diurnal cycle, a 4-phase process characterises the growth of the ML depth:

(1) Formation of a slowly deepening shallow ML because of the strong nocturnal stable layer 

that caps the relatively shallow ML during the early morning;

(2) Rapid ML growth as the top of the ML has moved up to the residual-layer base by late 

morning and the thermals can penetrate upward through the residual layer;

(3) Deep ML of nearly constant thickness during most of the afternoon as the ML depth is 

balanced between entrainment and subsidence depending on synoptic and mesoscale condition; 

(4) Decay of turbulence as the surface layer becomes stably stratified.

The top of the ML, zi, is defined as the level of heat flux minimum. The average ML 

depth can also be defined as the height at which an undiluted air parcel rising from the surface 

becomes neutrally buoyant.

Thermals are defined as a large column of rising buoyant air in the CBL. The convective 

circulation consists of both the thermal updraft and associated downdraft and has a horizontal 

scale of about 1.5 zi (Stull 1988). The ML depth also equals the vertical extent of a thermal. 

Ambient air is mixed from outside into the thermal, and this process is called lateral entrainment 

or intromission. The centre of the thermal stays relatively undiluted and carries surface layer air 

up to the top of the ABL (Crum et al. 1987). 

1.2.3.4. The entrainment zone

The process of stably stratified air from above being mixed into the developing 

convectively unstable ABL is called entrainment (Sullivan et al. 1998). The region of statically 

stable air at the top of the ML is called the entrainment zone (EZ). Buoyant thermals that gain 

momentum as they rise through the ML from the surface layer reach the higher potential 

temperature in the free atmosphere (FA) of higher potential temperature. The thermals become 

negatively buoyant at that point, but their momentum allows them to overshoot a short distance 

into the FA, after which the negatively buoyant thermals sink back down into the ML. This 

process is also called penetrative convection (Saunders 1962; Deardorff et al. 1969)

Wisps or curtains of warm FA air that are pushed into the ML become rapidly mixed 

because of the strong turbulence in the ML (Fig. 1.2). The ML grows by entraining or mixing 

down the less turbulent air from above into it. This one-way entrainment process allows the ML 

to erode into the FA. Turbulent thermals are embedded within non-turbulent FA air in the 

entrainment zone, while there is little ML air found in the FA.
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Figure 1.2. Idealised disturbance at the base of an elevated inversion (a) as a function of time and 
(b) as a function of distance. The dome (overshooting element) penetrates a distance d above the 
inversion base during the time period P/2, and its nominal cross-section diameter at the height of 
the top of the ML above the surface h is D. As the dome rises, wisps or curtains of fluid initially 
above h are squeezed down into the ML (from Stull 1976).

ML convection can trigger three classes of buoyancy waves in statically stable EZ and 

FA: 

• internal gravity waves that propagate vertically and horizontally depending on the static 

stability and extract kinetic energy and momentum from the thermals;                    

• thermal/convection waves that result from penetrating thermals and associated clouds 

acting as an obstacle to force air to flow over their top, similar to the airflow over a 

mountain; and

• interfacial waves that form on or are trapped within the EZ, analogous to the surface 

waves excited when a pebble is thrown into a pond.

1.2.3.5. Stable boundary layer

A stably stratified boundary layer, or stable boundary layer (SBL), can form when the 

surface is cooler than the air as often observed at night over land, and it is also known as a 

nocturnal boundary layer (NBL). The SBL can also form when warmer air moves over a cooler 

surface due to advection. Forcings acting on the SBL are radiation, conduction, turbulence, local 

terrain slope, subsidence and advection (Stull 1988). 

In the SBL, vertical turbulent motions are suppressed by stability, yet gravity waves can 

cause buoyant oscillations and enhance or suppress turbulence locally. For such cases, local 

shear and stability at a given height, rather than forcings at the surface, govern turbulence at that 

height. Waves in the atmosphere contribute to intermittent turbulence in the stable atmospheric 

boundary layer. Wave motions can be generated by buoyancy, producing buoyancy waves such 

as internal gravity waves, in the absence of vorticity or shear. Propagating buoyancy waves can 

be initiated in a stably stratified laminar fluid by a vertical displacement of flow streamlines as a 

result of disturbed density interfaces caused by convection (Sun et al. 2015). While buoyancy 
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waves have been studied widely in the atmospheric sciences, there are significant unknowns and 

uncertainties regarding the roles buoyancy waves play as part of fire-atmosphere interaction.  

1.2.3.6. Turbulence within the ABL

Turbulence in the ABL is generated and maintained by two forces; wind shear and 

buoyancy. The former typically dominates the neutral and stable ABL, whereas the latter is more 

dominant in the convective ABL (Moeng and Sullivan 1994).  

The turbulence kinetic energy (TKE) per unit mass (m2 s-2) indicates an overall measure of the 

intensity of turbulence and is expressed as:

•••/• = 0.5 •(••)•••••••• + (••)•••••••• + (••)•••••••••

where u’, v’, and w’ are velocity perturbations (m s-1) and the overbars indicates time averages. 

TKE is produced mechanically by wind shear and buoyantly by thermals, usually at the scale of 

the ABL depth (Stull 2011). Moeng and Sullivan (1994) investigated fundamental differences 

between shear- and buoyancy-driven ABL flows using large-eddy simulation (LES). They found 

that the u component of velocity variances dominated near the surface in the shear-driven ABL, 

whereas the w component in the mid-ABL and the horizontal components of the variances at the 

bottom and top parts of the ABL were dominant in the buoyancy-driven ABL. 

Primary role turbulence plays on high resolution meteorological simulations 

Turbulence plays a primary role on high resolution meteorological simulations at 50 m 

grid spacing as the grid-scale atmospheric eddies are explicitly resolved while the subgrid scale 

motions are parametrised. Large turbulent eddies contain most of the turbulent energy and are 

closely related to momentum transfer and turbulent mixing. A horizontal gird spacing of 50 m 

may be just enough to start resolving the inertial subrange of the CBL turbulence (Sullivan and 

Patton 2011; Schmidli 2013). 

Because the characteristic turbulent eddies are much smaller in the stable boundary layer 

than those in the convective boundary layer, the former requires significantly more resolution for 

LES. When the resolution in LES is coarse compared to the size of turbulent eddies, 

parameterized subgrid fluxes become dominant and the resolved turbulence is less maintained 

(Beare et al. 2006). Although a grid resolution of 10 to 100 m may be sufficient to resolve large 

eddies in the ML, a grid spacing of an order of 1 m is required to fully resolve the energy-

containing turbulent eddies in the surface layer (Huq et al. 2018). 

Primary role of turbulence on fire behaviour 

Sun et al. (2009) investigated the importance of atmospheric turbulence in two different 

types of ABL to wildfire spread using a coupled fire-atmospheric model. Their results show that 

the increased wind speed behind the fireline, which led to larger rate of fire spread and burnt 

area, was caused by downward transport of horizontal momentum resulting from the interaction 

between a convective downdraft in the ABL and fire-induced downdraft behind the fireline. The 

CBL in their study showed larger burnt area and 25% faster fire spread than the RBL due to 



9

lower surface heat flux, boundary layer depth and smaller u, v, and w velocity variances in the 

RBL. Small spatial and temporal scale atmospheric processes generated by fine-scale vortices 

and small turbulent eddi4es can contribute to rapidly changing conditions at the fireline (Kiefer 

et al. 2009). 

In mountain regions, convective turbulence can cause downward transport of horizontal 

momentum from above the valley. Turbulent eddy motion can also loft burning embers into the 

air. The onset of a channelled flow that is turbulent in nature can result in a rapid increase in rate 

of fire spread and the overall area of a fire. Turbulence induced by the effects of dynamic 

channelling or lee-slope eddies can also cause firewhirls and increased ember generation 

(Sharples 2009).

1.3. Atmospheric stability
1.3.1. Static stability

As stated earlier, atmospheric stability is the resistance of the atmosphere to vertical 

motion (Whiteman 2000). Air near the surface becomes warmer or cooler than the air above in 

the ABL as the ground is warmed or cooled diurnally. This influences the nature of buoyant 

convection. Static stability is a measure of the capability of air parcels to move vertically and 

does not depend on winds. Formation of the ABL is controlled by static stability, with wind and 

temperature profiles being affected. For example, thermals stabilize the system by moving more 

buoyant fluid upward.

The local lapse rate can be used to determine the static stability. For example, air is 

statically unstable if less dense (i.e., warmer) air sits below more dense air

The non-local approach considers the stability of the whole layer. For example, if 

displaced air parcels will rise from the ground (i.e., with a positive sensible heat flux •••••••••••• at the 

surface) or sink from cloud tops when rising thermals move through a BL, the entire BL is 

considered to be unstable or convective. Likewise, if displaced air parcels return to their initial 

point, the BL is then considered to be stable.  

If the environmental lapse rate is approximately equal to the adiabatic lapse rate and not 

otherwise non-locally unstable (e.g. a super-adiabatic layer underneath a neutral layer), those 

portions of the sounding are said to be statically neutral. Neutral conditions are often found in 

the residual layer (RL) aloft, well-mixed ABL or in overcast conditions with strong winds and 

little temperature difference between the air and the ground. If the temperature decreases with 

height but less than the adiabatic lapse rate, •d, these portions of the sounding are said to be 

statically stable.

1.3.2. Dynamic stability
Thermally-induced turbulent vertical motions act against the restoring force of gravity in 

a statically stable environment, but wind shear generates turbulence mechanically. Therefore, 

statically stable air can become turbulent if the vertical shear of horizontal wind is strong 

enough. Dynamic stability considers the effects of both buoyancy and wind shear. Dynamic 
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stability is also a system state indicating whether the shift from equilibrium (static stability) will 

occur when the state is perturbed by wind velocity perturbations generated by wind shear.

Stable air and wind shear of the atmosphere was simulated in the laboratory by Thorpe 

(1969, 1973) and Woods (1969). The resulting flow behaviour as air just becomes dynamically 

unstable is the formation of Kelvin-Helmholtz (K-H) waves, as described in the typical sequence 

of the K-H waves summarised below and shown in Fig. 1.3: 

(1) Vertical shear of horizontal winds that are initially laminar exists across the density interface 

(Fig. 1.3a)

(2)  Gentle waves begin to form along the interface when a critical value of shear is reached and 

the flow becomes dynamically unstable (Fig. 1.3b).

(3) The amplitude of these waves continue to grow (Fig. 1.3c). The breaking waves are called 

Kelvin-Helmholtz waves.

(4) The waves eventually reach a point where each wave begins to roll up and break. The zones 

where lighter fluid that has been rolled under denser fluid within each wave result in static 

instability (Fig. 1.3d).

(5) Each wave becomes turbulent due to the static instability combined with dynamic instability 

(Fig. 1.3e).

(6) The turbulence that spreads throughout the layer causes a mixing of the two fluids, 

transferring momentum between the fluids. As a result, the shear between the layers is reduced, 

and the initially observed sharp, well-defined interface becomes a diffuse shear layer with 

weaker shear and static stability (Fig. 1.3f). 

(7) The shear can be reduced below a critical value by the mixing, which eliminates the dynamic 

instability. Without continued forcing to restore the shear, turbulence decays along the interface, 

and the flow becomes laminar. 
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Figure 1.3. Schematic diagram of Kelvin-Helmholtz instability in a laboratory experiment. The 
upper layer is water flowing to the right, and lower layer is denser dyed brine flowing to the left 
(from Stull 1988). The sequence from a) to f) is explained in the text.

Similar to the case of static instability in which thermals stabilize the system by moving 

more buoyant fluid upward, turbulence occurs that tends to reduce the wind shear, ultimately 

stabilizing the system in the case of the dynamic instability. Therefore, turbulence is a 

mechanism to undo the instability in the system caused by the wind shear.

1.3.3. The Richardson number
The Richardson number is a dimensionless ratio of the buoyancy suppression and shear 

generation terms of the turbulent kinetic energy (TKE) budget. The ratio is called the flux 

Richardson number, Rf, and is given by  

•• =
•

•

••
••••••••••••••••

(•••••••••••)
•••

••
• (•••••••••••)

•••

••

 (1-2)

Where g is the acceleration due to gravity (m s-2), •v the virtual potential temperature (K), ••••
•••••••

the vertical kinematic eddy hat flux (m s-1 K), •••••••••• the vertical kinematic eddy flux of U-

momentum (m2 s-2), U the streamwise wind velocity (m s-1), V the crosswise wind velocity (m s-

1) and z the height above the ground (m).

For statically unstable flows, Rf is typically negative whereas Rf is positive for statically stable 

flows. Rf is zero for neutral flows. Also,

flow is turbulent (i.e. dynamically unstable) when Rf  < +1

flow becomes laminar (i.e. dynamically stable) when Rf > +1

A particular issue of using Rf is that it can be used to determine whether turbulent flow 

will become laminar but not whether laminar flow becomes turbulent. Assuming possibilities 

that •••••••••••••• is proportional to the lapse rate •••/••, and ••••••••••••and •••••••••••• are proportional to 

•••/•• and ••/•••••••••, respectively, gives a new ratio called the gradient Richardson number Rg: 

•• =
•

•

••

••

•
•••

••
•

•

••
•••

••
•

•  (1-3)

The dynamic stability criteria can be defined as follows:

laminar flow becomes turbulent when Rg < Rc,

turbulent flow becomes laminar when Rg >RT

where the value Rc is the critical Richardson number which is 0.21 to 0.25, whereas the value RT

is 1.0, indicating the point at which termination of turbulence occurs. 
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1.3.4. Atmospheric stability changes and variability due to mesoscale processes/orography
Strong static stability associated with overnight accumulation of cold air in a valley/basin 

is caused by nighttime downslope winds. The strong stability results in a slow rate of daytime 

convective boundary layer growth over the valley (Stull 1988). Horizontal heat transfer from the 

slopes to the valley centre associated with cross-valley flows can weaken or strengthen stability 

in the valley inversion layer. This depends on variations of the cross-valley winds along the slope 

and of the heat supplied by valley sidewall heating. Whiteman et al. (2001) and Zhong et al. 

(2001) showed that synoptic-scale advection of warm air aloft caused by mesoscale adiabatic 

warming resulted in strengthening of the temperature inversion capping a nocturnal pool of cold 

air in a basin. Heat transfer associated with cross-valley flow to the valley centre can strengthen 

or weaken a valley inversion. It is dependent on the along-slope variation of cross-valley flow 

circulation and the amount of sensible heat flux (De Wekker and Kossmann 2015). 

1.3.5. Brunt-V•is•l• frequency
In a statically stable environment, an air parcel displaced vertically from its rest position 

experiences a restoring force. As the air parcel accelerates back toward its initial point, inertia 

causes it to overshoot again and again, resulting in oscillation. The frequency of oscillation is 

called the Brunt-V•is•l• frequency, N, and is defined as:

• = •
•

••

•••

••
  (1-4)

where Tv is virtual temperature in Kelvin. For dry air, it can be assumed Tv • T and •v = •. N 

increases as static stability increases and is undefined for unstable air. The period of oscillation, 

P, is defined as

• =
••

•
 (1-5)

P approaches infinity as the static stability approaches neutral. However, frictional drag acting 

on the parcel rapidly damps the oscillation in reality.

1.3.6. Atmospheric stability and wildfire behaviour
Atmospheric stability is a measure of the resistance of the atmosphere to vertical motion 

and can be determined from the observations of clouds, winds and smoke plumes (Whiteman 

2000). Byram (1954) examined atmospheric conditions that had accompanied several blow-up 

fires and identified an unstable atmosphere, along with three other conditions occurring 

simultaneously, most likely lead to blow-up fires. He also noted that turbulence as a result of an 

unstable atmosphere affects fire behaviour directly (i.e., a tendency to crown easily and travel 

rapidly upslope) and indirectly [i.e., through the effect of low-level jets (LLJ) as shear and 

turbulence can be produced in the layer between the maximum of LLJ and the Earth’s surface in 

the stably-stratified nocturnal boundary layer (Banta et al. 2003)]. Conceptually, an unstable 

atmosphere results in less resistance to the rising hot air in the fire's plume and promotes deeper 

atmospheric mixing and a stronger circulation created by the fire. Additionally, atmospheric 

turbulence arising from an unstable atmosphere can transport upper-level winds and dry air 
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downward to the fire by the turbulent mixing process. Using observations and numerical 

simulation, Charney and Keyser (2010) demonstrated that high momentum and dry air aloft was 

transported to the surface during the daytime deepening of the mixed layer, contributing to the 

observed erratic fire behaviour and rapid fire growth. A more recent observational study of large 

wildfires by Lareau and Clements (2015) suggests that both wind shear between the convective 

boundary layer and overlying free atmosphere and dry air entrainment were two limiting factors 

for pyrocumulus cloud (pyroCu) growth into deep pyro-cumulonimbus clouds (pyroCb).   

In contrast, a stable atmospheric layer has also been recognised as a possible contributor 

to extreme fire behaviour in many studies. Byram (1954) pointed out that some of the worst 

forest fires in the United States have either occurred or reached peak fire intensity during the 

nighttime when the lower atmospheric layer is usually stable. Potter (2002) states that the 

strength of the stable layer determines the height of the convective column and consequently the 

strength of the entire fire-induced circulation. When an environmental wind is low, in particular, 

the effects of the stable layer and entrained air into the mixed layer can feedback on the fire and 

affect fire behaviour. Arnolds and Buck (1954) mentioned a fire burning under a weak inversion 

(with an unstable layer above) as a possible blow-up fire situation. As an example, a nighttime 

inversion that held the rise of the convective column in check may dissipate during mid-morning 

hours and the fire may flare up rapidly. A smoke layer sitting some height above the surface in 

mountain regions can form a temperature inversion on a clear, calm night. The inversion may be 

able to trap energy released from the fire and alter the circulation near the surface (Potter 2002). 

However, Estes et al. (2017) showed that persistent temperature inversions in complex terrain 

had a dampening effect on fire severity below the inversion. Little research has been done 

regarding this aspect of fire-atmosphere interaction.

Potter (2002) and Jenkins (2004) investigated the effect of atmospheric properties on 

convective column development using a parcel theory model. While the parcel theory model 

approach, along with conservation of energy and fluid dynamics equations, can provide basic 

understanding of fire convection, and have proven their applicability and validity in the field of 

atmospheric sciences, its oversimplification of wildfire convection limits more comprehensive 

analysis of the effect of atmospheric stability on convective plume development and associated 

interaction/feedback mechanisms. It is believed, however, that there are many strong parallels 

and more areas of overlap between the study of convective storm dynamics and wildfire 

convective plume dynamics.   

Atmospheric conditions associated with the influence of anticyclones (i.e., fair weather 

conditions) can be related to frequently observed yet unpredictable fire behaviour in many ways, 

particularly in the mountains at night. The occurrence of strong low-level wind maxima or more 

generally called 'low level jets', that commonly occur above the nocturnal temperature inversions 

in mountain valleys can prove very frustrating to wildfire management at night due to spotting of 

firebrands further than expected (Baughman 1961). The high wind speed of nocturnal low level 

jets can also act to enhance fire intensity of a currently-burning fire especially along mountain 

ridgelines above the near-surface stable layer such as cold pools in the mountain valleys when 
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fire behaviour is expected to be moderated overnight (Sharples 2009). Breakup of a nocturnal 

temperature inversion in a valley can cause significant changes in fire behaviour (Werth et al. 

2011). Thermal belts, or warm zones typically found on valley sidewalls and at the top of the 

valley inversion at night, are another aspect related to nocturnal inversions, as the warmer air 

temperature and lower fuel moisture content above the inversion may result in more active fire 

behaviour than expected at night.       

Potter (2012a) suggested that previous literature identified three ways in which the 

temperature profile influences fire behaviour: 1) turbulence as manifest in variable winds; 2) the 

rate of entrainment in the rising plume; and 3) the degree to which the energy released by the fire 

translates into kinetic energy of the updraft. However, studies that combine entrainment, stability 

and three-dimensional winds are needed to better understand the relationship between surface 

wind variations and plume dynamics around fires. Overall, much remains unknown about the 

influence of atmospheric stability on fire behaviour and plume dynamics. 

1.4. Research/knowledge gaps
New and expanded research into specific over-arching gaps is required as a necessary 

starting point to advance wildfire science for enhanced wildfire management and safety of fire-

fighting personnel. Some of the key over-arching gaps outlined in 'Synthesis of knowledge of 

extreme fire behavior' (Werth et al. 2011) that this thesis addresses are: 

1.  Greater recognition of the importance of plume dynamics to extreme fire behaviour 

(including spotting); and

2.  More research beyond the Haines Index (Haines 1988) to quantify the effects of atmospheric 

stability on fire behaviour. The index, an integer from 2 to 6 indicating the likelihood of large 

wildfire development, is defined as the sum of a stability component reflecting the lower 

tropospheric environmental lapse rate and a moisture component reflecting the dew point 

depression for a specific pressure level (Potter et al. 2008).

The science of fire-atmosphere interaction has largely focused on examination of 

correlations and empirical, parameterised relationships between fire growth and atmosphere. 

Such correlations, however, do not explain how the fire and atmosphere interact, and a better 

understanding of the physics and atmospheric dynamics behind these correlations is required to 

progress wildfire science, prediction and safety (Potter 2002).  Potter argued that previous 

observations have shown that plume structure and behaviour indicate rapidly changing wildfire 

plume characteristics in time and space. However, many aspects of fire plumes and vortices have 

been studied largely as steady-state phenomena and therefore, understanding of their transient 

features, created by atmospheric forces and properties, remains incomplete. The rapidly changing 

features of a wildfire plume include firewhirls, vortices, waves in the vertical and horizontal 

airflow and multi-scale turbulent eddies, and these non-steady state features are closely related to 

extreme fire behaviour (Werth et al. 2011). The transition from a small fire to a large fire occurs 

suddenly, typically in 15 minutes or so (Jenkins et al. 2001). Similarly, operational wildfire 

behaviour models available today are also two dimensional and predominantly steady state. For 

example, fire spread rate and heat release are predicted using a prescribed set of fuel, slope and 
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wind conditions to determine the behaviour and risk of surface fires and not the complex 

behaviour and risk of fires that have evolved beyond small, surface fire stage. Without that 

knowledge, any aspect of fire behaviour and its changes associated with changing atmospheric 

stability cannot be predicted. 

Wildfire-atmosphere interaction is extremely complex to study as they can feedback on 

each other non-linearly. To advance our current understanding of fire-atmosphere interactions, 

this research attempts to describe some of the dynamic processes between the ABL and dry 

convection representative of plume-driven fires. 

To date, little work has focused on how the atmospheric stability profile influences 

updraft strengths within fire plumes, which then influences local horizontal convergence and 

divergence and fire intensity. Therefore, there is a need to address several largely unanswered 

and unexplored questions such as how vertical variations in stability affect wind speed at the 

ground.

1.5. Research questions and objectives
The main aim of this thesis is to improve understanding of the fundamental role of the 

ABL stability on a wildfire's convective plume representative of plume-driven fires, vortex 

dynamics, and their feedback processes. Specific objectives are:

1. To identify atmospheric processes involved in plume-dominated fires concerning ABL 

stability typical of weak synoptic atmospheric conditions

2. To examine the variability of surface wind strength driven by the convective column of 

plume-dominated fires and its interaction with atmospheric stability in the ABL.

Objective 1: This objective allows the following question to be answered: what atmospheric 

processes occur when the convective plume of wildfires develop in the ABL under weak 

synoptic influence? Potter's (2002) conceptual fire-induced circulation and 3-stage plume 

development models are highly idealised and do not allow for more comprehensive analysis of 

the effect of atmospheric stability on convective plume development and their two-way dynamic 

interactions. Knowledge of how the convective plume of wildfires interacts with the ABL 

stability will improve understanding of how a given fire can develop from one stage to the next 

based on Potter's 3-stage model. This step can provide a better picture of potential atmospheric 

processes that can arise from the interactions between the convective plume and the ABL under 

fair weather conditions. 

Objective 2: This objective allows the following question to be answered: what are the 

atmosphere-fire feedback factors affecting surface wind variability that primarily controls fire 

spread? This objective targets Potter's (2002) dynamics-based view of fire-atmosphere 

interaction in a more quantitative way, especially when the convective plume penetrates the 

overlying stable layer that may determine the strength of the circulation caused by the fire and 

affect fire behaviour indirectly. This objective also allows for the analysis of vorticity generation 

and structures that result from the interaction between convective plumes and the atmosphere 

representative of weak synoptic forcing.   
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1.6. Research approach 
Although numerical simulations of observed extreme wildfire phenomena are desirable, 

observational data during past extreme fire behaviour events are rare in reality and hardly 

sufficient for model verification. Field observation data are necessary to better understand fire-

atmosphere interactions, but collecting valuable data during wildfires would require intense, 

innovative techniques and measurements to avoid damage to equipment and hazards to the 

equipment operators. Such instruments can also be very expensive (e.g. Doppler LiDAR, 

infrared cameras, aircraft measurements, etc.). Thus, this thesis attempts to examine fundamental 

dynamical interactions between buoyant plumes created by a stationary heat source and ABL 

stability under weak ambient winds by performing a series of idealised two and three-

dimensional numerical experiments using an atmospheric mesoscale model, the Advanced 

Regional Prediction System (ARPS; Xue et al. 2000, 2001).  

This study investigates cause and effect relationships between atmospheric boundary 

layer stability and plume dynamics to better understand fire-atmosphere interaction. Therefore, 

fuel-atmosphere interaction, fire spread and fire behaviour are dealt with separately in this 

research framework. This study is designed to address the question 'for a given flame 

temperature and fire size resulting from a given set of fuels, how does the initial ABL 

temperature profile affect the fire plume and vortex dynamics in both transient and steady states?' 

Also, a wildfire is represented as a stationary heat source and a fire spread model is not 

coupled to the atmospheric model in this study to simplify the analysis. Because the definition of 

extreme fire behaviour involves rapid changes in fire spread but a fire spread model is not 

employed in the ARPS simulations, this research only explores changes in surface winds in and 

around a stationary heat source at a spatial scale of 102 - 104 m or over a timescale of minutes to 

hours. This spatiotemporal scale also includes mesoscale atmospheric motions such as 

thunderstorms and thermally-driven flow circulations, and various mesoscale modelling studies 

have been conducted with and without fire spread models in order to understand atmospheric 

processes relevant to wildfire behaviour (e.g., Clark et al. 1996; Cunningham et al. 2005; Coen et 

al. 2005; Kiefer et al. 2009).  

1.7. Model rationale
Two-dimensional (2-D) model simulations can provide theoretical guidance for more 

computationally intensive three-dimensional (3-D) model simulations. As a result, higher spatial 

resolution can be attained. The 2-D modelling results lay the foundation for more comprehensive 

3D simulations and also provide insight and help develop hypotheses for observational studies in 

the future.

The model used in this study is configured as dry. The major advantage of dry 

simulations is that the results are not complicated by pyro-cumulus cloud generation. It should be 

noted that lack of moist process omits the formation of pyro-convection that can initiate 

unexpected fire behaviour such as enhanced fire spread or spotting. Potential sources of moisture 

include: 1) ambient atmospheric moisture entrained into the plume, 2) evaporated fuel moisture 
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due to intense preheating and 3) released moisture as a result of fuel combustion.  Sufficient 

moisture produces latent heating that produces additional buoyancy to the plume when 

condensed (Thurston et al. 2015). Nonetheless, the calm and dry model atmosphere used in this 

study allows to establish basic characteristics of plume dynamics and also provide a foundation 

for future research using more realistic environments.

The two-dimensionality of this study means that the surface inflow into the base of the 

convection must move up and over the infinitely long heat source in the valley centre. The sub-

grid scale turbulence is parameterised in this two dimensional model and thus, the turbulent 

kinetic energy cascades inversely from smaller to larger energetic scales, viewed as coalescence 

of eddies with comparable sizes (Kraichnan 1967; Frisch et al. 1984), rather than a downward 

energy cascade from larger to smaller scales (Kolmogolov 1941). A fundamental difference 

between 2-D and 3-D turbulence is that the vortex stretching in the third dimension is not present 

in 2-D. In 3-D, the volume integral of enstrophy (square of vorticity that is a measure of the local 

strength of rotation) in a fluid flow can change in two ways: via viscous effect and vorticity 

stretching. When a vortex is stretched along its axis, the rotation rate of a vortex and thus 

enstrophy will increase. This vortex stretching cannot happen in 2-D due to the absence of the 

axis perpendicular to the vortex and therefore, total enstrophy is conserved in 2-D flows without 

viscosity. The rate of energy dissipation is determined by the product of the viscosity and the 

enstrophy. In 3-D, the decrease in viscosity is balanced by an increase in the enstrophy due to 

enhanced vortex stretching and thus, energy dissipation is independent of the viscosity. In 2-D, 

however, the rate of energy dissipation vanishes when the viscosity drops to zero, so the 

viscosity does not dissipate strong turbulence in 2-D. As energy does not cascade to smaller 

scales in 2-D, the energy must flow to larger eddies, resulting in the inverse cascade (Ouellette 

2012). 

The rationale of 3-D simulations conducted in Chapter 5 is that it may be insufficient to 

describe turbulent phenomena associated with a free convection over a large surface sensible 

heat flux of the wildfire and requires 3-D simulations to provide detailed flows. The conclusions 

based only on 2-D simulations may otherwise be misleading. Practically, turbulence is in 3-D in 

nature, and the use of 2-D modelling approach to represent atmospheric convection in 3-D is 

known to require a proper tuning of its sub-grid scale eddy viscosity and diffusivity that cannot 

happen within the 2-D turbulent motion (Moeng et al. 2004). Thus, the robustness of key 2-D 

model results will be examined using a set of 3-D simulations.

In this thesis, Coriolis force is deactivated for all simulations. For the sea breeze that is a 

thermally-induced wind generated by differential heating between land and the ocean, the 

Coriolis force becomes important after six hours because it causes the horizontal rotation of the 

sea breeze system over time and limits the inland penetration distance (Miller et al. 2003). 

Because all simulations in this thesis run for only two to three hours maximum, the Coriolis 

force is assumed unimportant at least initially. Additionally, wind deflection due to the Coriolis 

force should be minimum on the scales considered in this thesis even if fire-induced flow is 

strong because of the limited model domain sizes on the order of 10 km; a non-dimensional 
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Rossby number R0 = U/Lf, with a velocity scale U = 10 m s-1, a length scale L = 10 km and the 

Coriolis parameter f =10-4 s-1 in a mid-latitude for example, is < 1 and therefore, Coriolis term 

has a negligible effect on fire-induced flows associated with a strong pressure gradient

(Neumann 1984; Catalano and Cenedese 2010). Tohidi et al. (2018) and Zhou (2018) suggest

that the Coriolis force is considered to have a negligible effect on firewhirl formation due to its 

size being much smaller than the radius of the Earth.

The last but not least important point is that wildfire spread is heavily controlled by the 

terrain and fuel characteristics along with the surrounding atmosphere. Fire suppression activities 

such as backfires and man-made fire breaks also further complicate fire spread dynamics in 

reality.  Therefore, a simplistic approach without a specific fire-line shape allows for many 

applications to actual fires. For this reason, a simple line fire is employed for the entire range of 

simulations and more complex fire-line shapes are left for future three-dimensional modelling 

work.   

1.8. Significance of this research
Results of the simulations conducted here provide new insight into the transient flow 

structures in an existing fire modified by a stable capping layer in the ABL, although it is 

extremely difficult to obtain detailed field observational data during large wildfires for model 

validation. A better understanding of fire-atmosphere interaction will improve fire behaviour 

prediction and desired management outcomes, as well as firefighter training and safety. 

Extreme fire behaviour can occur with any fire (Werth et al. 2011). Resource managers 

and firefighters conducting fire suppression work must monitor and interpret the weather and 

predict the resulting fire behaviour at all times to make safe and effective firefighting decisions. 

Vertical temperature and wind structure information is often unavailable in the vicinity of large 

active wildfires. Therefore, this research attempts to reveal atmospheric conditions that can lead 

to extreme fire behaviour in order to increase situational awareness, as represented by the 'L' in 

LCES (Lookouts-Communications-Escape routes-Safety zones; 

https://www.fs.fed.us/fire/safety/lces/lces.html), among multiple factors that can help fire 

managers make scientifically sound decisions.

1.9. Thesis Structure

Chapter 2 presents the analysis of thermodynamic structures and thermally-driven 

circulations in the ABL in two-dimensional idealised valleys using a mesoscale numerical 

modelling system. It is desirable to obtain initial atmospheric boundary layer temperature 

profiles associated with weak synoptic forcing in mountainous terrain for fire simulations in a 

valley, as described in the next chapter.

Chapter 3 presents results of a comprehensive numerical model analysis of the effect of 

atmospheric stability on a wildfire's convective plume development and the two-way dynamic 

interactions that occur in complex terrain.

Chapter 4 shifts the focus to characterising multiscale flow circulations driven by 

interaction of wildfire and atmospheric stability, examining how atmospheric stability can impact 
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on surface heat flux and horizontal wind velocity that can cause a sudden change in fire 

behaviour. Although all simulations were conducted without complex terrain to reduce 

complexity in this chapter, they shed light on the dynamic processes of wildfire-atmosphere 

interaction that may result in extreme fire behaviour. 

Chapter 5 examines the robustness of key 2-D model results using a set of 3-D 

simulations. 

Chapter 6 presents a summary of the key findings in the thesis, as well as concluding 

remarks and suggestions for future work. 
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Chapter 2 

Numerical simulations of atmospheric boundary layer and thermally-

driven circulations in idealised two-dimensional valleys  

This chapter investigates the thermodynamic structures associated with diurnally-changing 

mesoscale flows in idealized valleys using a high-resolution mesoscale atmospheric model. 

Topographic features and surface heating and cooling caused by the Sun in the model create 

commonly observed atmospheric boundary layer stability conditions that interact with wildfire. 

This chapter therefore establishes the atmospheric boundary layer characteristics often observed 

in mountainous terrain that will be used as the basis for numerical simulations of fire-atmosphere 

interaction in Chapter 3. This is therefore a key step in addressing thesis objective 1 (described in 

Chapter 1).

2.1. Introduction

Mountains and high plateau areas make up 25 percent of the Earth’s surface and host 26 

percent of the world's population (Barry 2008).  Scenic mountain regions provide prime 

recreation and wilderness country, often in major forest reserves. Due to their significant 

environmental and societal importance, understanding mountain meteorological phenomena is of 

great importance; weather station data that are generally gathered in valleys rather than at high 

altitude due to inaccessibility are now complemented by satellite data and numerical simulations 

at fine resolutions. About 50 percent of the Earth’s surface can be considered to be complex 

(Rotach et al. 2014), and regions of complex terrain foster strong spatiotemporal gradients in 

meteorological variables and mesoscale circulations. Mountain regions are also rich and diverse 

in vegetation and thus prone to wildfires, while atmospheric processes in complex mountain 

terrain can result in a variety of phenomena that occasionally affect fire behaviour in 

unpredictable ways (e.g. Sharples 2009).

The Earth's surface may directly modify the entire troposphere extending up between 10 

km in high latitudes and up to 20 km in the tropics, although it typically has its greatest effect 

closer to the ground. The ABL is defined as that part of the troposphere directly influenced by 

the Earth’s surface and that responds to surface frictional drag, moisture and heat transfer, and 

flow modification induced by terrain within a timescale of about an hour or less (Stull 1988). 

The ground warms or cools in response to the surface net radiation budget, forcing changes in 

the ABL structure via turbulence. Much is known about ABL structure over homogeneous land 

surfaces, yet ABL structure is relatively less well known over more complex terrain (Garrett 

1994). 
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Spatial variations in surface energy budget over the landscape create a horizontal 

temperature gradient, resulting in mesoscale circulations such as land/sea (or lake) breezes, 

mountain/valley breezes, and urban heat island circulations. In mountainous regions, thermally-

driven circulations over complex terrain can be divided into three types: slope flows, along-

valley winds and plain-mountain circulations (Whiteman 2000). Primary forcing agents causing 

such circulations are (Barry 2008): 

1)  elevation differences in potential temperature generated by cooling or warming of air adjacent 

to the slope, causing vertical motions along the slope; and 

2)  differential heating and cooling along slopes producing air circulations with horizontal and 

vertical components.  

Terrain heterogeneity such as mountains, valleys and slopes cause such elevation 

differences in potential temperature due to horizontal temperature contrasts between air over a 

valley and its sidewall (slope flows), between air in the valley and over adjacent plain (valley 

flows), or between air over a mountain massif and air over surrounding plains (mountain-plain 

wind system). For slope flows, heating of air over (or adjacent to) a slope generates buoyancy 

and a horizontal pressure gradient directed towards the slope, but the presence of valley side does 

not allow an opposite pressure gradient to develop. As a result, the air moves upward along the 

slope. When the slope is cooling, a horizontal pressure gradient force directed away from the 

slope balances the component of gravitational acceleration perpendicular to the surface 

Consequently, the air moves downslope with gravitational acceleration parallel to the slope 

(Barry 2008). A brief descriptive review of diurnal mountain winds is provided below. In real 

situations, weak thermo-topographically generated winds and circulations can be modified or 

completely eliminated by ambient synoptic or mesoscale winds.

2.1.1. Cross-valley winds
A schematic of the diurnal evolution of the ABL and cross-valley circulations in an 

idealised valley is provided in Stull (1988) and presented in Fig. 2.1.

At sunset: a deep daytime mixed layer (ML) is assumed to initially extend well above the top of 

the mountain range. Neutrally stratified warm daytime air remains over the entire valley system 

as daytime turbulence decays (Fig. 2.1a).

During the night: radiative loss from the surface cools the air adjacent to it, and shallow (2 to 20 

m) cold downslope or katabatic winds develop with velocities on the order of 1 to 5 m s-1. A 

gentle return circulation of upward moving air and diverging flows towards the ridges also form 

(Fig. 2.1b). A cold pool deepens as the cooled air flows down the slope into the valley. Above 

the cold pool is the daytime remnant of the warm residual layer that results in a temperature 

inversion capping the cold pool (Fig. 2.1c). 
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In the morning: as the solar heating of the sun warms the air near the valley walls, gentle warm 

upslope or anabatic winds that tend to flow up the valley sidewalls develop with velocities less 

than 1 m s-1. Gentle convergence and subsidence take place above the valley inversion in the 

centre of the valley (Fig. 2.1d). As the warmed air flows along the slope, the remaining cold pool 

sinks to replace it. Due to the continuous development of anabatic flows, growth of the ML in 

the valley is much slower than would otherwise be expected over flat terrain (Fig. 2.1e). 

In the afternoon: the cold pool is eventually eliminated and leaves a daytime ML (Fig. 2.1f). 

In real daytime situations, the valley wall orientations relative to the sun may result in 

one wall being heated much stronger than the other side, resulting in an asymmetric circulation. 

Figure 2.1. Idealised evolution of the cross-valley circulations during a diurnal cycle. Potential 
temperature • profiles are based on soundings made at the centre of the valley, and z indicates 
the height above the ground (from Stull 1988).

2.1.2. Along-valley winds
Horizontal temperature gradients along the valley axis or between the valley and the 

adjacent plain can set up along-valley winds that include up-valley (valley) and down-valley 

(mountain) winds. Schematics of the along-valley winds are shown in Fig. 2.2. During the day 

(night), the air inside the valley is warmer (colder) than the plains, resulting in lower (higher) 

pressure in the valley. 
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Figure 2.2. Schematic of a) daytime valley and anti-valley winds and b) nighttime mountain and 
anti-mountain winds (after Stull 1988). 

2.1.3. Thermal structures of the ABL in the valley

The evolution of diurnal mountain winds in a given valley is closely related to the 

thermal structure of the ABL within the valley as characterised by a diurnal cycle of temperature 

inversion buildup and breakdown. Four distinct phases (coupled, evening-transition, decoupled, 

and morning transition phases) of the diurnal temperature and wind structure in a valley are 

shown in Fig. 2.3. It is noted that the diurnal mountain winds can be overpowered by moderate to 

strong synoptic winds aloft as the convective boundary layer grows during the daytime. In the 

case of strong winds in the free atmosphere, both the residual layer and the capping inversion 

may be absent. 
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Figure 2.3. A simplified schematic diagram showing the diurnal evolution of temperature and 
wind structures over a valley. The x-axis is the time of a day and the y-axis is the height (EZ = 
entrainment zone, CBL = convective boundary layer). Adapted from Whiteman (2000). 

2.1.4. Temperature inversion breakup in mountain valleys
Whiteman and McKee (1982) provided three idealised patterns of the breakup or 

destruction of nocturnal temperature inversions, as shown in Fig. 2.4: 

Pattern 1: characterised by the upward growth of the convective boundary layer (CBL) from the 

ground with a fixed height of the top of the inversion over time, as is commonly observed in flat 

terrain;

Pattern 2: characterised by the descent of the top of the inversion, accompanying a warming of 

the valley atmosphere below it; and

Pattern 3: the combination of the above two patterns and thus characterised by the combination 

of the descent of the top of the inversion and continuous upward growth of the CBL from the 

ground.
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Figure 2.4. Three idealised patterns of inversion breakup in mountain valleys. Potential 
temperature profiles are illustrated on the left. Time-height evolution of CBL height H and 
inversion top height h is shown on the right (after Whiteman 1982).

2.1.5. Objectives

The specific research question this chapter aims to address is:

• What are the typical atmospheric stability profiles and ABL structures representative of 

diurnal temperature and flow structures in complex terrain under weak synoptic forcing? 

Addressing this question will allow investigation of the influence of atmospheric 

boundary layer stability on convective plume dynamics of wildfires in the following 

chapter. 
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The main goal of Chapter 2 is therefore to use an atmospheric numerical model to 

investigate ABL temperature and wind structures associated with weak synoptic forcing in 

mountainous terrain, in preparation for undertaking simulations of wildfires in complex terrain in 

the following chapter. In order to achieve a comprehensive numerical model analysis of the 

effect of atmospheric stability on wildfire convective plume development and their two-way 

dynamic interactions in complex terrain mentioned (a key thesis objective), it is desirable to 

obtain initial ABL temperature and wind profiles associated with weak synoptic forcing in 

mountainous terrain so that they can be used as an initial condition for investigating fire 

simulations in a valley in the following chapter. Therefore, the key aims of this section are: 1) to 

simulate thermodynamic structures and thermally-driven circulations in the ABL in two-

dimensional (2-D) idealised valleys using a mesoscale numerical modelling system; and 2) to 

evaluate the simulation results qualitatively and quantitatively in relation to previous studies of 

the 2-D valley atmosphere so that fire-atmosphere interaction is properly simulated in the next 

chapter. Plume dynamics arising from intense surface heating by wildfires, such as fire winds 

(Whiteman 2000), likely result in complex fire-atmosphere interactions that hinder analysis of 

simulation results and consequently a better understanding of fire behaviour. For this reason, it is 

beneficial to evaluate model performance in regard to thermally driven wind systems using a 

configuration that omits the coupling of a wildfire model at this stage.

The reason for initially undertaking a 2-D modelling analysis is as follows: 2-D models 

have been used extensively to investigate thermally-driven flows in complex terrain at a variety 

of scales. The topography used in this study is similar to the geometry used in Wagner et al. 

(2015), but in 2-D. This chapter is limited to a 2-D analysis because the 2-D topography can 

reasonably represent an infinite train of valleys and ridges in a 3-D model as no valley winds 

forms. Colette et al. (2003) suggested that two- and three-dimensional simulations produced 

identical results of inversion breakup in an idealized valley consisting of two parallel and 

uniform mountain ranges (a valley that is uniform in the y direction and symmetric in the x

direction about the valley axis) due to absence of along-valley winds. This is because thermally-

driven, diurnal valley winds depend on several geometrical factors such as the aspect and shape 

of the valley cross-section and their variation in the along-valley direction (Zardi and Whiteman 

2012). Wagner et al. (2015) also showed the influence of along-valley wind on the boundary 

layer structure in a valley in their 3-D simulation setup with and without an adjacent plain, a 

slightly stronger and thicker valley inversion layer was found in the valley-plain topography due 

to cold air advection by the along-valley flow. Furthermore, Poulos et al. (2000) examined the 

influence of mountain waves on katabatic flows using a series of idealized 2-D and 3-D 

simulations. They showed that the results of their 3-D simulations, without terrain variation in 

the north-south direction, were comparable to the 2-D counterpart. In this study, larger scale 

mountain-plain circulation is neglected. In two-dimensional models, all of the y derivatives for 

the governing equations (the Navier-Stokes equation of an incompressible fluid) of the 3-D 

model are equal to zero although the velocity field still has three components u, v, and w. In 

addition, 2-D models are computationally inexpensive and allow for considerably less effort to 
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analyse the relatively small output datasets (Zawar-Reza 2000). Finally, firelines that will be 

used in the next chapter are also infinitely long strips of hot patches on the ground, so 

background ABL simulations using a 2-D model are expected to be sufficient.

2.2. Methods

2.2.1. Numerical model
This study used the Advanced Regional Prediction System (ARPS) version 5.3.4 (Xue et 

al. 2000; 2001). ARPS is a non-hydrostatic, compressible flow atmospheric model based on the 

Navier-Stokes equations and formulated in terrain-following coordinates. It is used here to first 

simulate daytime and nighttime atmospheric boundary layers in an idealised 2-D valley. The 

effect of surface-based and elevated temperature inversions on convective plume dynamics and 

feedback processes between the ABL and the convective plume is then investigated using the 

simulated ABL structures in the following chapter. ARPS is an effective modelling tool for basic 

and applied research, and it is suitable for explicit prediction of convective storms and other 

atmospheric phenomena ranging from regional scales down to microscales. For example, it has 

been used to study thermally driven flows (e.g. Serafin and Zardi 2010; Schmidli 2013; Weigel 

et al. 2006) and inversion breakup (Colette et al. 2003) in valleys, as well other local thermally-

driven winds such as convection forced by urban heat islands (Baik et al. 2001) and wildfires 

(Dahl et al. 2015; Kiefer et al. 2009). Detailed description of the ARPS model can be found in 

Xue et al. (2000, 2001).  

2.2.2. Model topography, setup and initialisation
The analytical equation for the idealised 2-D valley topography used in this study is 

similar to Schmidli et al. (2011) and given by 

 h(x) = hp hx(x),   (2-1)

where
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with h(x) the terrain height, valley depth hp = 0.5 and 1.5 km, and sloping sidewall width Sx = 5 

km. X1 = 2.5 km, X2 = 7.5 km, X3 = 7.6 km, and X4 = 12.5 km. The model topography is shown in 

Fig. 2.5. 

 

Figure 2.5. Model topographies of 0.5 km- and 1.5 km-deep valleys used in this study. It should 
be noted that the vertical domain top is 10 km AGL. Western slope is between x = -7.5 and -2.5 
km, and eastern slope is between x = 2.5 and 7.5 km. 

The horizontal grid spacing is 50 m, and the vertical grid spacing varies from a minimum 

of 20 m near the surface to a maximum of about 80 m as a result of vertical grid stretching using 

a hyperbolic tangent function (Fig. 2.6). The horizontal grid spacing is 50 m, as has been used by 

Catalano and Moeng (2010), Catalano and Cenecede (2010) and Schmidli (2013). Although a 

horizontal grid spacing of 200 m has been shown to be sufficient for simulations of daytime 

thermally driven flows (Wagner et al. 2015) and temperature inversion breakup (Colette et al. 

2003; Leukauf et al. 2015), 50 m grid spacing can also resolve fire-induced turbulent flows better 

(to be investigated in the next chapter). The minimum vertical grid spacing of 20 m is consistent 

with Schmidli and Rotunno (2010) for simulations of along-valley winds. 
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Figure 2.6. The vertical grid spacing •z (m) as a function of the vertical grid points from the 
surface upwards.

The 2-D computational domain is 25 km in the x direction and 10 km in the z direction 

(500 x 200 grid points). The computational domain of 25 km in the cross-valley direction is 

comparable in size to that used by Schmidli (2013) and Leukauf et al. (2015), although their 

domain borders are located at or near the mountain crests. This difference is assumed to produce 

only small differences, as suggested by Schmidli and Rotunno (2012). Although periodic lateral 

boundary conditions minimize the influence of the lateral boundaries on the simulated flow 

(Schmidli et al. 2011) and have typically been used to study thermally-driven flows in valleys, 

Orlanski-type open lateral boundary conditions were chosen in this study to minimise wave 

reflections from lateral boundaries. This is because the latter may be more suitable for following 

wildfire simulations. Rayleigh damping is applied in the upper 1/3 of the vertical domain to 

prevented unrealistic reflection of upward-propagating wave energy. A fourth-order advection 

scheme and 1.5-order TKE-based sub-grid scale (SGS) turbulence parameterizations were used. 

A large time step associated with the leap-frog time integration of the non-acoustic wave modes 

was set to 0.1 s, whereas a small time step for acoustic waves was set to 0.05 s. The simulations 

were run for 48 h from 0200 model local time (LT). However, the results presented in this chapter 
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are primarily from the second day (24-48 h) as was done by Catalano and Cenecede (2010), unless 

otherwise mentioned.   

The simulations were initialised using a dry atmosphere at rest on 1 January 1300 UTC, 

corresponding to 2 January 0100 Local Time (LT), and large-scale forcing was neglected as a 

result of a weak synoptic pressure gradient. The initial potential temperature sounding is given by 

•(z) = •s + •z,    (3)

where • is the potential temperature at a given physical height z, the potential temperature at the 

surface •s = 288 K and a lapse rate • = ••/•z = 15.8 K km-1. The initial atmospheric temperature 

profile results in the Brunt-Väisälä frequency N = 0.023 s-1. This N value is similar to the slightly 

stable initial atmosphere (N = 0.019 s-1) of Colette et al. (2003), although N of an order of 0.01 s-1

has been widely used for the study of mountain valley winds (e.g. Schmidli 2013; Leukauf et al. 

2015; Wagner et al. 2015).

The time-dependent state of the land surface has a direct influence on the sensible heat 

exchange with the atmosphere and is predicted by a two-layer force-restore model (Noilhan and 

Planton 1989) in the ARPS model. The surface heat energy budget includes net radiation, sensible 

heat flux between the surface and overlying air, and ground heat flux into the ground. Solar heating 

at the surface and in the atmosphere was calculated by the NASA atmospheric radiation transfer 

parameterization (Chou 1990; 1992; Xue et al. 2001), and the radiative forcing is updated every 5 

minutes. For the soil model, the soil type used was sandy loam, with a surface roughness length of 

0.01 m, with the vegetation type of cultivation. The land surface characteristics are uniform across 

the model domain. The Coriolis force, moisture processes and cloud microphysics are neglected 

due to the small domain size and also to simplify analysis of the experiments. The model 

configuration is summarised in Table 2.1.



31

Table 2.1. Summary of the detailed model configuration.

Horizontal domain size 25 km 

2-D Atmospheric mesh (x and z) 500 x 200

Horizontal grid spacing 50 m

Model top 10 km

Vertical grid spacing (stretched) 20 m (surface); 50 m mean

Simulation length 48 h

Time step 0.1 s

Subgrid-scale closure 1.5 TKE

Lateral boundary conditions Open

Surface layer physics stability-dependant drag 
Radiation physics NASA/GSFC radiation 

physics Chou (1990; 1992)

Moist processes off

Cloud microphysics off

Coriolis force deactivated

Soil type Sandy loam

Vegetation type Cultivation

2.3. Results

2.3.1. ABL simulations in an idealised 500 m valley

Surface sensible heat flux and wind velocity variations

Because the basic physical mechanism controlling thermally-driven circulations in a 

valley is the horizontal pressure gradient formed by surface heating during the day and nocturnal 

cooling at night, the time evolution of the shortwave incoming solar radiation, Rsw, surface 

sensible heat flux, Hs, and the u-velocity at the surface after the first 24 hour simulation is first 

presented in Fig. 2.7.. The western slope of the valley (between x = -7.5 and -2.5 km in Fig. 2.7) 

received more incoming shortwave radiation than the valley floor and eastern slope from sunrise 

through the morning hours, which resulted in uneven surface sensible heat flux and an upslope 

velocity. Upslope flow on the eastern slope (between x = 2.5 and 7.5 km in Fig. 2.7) developed 

around 1000 LT, 2 hours after the onset of upslope flow on the western slope. Nocturnal 

downslope winds were first evident on the eastern slope just after 1800 LT as the incoming 

shortwave radiation and surface sensible heat flux dropped close to zero. The zone of strong 

downslope winds corresponded to the large negative surface sensible heat flux seen on Figure 

2.7b. Due to the east-west orientation of the model topography in the domain, it is obvious that 

the simulated flow field did not always remain symmetrical about the valley centre as, apart from 
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around noon, one side of the mountain slope received more incoming solar radiation than the 

other side. 

Figure 2.7. Hovmöller plots of the a) shortwave incoming solar radiation, b) surface sensible heat 
flux, and c) u-velocity at the surface for the 500 m valley. Note that the results are from Day 2 of 
the simulation. Western slope is between x = -7.5 and -2.5 km, and eastern slope is between x = 
2.5 and 7.5 km. Red vertical lines indicate the ridgelines located at x = -7.5 km and 7.5 km in 
Fig. 2.5.

Temperature structures

In this section, the simulated temperature structures within the shallow valley are 

described. Figure 2.8 shows vertical cross sections of one-hour mean cross-valley wind vectors, 

u-velocity, w-velocity and potential temperature. The evolution of the potential temperatures and 

vertical heat flux averaged over the valley floor for the entire 48 hour simulation time is also 

shown in Fig. 2.9. The evolution of the flows and the thermal structure of the valley ABL are 

closely tied to each other because diurnal mountain winds are generated by the horizontal 

temperature gradient. Four distinct phases of wind and temperature structure in the valley during 

a diurnal cycle are indicated: decoupled, morning transition, coupled, and evening transition 

phases (Whiteman 2000), as shown earlier in Fig. 2.
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Figure 2.8  Vertical cross sections showing one-hour mean cross-valley wind vectors, u-velocity (shading), w-velocity (solid red 
contours; negative values dashed, contour interval = 0.5 m s-1), and potential temperature (contour interval = 0.5 K) at a) 0100, b) 
1100, c) 1300 and d) 2100 LT on the second day. It should be noted that the cross section do not cover the full domain. 
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Figure 2.9. Time evolution of the mean vertical potential temperature profile (contour interval = 
1 K) and vertical heat flux (colour shading) averaged over the valley floor (in the centre of the 
valley). 

During the nocturnal decoupled period (2200 to 0800 LT), a developing valley 
temperature inversion is evident, reaching the maximum inversion depth approximately equal to 
the ridgetop level of 500 m AGL. An overlying residual layer and capping inversion are also 
evident between 20 h and 31 h in Fig. 2.9. During the coupled period (1100 to about 1900 LT), a 
well-mixed convective boundary layer developed above the valley floor to the height of 800 m 
above ground level (AGL) after 18 hours into the simulation (Day 1). A slightly deeper ML 
developed again over the valley floor 24 hours later. This was capped by an entrainment zone 
that incorporated air from the free atmosphere above into it. Cross valley winds associated with a 
combination of upslope flow convergence, convective thermals, and divergent flows above the 
mountain ridges towards the valley centre (as shown in Fig. 2.8c) transported heat from the ridge 
tops, creating a slightly stable quasi-mixed layer (Kuwagata and Kimura 1997). The height of the 
ML top slowly dropped after sunset as convection eased along the mountain ridges. Overall, 
three distinct layers were established on the second night, consisting of a stable layer near the 
surface due to the cold air pool on the valley floor, a weakly stable residual/intermediate layer, 
and the unaltered free atmosphere.  

 

Flow structures

Figure 2.8 also shows the evolution of the thermally-driven cross-valley circulations. At 

0100 LT, shallow downslope flows from the top of the ridges towards the valley centre and 

resulting return flows towards the ridges above the valley inversion are evident (Fig. 2.10). The 

stronger downslope flow on the western slope resulted from larger negative heat flux over the 

slope, as can be seen in Figs. 2.7b and c. As soon as the air at the ground on the western slope 

was sufficiently heated by the incoming shortwave radiation and the surface sensible heat flux 

became positive around 0800 LT, the downslope wind reversed to the upslope direction. By 1100 

LT, the surface heating by the sun warmed the western slope further and the valley floor more 

than on the eastern slope due to the Sun’s incident angle. Consequently, upslope flow over the 
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western slope and thermal plumes are clearly visible. By 1500 LT, a rather symmetric double 

circulation similar to the 'classical' textbook picture (Stull 1988; Fig. 2.1) developed as the 

eastern slope was heated by the afternoon sun. By 2100 LT, the downslope flows and return 

flows towards the ridges developed due to the radiative cooling over the valley surface.

Figure 2.10. Vertical cross section showing zoomed-in view of Fig. 2.8a.

The wind that crossed the entire domain above the ridge top height overnight and until 

midday (0100-1100 LT), as shown in Figs. 2.8a and b, appeared as a low-level jet (LLJ) and 

initially developed at the end of the first day of the simulation. These LLJ-like winds may have 

developed in response to the circulations and frictional decoupling outside the valley. Figure 

2.11a shows two counter-rotating circulation cells associated with the ridge top convergence that 

are slightly shifted towards the centre of the valley, as also discussed in the simulation results of 

Leukauf et al. (2015). The return flow aloft towards the edge of the domain may have established 

a return-return flow above that emerged from the model boundary towards the centre of the 

valley as the ridge top plume weakened after 17 hours into the simulation due to decreased 

shortwave incoming solar radiation and surface sensible heat flux. The upslope flows sustained 

after the ridge top plume eased may also have continued propagating towards the boundary. As 

can be seen in Figs. 2.11b and c, the LLJ-like flows extended horizontally towards the centre of 

the valley over the next few hours. It is noted that the LLJ-like flows developed in the stably 

stratified layer, and they did not collide at the centre of the valley as they advected in the stably 

stratified layer at different heights; the westerly jet between 700 m and 900 m and the easterly jet 

between 900 m and 1100 m AGL (Fig. 2.8a). Flow acceleration occurred as a result of frictional 

decoupling of the surface layer from the daytime residual layer due to radiational cooling near 

sunset, as suggested by Blackadar (1957). It should be mentioned that a periodic boundary 

condition was also tested, and the LLJ-like flows did not form as the periodic boundary 

effectively eliminated the lateral boundaries from the solution by forcing the values of dependent 

variables to be identical at both boundaries. 
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Figure 2.11. Vertical cross sections showing one-hour mean cross-valley wind vectors, u-velocity (shading), w-velocity (solid red 
contours; negative values dashed, contour interval = 0.5 m s-1) and potential temperature (contour interval = 0.5 K) at a) 17h, b) 19h 
and c) 22h in Fig. 2.9 over the entire domain.
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Figure 2.12 shows the vertical profiles of 1-h averaged diurnal cross-valley wind speed 

and potential temperature at the mid-slope on the eastern side of the valley slope. The cross-

valley u-velocity differs from the tangential along-slope velocity component by less than 2 % 

(10 %) due to the maximum slope angles of 9° (25°) for the 500 (1500) m valley. For the 500 m 

valley case, the maximum upslope flow was 3.5 m s-1, whereas the maximum 1-hour averaged 

downslope wind speed was about 7 m s-1 near the surface at 2100 LT, decreasing thereafter. The 

relatively small basin results in a faster growth of the valley inversion, leading to an earlier 

damping of the downslope wind, as noted in Catalano and Cenedese (2010). The nose of both the 

upslope and downslope wind maxima occurred within the super-adiabatic and surface inversion 

layers, respectively, and the wind speeds decreased above these layers. Return flows occurred in 

the stable layer above the ML during the day and within the residual layer during the night. The 

daytime potential temperature profiles in Fig. 2.12b show a minimum near the middle of the ML 

as a result of the heating from below due to surface heating and above due to entrainment of 

warm air into the ML. 

Figure 2.12. Vertical profiles of hourly averaged a) cross-valley wind speed and b) potential 
temperature for the upslope wind regime and c) cross-valley wind speed and d) potential 
temperature for the downslope wind regime taken at the mid-slope on the eastern side of the 500 
m-deep valley.
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2.3.2. ABL simulations in an idealised 1500 m valley

Surface sensible heat flux and wind velocity variations

In this section, thermally-driven circulations and temperature structures in a 1500 m 

valley are described. The main focus is given to the similarity and differences compared to the 

500 m valley described in the previous section. 

Figure 2.13 shows the time evolution of the shortwave incoming solar radiation, Rsw, 

surface sensible heat flux, Hs, and u-velocity at the surface for the 1500 m valley. The overall 

pattern of the Rsw is similar to the 500 m valley. The time evolution of Hs shows the location and 

timing of the maximum surface heating by the sun with respect to the slope orientation more 

clearly than those shown in the 500 m valley. It is interesting to note that in the 500 m valley the 

downslope flow on the eastern slope initially formed stronger than the western slope after 1700 

LT, whereas in the 1500 m valley the downslope flow is initially stronger on the western slope.  

Figure 2.13. Hovmöller plots of the a) shortwave incoming solar radiation, b) surface sensible 
heat flux and c) u-velocity at the surface for the 1500 m valley shown in Fig. 2.5. Note that the 
results are from the second day of the simulation (i.e. 24 – 48 hour into the simulation). Western 
slope is between x = -7.5 and -2.5 km, and eastern slope is between x = 2.5 and 7.5 km. Red 
vertical lines indicate the ridgelines located at x = -7.5 km and 7.5 km in Fig. 2.5.
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Temperature structures

Figure 2.14 shows vertical cross sections of the hourly averaged cross-valley wind 

vectors, u- and w-velocities, and potential temperature. At 38 h, the 1500 m deep valley 

simulation resulted in a convective boundary layer that developed to the height of 400 m AGL 

from the valley floor and another convective boundary layer extended horizontally from the 

mountain ridges. The two layers were separated by a 500 m deep stably stratified layer (Fig. 

2.14b). Upslope flows above the mid slope resulted in a secondary flow circulation and upper 

ML over the 500 m-deep convective boundary layer above the valley floor for the deeper valley. 

Figure 2.15 shows the temporal evolution of mean potential temperature and vertical heat flux 

averaged over the valley floor. It shows the presence of a stably stratified layer separated the two 

MLs. The daytime positive and nighttime negative surface heat fluxes (Fig. 2.13b) were well 

correlated with the upslope and downslope flows (Fig. 2.13c), respectively. The large positive 

vertical heat flux was seen in the lower part of the valley during the day. Daytime heating 

resulted in a layered structure with two MLs developing on the second day, separated by a 

weakly stable layer (Fig. 2.15). The ML height over the ridge top did not extend vertically as 

much as in the 500 m valley simulation due to the absence of warm upslope flow from the valley 

floor in the top circulation cell. A strong stable layer was seen at 1500 m AGL capping the valley 

atmosphere. A surface inversion in the valley then started developing at around 18 h and 

continued to deepen overnight while another ML also developed between 1000 and 1500 m AGL 

separated by a stable layer.
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Figure 2.14. Vertical cross sections of the hourly averaged cross-valley wind vectors, u-velocity (shading), w-velocity (solid red 
contours; negative values dashed, contour interval = 0.5 m s-1), and potential temperature (contour interval = 0.5 K) at a) 0300, b) 
1400, c) 1600 and d) 0200 LT on the second day. It should be noted that the cross section do not cover the full domain.



41

Figure 2.15. Temporal evolution of mean potential temperature (contour interval = 1 K) and 
vertical heat flux (colour shading) averaged over the valley floor for the 1500 m valley. 

Flow structures

Upper-level cross-domain flows similar to those in the 500 m valley simulation also 

occurred in the 1500 m valley simulation, as seen in Fig. 2.14. The downslope flows were 

stronger in the upper valley inversion than the lower inversion as indicated in Fig. 2.14c.  

Development of two nearly symmetrical circulation cells across the valley centre separated by a 

stable layer were evident between 1300 and 1500 LT. The lower cell was driven by the upslope 

winds and the compensating return flow over the valley centre, whereas the upper cell was 

associated with the thermals at the mountain ridges. The upper cell resulted in formation of an 

elevated mixed layer and maintained the intermediate capping inversion separating the two cells. 

The simulated layered ML structure was consistent with previous daytime valley simulations by 

Schmidli et al. (2011), Schmidli (2013) and Wagner et al. (2015). The nighttime downslope flow 

circulation in the valley at 0100 LT was rather asymmetrical about the valley centre.  

Figure 2.16 shows the vertical profiles of 1-h averaged diurnal cross-valley wind speed 

and potential temperature at the mid-slope on the eastern side of the 1500 m valley. The 

maximum upslope flow was 4.2 m s-1 at 1700 LT, whereas the maximum 1-hour averaged 

downslope wind speed was about 6 m s-1 near the surface at 0000 LT. As shown in Fig. 2.13, the 

earlier loss of the incoming solar radiation on the western slope resulted in the negative surface 

heat flux and earlier onset of the downslope flow as compared to the eastern slope, consistent 

with the 500 m valley. The downslope flow on the western slope slowed down after 0000 LT 

while the downslope wind speed increased on the eastern slope (Not shown). The downslope 

winds in the lower cell were weaker than the upper cell as the flow diverged above the stable 

layer that formed between the two cells. Similar to the 500 m valley, the nose of both the upslope 

and downslope wind maxima occurred within the super-adiabatic and surface inversion layers, 

respectively, and the wind speeds decreased above the layers. Return flows occurred in the stable 
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layer above the ML during the day and within the residual layer during the night, although the 

profiles of the deeper valley show more complexity than the shallow valley. The results of the 

simulated upslope winds that were stronger but with shallower depth in the 1500 m valley as 

compared to those in the 500 m valley were consistent with the daytime thermally driven flow 

simulations of Wagner et al. (2015). 

Figure 2.16 Vertical profiles of hourly averaged a) cross-valley wind speed and b) potential 
temperature for the upslope wind regime, and c) cross-valley wind speed and d) potential 

temperature for the downslope wind regime taken at the mid-slope on the eastern side of the 
1500 m-deep valley.

2.3.3 Analysis of turbulence characteristics

In this section, analysis of the turbulence characteristics of the daytime and nighttime 

simulations are presented because turbulence could play a major role in the wildfire simulations 

that will follow in the next chapter. Figure 2.17 shows vertical profiles of one-hour averaged 

daytime (1300-1400 LT) and nighttime (0100-0200 LT) total (resolved scale plus SGS) velocity 

variances and TKE averaged over the valley floor for the 500 m valley.  

A maximum daytime u variance is seen near the surface, with a secondary maximum in 

the upper part of the mixed layer (~500 m AGL) that is related to the cross-valley circulation. 
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The daytime w variance shown in Fig. 2.17a is parabolic in shape, with a peak at 260 m AGL, 

typical of the CBL in which buoyancy allows air parcels to accelerate vertically in the middle of 

the ML. The height of the maximum w variance corresponds to z/zi = 0.4, where zi is the ABL 

height and was determined by the vertical location of the average minimum heat flux in Fig. 2.9 

as described in Sullivan et al. (1998). The overall results are also consistent with Moeng and 

Sullivan (1994), Sullivan et al. (1998) and Catalano and Moeng (2010). Both u and w variances 

contributed to the TKE throughout most of the ML within the valley, and the SGS TKE is minor 

in the daytime CBL (Fig. 2.17b). 

The nighttime velocity variances are much smaller in magnitude than daytime variances 

as the nighttime static stability supresses the turbulence. However, the enhanced shears near the 

LLJ-like flows discussed earlier also generated turbulence as seen in the TKE profiles in Fig. 

2.17b. SGS energy dominated above and below the jet because turbulent mixing within the shear 

zone is carried out mainly by small eddy structures. 

Figure 2.17. Vertical profiles of one-hour averaged daytime and nighttime (a) total u and w

variances and (b) total, resolved and subgrid scale (SGS) TKE averaged over the valley floor for 

the 500 m valley.

2.4. Summary and key findings

The specific research question this chapter aimed to address was: what atmospheric 

stability profiles and ABL structures does ARPS simulate in complex terrain under weak 

synoptic forcing in order to investigate fire-atmosphere interaction? The main goal of this 

chapter was to obtain initial ABL temperature and wind structures associated with weak synoptic 

forcing in idealized valley cross-sections in mountainous terrain using a mesoscale numerical 
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modelling system. The simulated results were evaluated qualitatively and quantitatively in 

comparison with previous studies. Key findings are the following:

• The model configuration used in this chapter successfully simulated the diurnal evolution 

of temperature (daytime CBL, nighttime valley inversion, residual layer, and capping 

inversion) and wind (daytime upslope and nighttime downslope flows and cross valley 

flows) structures over a valley, although the circulations were not symmetrical about the 

valley centre due to the variation of surface heating across the valley with time;  

• the upslope winds were stronger but have shallower depth in the 1500 m valley as 

compared to those in the 500 m valley, consistent with the results of Wagner et al. 

(2015); and

• The cross-valley flow resulted in only one circulation cell in the 500 m valley, whereas 

two vertically layered circulations separated by a valley inversion layer were found in the 

1500 m valley, consistent with the results of Schmidli et al. (2011), Schmidli (2013) and 

Wagner et al. (2015).

Some of the limitations of using 2-D modelling should be acknowledged. It should be 

stressed that very significant differences arise between 2-D and 3-D simulations when more 

realistic 3-D topography is used because diurnal mountain winds are closely tied to the diurnal 

cycle of the thermal structure of the ABL in the valley (Whiteman 2001). More complex 3-D 

simulations including the along-valley winds and spatially-varying atmospheric stability are 

clearly desirable in future work for better understanding a wide range of fire behaviour in 

complex terrain. For example, helical flow that may occur during daytime when across-valley 

wind circulation is imposed on an along-valley wind (Whiteman 2000) can result in complex 

interactions between wildfire and valley atmosphere that are not represented in 2-D models. 

Nonetheless, Kiefer et al. (2009) noted only minor differences between the 2-D and 3-D 

simulations of dry convection above wildfires and that primary organizational modes were 

generally reproduced in the 2-D model. Moeng et al. (2004) suggest that although the 

entrainment heat flux from 2-D modelling overestimates that from the 3-D result, the overall 

shape of the heat flux profile of the 2-D and 3-D models agrees with each other due to similar 

energy efficiency of the entrainment process. The existence of a strong capping inversion also 

allows for the 2-D model to produce a characteristic eddy size in both horizontal and vertical 

directions in the order of ABL depth, as in the 3-D counterpart. Many previous studies focusing 

on wildfires in complex terrain primarily considered slopes in 2-D configuration (e.g. Viegas 

2004; Dupuy et al. 2011). Therefore, the application of this 2-D modelling approach to wildfire 

simulations in the following chapter is considered to be able to provide useful insights into 

wildfire-atmosphere interaction. 
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Chapter 3 

Interactions between atmospheric boundary layer stability and 

convective plume dynamics of wildfires in mountainous terrain  

This chapter describes an investigation of atmospheric processes involved in the interaction 

between wildfire and commonly observed atmospheric boundary layer stability conditions 

in mountainous terrain under a thermally-driven diurnal mountain wind regime, as examined in 

Chapter 2. It therefore addresses thesis objective 1 (described in Chapter 1). Wildfire is 

represented as a stationary surface heat source in a high resolution mesoscale atmospheric model, 

and it is coupled to the atmosphere to provide an idealised two-way feedback process. Fire 

ignition at the beginning of each simulation in well-developed thermodynamic environments in 

mountain valleys allows investigation of convective plume dynamics of wildfires that develop in 

multi-layer stability profiles and their interaction with the background slope flows.

3.1. Introduction

The spatial and temporal variations in meteorological factors in mountainous terrain are 

often difficult to quantify accurately because they are linked to variations in local topographic 

characteristics such as slopes, elevation and aspect. Also, atmospheric flows in rugged terrain in 

mountain regions generally lead to complex dynamics. Whiteman (2000), Sharples (2009) and 

Clements (2011) have provided reviews of some of the important elements of mountain 

meteorology that are relevant to wildfire behaviour. However, interactions of wildfire and 

atmosphere are highly nonlinear regardless of topographic variations, and the presence of 

wildfires in such complex and dynamic environments makes fire behaviour prediction more 

challenging. Applying knowledge gained from fire weather conditions in flat terrain to 

mountainous environments can result in inaccurate fire behaviour predictions, poor application 

of suppression tactics, and threats to firefighter safety. 

In addition, current operational fire spread and behaviour tools account for the 

characteristics of a fire spreading under prescribed environmental (i.e. fuel and topography) and 

meteorological inputs. Their outputs are primarily two-dimensional, and predominantly steady-

state (Potter 2012a). Prediction of fire behaviour in complex terrain requires knowledge of 

interactions between small-scale atmospheric circulations in and around a wildfire (Jenkins et al. 

2001) and atmospheric stability changes associated with the diurnally-varying mountain wind 

regime and thermal structure. Current knowledge of fire behaviour on slopes, in valleys, gullies 

and steep canyons emerged mainly from field and laboratory experiments and numerical 

modelling studies focusing on correlations and empirical relationships between slope angles, fuel 
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types and mean wind speed and fire growth (Potter 2012a). Thus, the effect of thermally-driven 

wind systems and associated atmospheric stability structures (that determine the degree of 

resistance of a layer of air to vertical motion) on fire behaviour in complex terrain has been little 

explored.

Two types of wind associated with mountainous terrain are relevant to fire behaviour: 

terrain-forced flows and thermotopographic diurnal mountain winds, although they are nearly 

always combined to some extent (Whiteman 2000). The terrain-forced flows such as downslope 

windstorms, gap winds, and dynamic channeling of airflows can cause extremely strong surface 

winds that can play a major role in producing extreme fire behaviour due to high rate of fire 

spread. However, the thermally-driven diurnal mountain winds have been recognised to have a 

link to extreme fire behaviour due to their association with diurnal changes in atmospheric 

stability (Clements 2011). 

To date, little work has been done to examine how the atmospheric stability profile 

influences plume dynamics, including updraft acceleration or deceleration within fire plumes, 

which in turn influences surface horizontal convergence and divergence and fire intensity. The 

simulated diurnal cycles of slope wind system and stability provide a unique platform and 

opportunity to potentially advance knowledge of fire-atmosphere interaction. This chapter 

provides an initial attempt to investigate fire-atmosphere interactions in mountainous terrain 

involving the diurnal cycle of atmospheric stability and convective plume dynamics of wildfires. 

The specific research questions this chapter aims to address is:

• what atmospheric processes occur when the convective plume of wildfires interacts with 

the atmospheric boundary layer in mountainous terrain? 

• how do they modify the patterns observed in the previous chapter?

Potter’s (2002) conceptual work serves as a framework to interpret basic fire-atmosphere 

interactions and evolution of fire stages in an idealised vertical structure of the lower atmosphere 

consisting of a surface layer, mixed layer, capping inversion and free atmosphere. However, he 

also emphasised that his conceptual fire-induced circulation and 3-stage plume development 

models are highly idealised and do not allow for more comprehensive analysis of the effect of 

atmospheric stability on convective plume development and their two-way dynamic interactions. 

Multilayer structure of atmospheric stability profiles with layers of enhanced stability makes this 

case of mountains-slope simulation unique as compared to flat terrain research. The main 

objective of this section is therefore to identify the atmospheric processes involved in fire-

atmosphere interaction in mountainous terrain dominated by thermally-driven diurnal mountain 

wind regimes.
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3.2. Methods

This study used the Advanced Regional Prediction System (ARPS) version 5.3.4. The 

horizontal grid spacing was set to 50 m, and the vertical grid spacing varied from 20 m near the 

surface to a maximum of about 80 m at the model top. The 2-D computational domain was 25 

km in the x-direction and 10 km in the z-direction (500 x 200 data points). The time step was 0.1 

s, and a summary table showing the model configuration is presented in Table 3.1. While most of 

the model configuration is the same as that used in Chapter 2, a few changes were made. Surface 

layer physics was configured so that surface heat flux was calculated from constant drag 

coefficients, using initial surface potential temperatures, rather than from stability dependent 

surface drag coefficients and surface potential temperature predicted by the surface energy 

budget equation. The latter option resulted in an undesirable decrease in the surface sensible heat 

flux over the course of 3 hour simulations. The atmospheric radiation physics option was

switched to simplified radiation parameterization that calculates only the radiative forcing at the 

ground surface while the radiative forcing to the atmosphere was neglected. The NASA 

atmospheric radiation transfer parameterization used in Chapter 2 resulted in a significantly large 

increase in atmospheric potential temperature that made the simulations rapidly unstable.

Table 3.1. Configuration of the ARPS model used in this chapter.

Horizontal domain size 25 km 

Atmospheric mesh (x and z) 500 x 200

Horizontal grid spacing 50 m

Model top 10 km

Vertical grid spacing 20 m (surface); 50 m mean

Simulation length 3 hrs

Time step 0.1 s

Subgrid-scale closure 1.5 TKE

Lateral boundary conditions Open

Surface layer physics constant drag coefficient

Radiation physics
simplified radiation 

scheme

Ignition start 1300 and 0100 LT

moist processes off

cloud microphysics off

Coriolis force deactivated

Length of the ignition line 1 km 

Heat distribution depth 200 m 

Soil type sandy loam

Vegetation type cultivation
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A strong surface heating, representing wildfire, was initiated in a 500 m and 1500 m 

valley under the spatially-inhomogeneous temperature and wind fields of nighttime (0100 LT) 

and daytime (1300 LT) simulations, as simulated in the Chapter 2. The vertical cross sections 

showing wind and potential temperature structures and vertical potential temperature profiles 

prior to fire ignition are shown in Figs 3.1 and 3.2, respectively. In the 500 m valley, the daytime 

profile shows a convective mixed layer overlain by a stable layer at 600 m AGL, whereas the 

nighttime profile shows a 250 m deep nocturnal stable layer overlain by a residual layer below 

700 m AGL with a stable layer above. In the 1500 m valley, a fully formed valley temperature 

inversion that filled the valley depth of about 1100 m and an overlying residual layer to the 

height of the ridgetop can be seen at 0100 LT (Fig. 3.1c). Two vertically stacked circulations 

associated with a valley CBL and horizontal heat advection from the ridge top, separated by a 

mid-valley inversion layer, were found at 1300 LT (Fig. 3.1d), consistent with the results of 

Schmidli et al. (2011), Schmidli (2013) and Wagner et al. (2015). The choice of these two 

conditions therefore reflect typical daytime and nighttime stability conditions in mountainous 

topography under fair weather conditions, qualitatively very consistent with the example profiles 

shown in Serafin et al. (2018; see their Figs. 3 and 4).
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Figure 3.1. Vertical cross section of one-hour averaged cross-valley wind vectors, u-velocity (shading), w-velocity (solid red contours; 
negative values dashed, contour interval = 0.5 m s-1) and potential temperature (contour interval = 0.5 K) at a) 0100 LT (same as Fig. 
2.8a) and b) 1300 LT in the 500 m valley and at c) 0100 LT and d) 1300 LT (same as Fig. 2.14b) in the 1500 m valley showing overall 
wind and temperature structures. The location of surface heating by the fire model is shown with bold red lines on the x-axis. 
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Figure 3.2.  Vertical profiles of mean potential temperature above the valley floor for the (left) 
500 m and (right) 1500 m valleys averaged between 1300-1400 LT (daytime) and 0100-0200 LT 
(nighttime). 

The effect of the wildfire is prescribed as a stationary hot ground surface and implemented using

the land-surface soil-vegetation model of Noilhan and Planton (1989) in ARPS. Surface sensible 

heat flux is defined in the model as 

 H• = • •Cdh CpV (T-Ts)               (3-1)

where • is air density (kg m-3), Cdh is either the stability-dependent or user-specified constant 

drag coefficient, Cp the specific heat at constant pressure for dry air (J kg-1 K-1), V the horizontal 

wind speed at the lowest grid level above the ground (m s-1), T the air temperature taken at the 

same level (K), and Ts the prescribed surface temperature (K). In this study, the effect of the 

wildfire on the ground surface is represented in the daytime and nighttime history files as a 

stationary ground heating line source, with the maximum of 500 K or 1500 K at the centre and 

slowly decreasing to 300 K over the 0.5 km distance on both sides (Fig. 3.3). The 1500 K surface 

heating was chosen based on measurements in several previous studies showing temperature 

ranging between 900 and 1500 K (Table 3.2), while the 500 K surface heating was additionally 

conducted in this study to explore lower heating scenarios as a comparison. The value of Cdh is 
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specified as a constant value of 3 x 10-3, and a lower limit of 0.1 m s-1 is imposed on V in the 

code to avoid zero sensible heat fluxes under calm wind conditions (Xue et al. 2001). The ARPS 

model was run with the restart option and with the modified soil temperature in the input file. 

Figure 3.3. Plot showing soil temperature curve used to represent the 1500 K surface heating in 
the ARPS model.

Table 3.2. Summary of measured temperatures in the combustion zone from several 

investigators. The * indicates the fact that the infrared camera sensors reached pixel saturation.

Literature Measured temp Primary fuel type Measurement device

Dennison et al. (2006) 1500 K oak, chaparral Spectrometer

Clements et al. (2007) 1100 K (834°C) grass Infrared camera

Wotton et al. (2012) 1370 K (1100°C) twigs, barks, shrub Thermocouples

Clark et al. (1999) > 750°C * Jack pine stand Infrared camera

Coen et al. (2004) > 800°C * black spruce Infrared camera

Morandini and Silvani (2010) 900°C shrub/flowering plant mix Thermocouples

It is emphasized here that the stationary heat source approach was chosen in this study in 
order to examine the interaction between the buoyant plume and the diurnal ABL profiles, as has 

been used in Cunningham (2007), Kiefer et al. (2009) and Simpson et al. (2013b). Such approach 
was shown to be successful in investigating the structure and dynamics of convective plume 
arising from wildfires using a numerical model by Cunningham et al. (2005). In their study, 
coherent vertical structures commonly observed in wildfires were reproduced. The fire model 
used in this study works in such a way that inflow strength over the heat source primarily 
controls the surface heat flux. It should also be emphasized that the dynamic heat flux 
parameterization used in this study differs from the stationary and constant surface heat flux 
approach used in Kiefer et al. (2008; 2009) and Cunningham (2007) in a way that the direct 
linear dependence of the heat flux on surface wind speed strongly influences the results of this 
study whereas the heat flux in the previous studies is not multiplied by the value of the surface 
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wind speed. Nonetheless, coupled fire-atmosphere simulations that predict rate and direction of 
fire spread are planned in future research.

3.3. Results and discussion

3.3.1. Daytime fire simulations in the 500 m-deep valley
a. Surface heat flux, surface wind and vertical velocity

In this section, behaviour of the dynamic heat flux model used in this study is described. 

As mentioned earlier, the fire was prescribed by parabolic-shaped stationary heat source using 

the ARPS soil model. Figure 3.4a shows the time evolution of surface sensible heat flux above 

the heat source. While the 500 K surface heating was prescribed symmetrically, the surface heat 

flux resulted in asymmetry about the centre of the heat source. Initially, the surface wind 

convergence developed between x = 0.1 and 0.2 km and shifted westward nearly at constant 

speed until it reached x = -0.2 km at around the time = 60 min (Fig. 3.4b). The convergence zone 

then slowly shifted back towards the centre of the heat source between time = 60 and 120 min. 

The surface heat flux is larger in magnitude on the east (right in the figure) side of the 

convergence zone overall, locally intensifying periodically. The updrafts also show an oscillatory 

pattern, while stronger downdrafts were apparent on the east (right) side of the updrafts, as 

shown in Fig.3.4c.
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Figure 3.4. Hovmöller diagrams of the a) surface sensible heat flux, b) u-velocity at the surface, 
and c) w-velocity at 585 m AGL during the daytime 500 K fire simulation in the 500 m-deep 
valley. The surface heating is located between -0.5 and 0.5 km from the centre of the 5 km-wide 
valley floor. 

It should be noted as possible ramifications that the dynamic surface heat flux model 

created a ‘hole’ or a narrow zone of weak surface heat flux in its centre. This is because the 

surface heat flux model depends on V, which is much smaller in magnitude at the centre than its 

side due to the convergence of the inflow. An actual fire would be expected to spread inwards to 

fill the ‘hole’ and produce a surface heat flux of considerable intensity in the centre. From the 

point of atmospheric science view, it is expected that winds over a strong heat source tend to be 

predominantly upward and the horizontal wind speed approaches zero at this confluence of 

winds into the updraft over the fire (Coen et al. 2013). Although there is a hole at the centre of 

the heat source in this thesis, a strong updraft over the area of inflow confluence is clearly 

evident in all simulations. Thus, key aspects of idealised plume dynamics of interest should be 

simulated.

Two additional simulations were conducted to further investigate the asymmetry of the 

surface heat flux and wind convergence (Fig. 3.5). One experiment had the 500 K heat source 

shifted 0.5 km to the left/west (referred to as Lsim hereafter), while another experiment had it 

located 0.5 km to the right/east (referred to as Rsim hereafter), with an otherwise identical state 

of the model atmosphere. The asymmetric nature of the surface heat flux and u-velocity 

remained the same in these two simulations. However, the time evolution of the location of the 

surface wind convergence zone is quite different, as shown in Fig. 3.4. Further discussion is 

made based on analysis of the vertical cross section of the ABL in the valley to investigate the 

simulated differences in the surface heat flux and flow development over the heat source in the 

following section.
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Figure 3.5. Same as Fig. 3.4 but the location of the surface heating is shifted. The surface heating 

is located between 0 and 1 km (top) and -1 and 0 km (bottom) from the centre of the 5 km-wide 
valley floor.

b. Fire-induced circulation in the daytime ABL

Figure 3.6 shows vertical cross sections of potential temperature, u-w wind vectors (m s-

1), and streamlines at the beginning and at 10 minute intervals until 30 minutes of the 500 K 
simulation. It is evident in Fig. 3.6a that prior to the fire simulation, there were three thermal 
cells, each consisting of a thermal updraft and associated downdrafts, spaced about 0.8 and 1 km 
from each other in the convective mixed layer. These large columns of rising buoyant air 
typically have horizontal scales of roughly 1.5 zi, where zi is the average top of the mixed layer 
(ML) defined as a base of the overlying temperature inversion, in a convective boundary layer 

(Stull 1988). The thermal cell that formed at x = 0 km in the ABL in the valley had an 
asymmetrical structure of the eddy circulations prior to the fire simulation, as shown by the 
streamlines. As the simulation progressed over time, the thermal at x = 1 km appeared to have 
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moved towards the heat source as the thermal over the heat source interacted with the surface 
heating and generated a larger circulation commonly referred to as a fire-induced circulation. In 
contrast, another thermal at x = -1 km in the ABL appeared to have moved away from the heat 
source. This advection of background thermals into the fire-induced circulation may have caused 
stronger surface inflow and resultant surface heat flux, and the flow circulation on the eastern 
(right) side of the convergence zone. The clockwise thermal circulation at x = -1 km appears to 
counteract with the western (left) side of the developing fire-induced circulation. After time = 30 
min, the fire-induced circulation is much stronger and more obvious on the right side of the 
convergence zone of the fire, as shown in Fig. 3.7. Sun et al. (2009) found that variability in rate 
of fire spread and resulting burnt area is strongly influenced by a strong downdraft behind the 
fireline that brings down higher momentum aloft to the surface. They suggest that the downdraft 
develops as a result of the random interaction between fire-induced plume circulation and a 
strong eddy circulation in the ABL. Figure 2.7 shows the development of large u-velocity aloft 
because a greater percentage of the rising motion of the convective plumes is transferred to the 
horizontal velocity component, similar to entrainment mechanics in the PBLs topped by strong 
inversions as shown in Sullivan et al. (1998). Surface u-velocity maxima at the times = 10, 20 
and 30 min as seen in Fig. 3.4b, for example, appeared to be associated with the interaction 
between fire-induced plume circulation and a strong eddy circulation in the ABL as indicated in 
Figs. 3.7b, c, and d.
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Figure 3.6. Vertical cross sections of potential temperature (K; colour scale shown on top), u-w wind vectors (m s-1), and streamlines 
(solid green lines) for the times shown on the right hand side. The location of the 500 K heat source is indicated with a red box. 
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Figure 3.7. Vertical cross sections of u-velocity (colour shaded), u-w wind vectors (white arrows), streamlines (solid magenta lines), 
and potential temperature (solid black lines) for time = a) 0 min, b) 10 min, c) 20 min and d) 30 min into the simulation. The location 

of the 500 K heat source is indicated by a red line along the x-axis. 
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Embedded in the larger-scale fire-induced circulation are counter rotating vortices, with 

horizontal scales of roughly 0.25 km, next to the updraft column over the heat source. The 

subsidence associated with these smaller circulations caused downdraft and entrainment of warm 

air into the mixed layer. The horizontal advection of the entrained warm air as a part of the return 

flow aloft caused the lowering of the mixed layer top from 600 m AGL prior to the fire to below 

400 m AGL after 30 min of the simulation (Fig. 3.6). The process can be considered similar to 

advective venting (Serafin et al. 2018) that generates warm elevated mixed layers and strong 

inversions at their base in the ABL over mountain terrain. The advective venting is defined as 

mesoscale flows that export the convective boundary layer air to the overlying free atmosphere 

and characterized by a horizontal transport at an inclined CBL top (Lang et al. 2015). These 

features were also observed in both the Rsim and Lsim simulations. As part of the ABL process 

of penetrative convection (Deardorff et al., 1969), wisps or curtains of warm air are pushed into 

the ML from the overlying stable layer as the thermals overshoot into the latter. This warm air is 

rapidly mixed down into the ML by the strong turbulence within it, despite its positive buoyancy, 

and do not return to the overlying stable layer.

A time-averaged vertical cross section of the u-velocity and potential temperature is 

shown in Fig. 3.8. The relatively stationary surface inflow convergence zone and zones of 

surface u- and w-velocities in Fig. 3.8 suggest that the simulation had reached quasi-steady state 

by time = 60 min. The potential temperature contour of 295 K roughly corresponds to the inflow 

layer depth, indicating that the inflow is a relatively cool mixed layer capped by a warm 

advection layer. It is also noted that although large scale (an order of several kilometers in this 

study) counter-rotating fire-induced circulations developed, the mixed layer height is higher on 

the eastern side of the fire associated with clockwise circulation. This may be attributed to the 

slightly higher ML depth on the eastern half of the valley at the time of the fire ignition due to 

the afternoon sun heating that side, as can be seen in Fig. 3.1. LiDAR observation of a wildfire 

convective plume by Lareau and Clements (2017) showed asymmetrical detrainment heights 

between the upwind and downwind sides of a plume. Therefore, the background temperature 

structure may also influence the development of fire-induced circulation along with background 

turbulent ABL eddies. 
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Figure 3.8. Vertical cross section of mean u-velocity (colour shaded), u-w wind vectors (white 
arrows), streamlines (solid magenta lines), and potential temperature (solid black lines) averaged 
between time = 60 and 120 min (1500-1600 LT). The location of the 500 K heat source is 
indicated by a red line on the x-axis. 

Previous investigations suggested the possible interaction of background turbulence with 

wildfires. Thurston et al. (2017) suggested that the horizontal roll vortices (HRV), linearly 

organized, quasi-two dimensional vortices that can form during conditions of combined surface 

heating and strong mean winds in the ABL (Stull 1988), may affect fire behaviour and increase 

fire danger by: 1) introducing variations of surface wind direction and thus direction and rate of 

fire spread; and 2) enhancing the process of long-range spotting at the locations of the updraft 

branch of the HRV. The HRV has been observed to form during many wildfires due to 

interaction of ambient mean winds and intense surface heating of the fire (Haines 1982).  

Furthermore, the HRV can influence the location and timing of the deep, moist convection 

initiation by modifying the thermodynamics in the ABL. It should be noted that the convective 

circulations in this simulation are different from the HRV because of the absence of the 

crosswise mean winds parallel to the axis of the HRV in the 2-D model. Sun et al. (2009) 

investigated the impact of a roll-dominated ABL on rate of spread of primarily wind-driven fires 

and interaction of the fire lines. However, weak convergence and divergence in their roll-

dominated ABL made it difficult to see the effect of surface convergence and divergence on the 

evolution of the fire.

3.3.2. Nighttime fire simulations in the 500 m valley
As compared to the daytime simulation in the previous section, the coupled fire model 

took a much longer time to establish similar magnitudes of the surface heat flux, surface u-

velocity and w-velocity caused by the 500 K surface heating, as can be seen in Fig. 3.9. This is 

due to the fact that at the time of the fire simulation the surface u-velocity was very weak and the 

surface air temperature was lower. In addition, the 200 m-deep stable layer in the valley initially 
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limited growth of the vertical extent of the convective circulation. ARPS predicts the evolution 

of ABL depth in response to the surface heat flux as a function of time for stable (or unstable) 

atmospheric conditions. Therefore, the fire model influenced by these factors resulted in the slow 

development of the surface heat flux and fire-induced circulation. The first 120 min of the 

simulation is therefore not the main focus of analysis, and the evolution of the fire-induced 

circulation at night is only briefly described here based on the elapsed time between 120 and 180 

min (0400-0500 LT). 

Figure 3.9. Hovmöller diagrams of the a) surface sensible heat flux, b) surface u-velocity and c) 
w-velocity at 202 m AGL from the nighttime 500 K fire simulation in the 500 m valley. The 
surface heating is located between -0.5 and 0.5 km from the centre of the 5 km-wide valley floor. 

Figure 3.10 shows vertical cross sections of potential temperature, u-w vector, and 

streamlines. It is seen that at elapsed time = 140 minutes two convective cells developed over 

one side of the heat source rather than over the centre as observed in the daytime simulation. It is 

likely that the pressure gradient between the heat source and ambient air near the surface created 

a pressure gradient force and inflows with the absence of the energy containing background 

turbulent eddies. The stably-stratified layer top over the valley floor was suppressed from above 

by entrainment of warm air, mixing between the nocturnal inversion and residual layer, and 

horizontal advection of the warm air away from the heat source. Such horizontal advection of 
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potentially warmer air has been observed in mountain environments without wildfires. Arritt et 

al. (1992) showed that warm air generated in a dry convective boundary layer over the higher 

mountain were advected over a potentially cooler mixed layer and resulted in formation of an 

elevated mixed layer separated by a strong capping inversion. At time = 180 min, a 50 m-thick 

layer of unmixed air remained above the surface. This result suggests that the role of the fire-

induced circulation within the nocturnal valley inversion is to suppress the depth of the inversion 

layer from above through warm air advection of the return flow. 

Streamlines shown in Fig 3.11 suggest that by elapsed time = 170 min, the initial 

convective cells that developed at time  = 140 min propagated away from the heat source being 

replaced by other counter-rotating cells formed near the centre of the heat source. At time = 180 

min, a more symmetrical structure of the fire-induced circulation, in regard to the inflow and 

return flow layer depths and magnitudes of the u-velocity across the updraft core, is evident (Fig. 

3.11d) when compared to the asymmetrical circulation observed in the daytime simulation.
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Figure 3.10. Vertical cross sections from the nighttime 500 K fire simulation in the 500 m valley of potential temperature (K; colour 
scale shown on top), u-w wind vectors (m s-1) and streamlines (solid green lines) for time = a) 0 min, b) 140 min, c) 170 min and d) 
180 min into the simulation. The location of the heat source is indicated by a red line along the x-axis. 
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Figure 3.11. Vertical cross sections from the nighttime 500 K fire simulation in the 500 m valley of u-velocity (colour shaded), u-w
wind vectors (white arrows), streamlines (solid magenta lines) and potential temperature (solid black lines) for time = a) 0 min, b) 140 
min, c) 170 min and d) 180 min into the simulation. The location of the heat source is indicated with a red line along the x-axis. 
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3.3.3. 1500 K heat source simulations
In this section, results of both the daytime and nighttime 1500 K fire simulations are 

described in comparison with the 500 K simulations in the previous sections. The higher 

surface heating resulted in higher surface heat fluxes as well as stronger inflows and updraft 

and downdraft velocities (Fig. 3.12). Their magnitudes are similar in both cases once the 

surface heat fluxes reached quasi-steady state after 5 min and 25 min for the daytime and 

nighttime simulations, respectively. Intermittent intensification of these variables is evident 

over different time scales from a few minutes to several tens of minutes as a result of the 

rather simple coupling of the fire model with the atmosphere.

Figure 3.12. Hovmöller diagrams of the (top) daytime and (bottom) nighttime surface 
sensible heat flux (a and d), u-velocity at the surface (b and e) and w-velocity at 202 m AGL 
(c and f) from the nighttime 1500 K fire simulation in the 500 m valley. The surface heating 
is located between -0.5 and 0.5 km from the centre of the 5 km-wide valley floor. 
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Time-averaged structures of fire-induced circulations for daytime and nighttime 

between elapsed time = 60 and 120 min are shown in Figure 3.13. Due to nearly symmetrical 

mean wind and potential temperature structures, only the western (left) half of the circulation 

is focused on here. The inflow layer is about twice as thick in the 1500 K simulations than the 

500 K simulations. The updraft above the flow convergence zone penetrated into an 

overlying stable layer above the valley to around 1300 m AGL on average in both daytime 

and nighttime simulations due to the similar magnitude of the surface heat fluxes. 

Figure 3.13. Vertical cross sections for the a) daytime and b) nighttime fire simulations of 
mean u-velocity (colour shaded), u-w wind vectors (white arrows), streamlines (solid 
magenta lines) and potential temperature (solid black lines) averaged between elapsed time = 
60 and 120 min (i.e. top: 1400-1500 LT; bottom: 0200-0300 LT). The location of the 1500 K 
heat source in the 500 m valley is indicated by a red line on the x-axis.

There were initially jet-like cross-domain flows above the valley (Fig. 3.1; see ‘flow 

structures’ in Section 2.3.1 in Chapter 2 for the discussion of why and how they formed) at 

the beginning of the nighttime fire simulation. They were transported or vertically channeled 

down to the surface due to the strong subsiding motion next to the updraft core, and the return 

flow branch of the fire-induced circulation, as depicted by the streamlines, became the 



66

dominant feature in the mean field. It is stressed that the jet-like flows were a dynamically 

induced atmospheric forcing that existed at the time of the nighttime simulation and thus, 

they were not sustained over the course of the simulation once their momentum was mixed 

down to the surface. 

It is apparent in Fig. 3.13 that the return flow relative to the fire-induced inflow in the 

nighttime simulation resulted in a wave-like motion as compared to the more horizontal 

return flow in the daytime simulation. However, a close look at the time sequence of the 

simulations (not shown) clearly shows that the return flows exhibited wave-like motions 

intermittently in both daytime and nighttime simulations. Deardorff et al. (1969) noted that 

internal gravity waves are excited in the stable region by the penetrative convection. 

3.3.4. 1500 m valley simulations
In this section, the fire simulations in the 1500 m valley during the daytime and 

nighttime are described. Only results of the 1500 K fire simulations are presented as the 500 

K fire simulations resemble the initial stage of the 1500 K fire simulations. 

Figure 3.14 shows vertical cross sections of wind and potential temperature fields 

from the daytime 1500 K fire simulation in the 1500 m valley. It should be noted that 

although the 1500 m valley consists of a layered circulation structure, the vertical size of the 

daytime convective cells that formed over the valley floor is about 500 m (Fig. 3.14a).  The 

time sequence of the vertical cross sections shows that the fire’s convective plume penetrated 

the inversion between the two background slope flow circulation cells and perturbed the 

capping inversion at the height of the ridge top (Figs. 3.14b and c). While a similar fire-

induced circulation formed within the valley, the return flows spread horizontally in the upper 

circulation cells. Below the capping inversion at the ridge top height over the valley and 

above the return flows, circular flows are also shown (at -0.5 and 0.5 km from the valley 

centre in Fig. 3.14d; see also Fig. 3.17a for the full cross-section across the idealized terrain). 

They may be caused by the shearing motion between the fire-induced return flows and the 

cross-valley flows associated with the ridge top plume.
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Figure 3.14. Vertical cross sections from the daytime 1500 K fire simulation in the 1500 m 
valley of u-velocity (colour shaded; colourmap shown above), u-w wind vectors (white 
arrows), streamlines (solid magenta lines) and potential temperature (solid black lines) for 
time = a) 0 min, b) 10 min, c) 20 min and d) 30 min into the simulation. The location of the 
heat source is indicated by a red line along the x-axis. For the full cross section of the valley, 
see Fig. 3.17a. 

Figure 3.15 shows vertical cross sections of wind and potential temperature fields 

from the nighttime 1500 K fire simulation in the 1500 m valley. Similar to the nighttime fire 

simulation in the 500 m valley, the surface heating produced a counter-rotating thermally 

driven circulation near the centre of the heat source (Figs. 3.15a and b). Stronger surface 

heating in this case allowed the convective plume to penetrate through the stable layer 

between 500 m and 1000 m AGL (Fig. 3.15c). The nocturnal stable layer near the surface and 
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the elevated stable layer appeared to provide a duct that supported internal gravity wave 

motion caused by the fire’s convective plume penetrating into the elevated stable layer at the 

mid-slope height.

Figure 3.15. Vertical cross section from the nighttime 1500 K fire simulation in the 1500 m 
valley of u-velocity (colour shaded; colourmap shown above), u-w wind vectors (white 
arrows), streamlines (solid magenta lines) and potential temperature (solid black lines) for 
time = a) 0 min, b) 20 min, c) 40 min and d) 60 min into the simulation. The location of the 
heat source is indicated by a red line along the x-axis. See also Fig. 3.17 for the full cross 
section of the valley.
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3.3.5 Turbulent flows
TKE is a measure of the intensity of turbulence and is therefore one of the most 

important meteorological variables (Stull 1988). Velocity perturbations of u and w used to 
calculate the resolved TKE in the 2-D simulations were derived from the 10 min mean 
velocities using 1 Hz output data. The 10 min interval was chosen because ABL turbulent 
eddies with the length scale of 10 to 100 m and time scales of 10 s to 10 min primarily 
contribute to TKE, and the interaction of the ABL turbulent eddies and wildfires and fire-
induced turbulence may occur at similar temporal and spatial scales (Stull 1988; Heilman and 
Bian 2010). 

Both resolved and SGS TKE plots show advection of the TKE aloft in the return flow 
layer, whereas the magnitude of the TKE is relatively small within the inflow layer near the 
surface outside of the heat source (Figs. 3.17 and 18). Simulated TKE fields in other studies 
that focused on tilted plumes by ambient winds only show maximum TKE near the surface as 
the tilted plumes did not interact strongly with overlying stable layer aloft (e.g. Simpson et al. 
2014; Kiefer et al. 2015; Filippi et al. 2018). It should be noted that background CBL 
turbulence in the daytime simulations are more than an order of magnitude smaller (see Fig. 
2.17) as compared to the fire-induced TKE. Figure 3.18 shows that SGS TKE is relatively 
large at the surface near the centre of the heat source and also at the plume top in all 
simulations, indicating the fact that unresolved eddies dominate the fire zone even at 50 m 
horizontal grid spacing as noted by Filippi et al. (2018). Overall, the SGS TKE is relatively 
small compared to the resolved TKE in the most of the ABL. Figure 3.19 shows that large u-
velocity variances occur in return flow layers aloft because a greater percentage of the rising 
motion of the convective plumes is transferred to the horizontal velocity component, similar 
to entrainment mechanics in the PBLs topped by strong inversions as shown in Sullivan et al. 
(1998). Figure 3.20 indicates that the w-variances appear to have their maximum in the upper 
part of the convective plume rather than in the middle as seen in typical thermals in CBLs. It 
should be noted that in-situ observations of ambient and fire-induced turbulence have been 
limited to within the surface layer up to about 50 m AGL (e.g. Clements et al. 2007; Seto and 
Clements 2011; Seto et al. 2013; Heilman et al. 2015) where model simulations will require 
high spatial resolutions much higher than 50 m used in this section to resolve the turbulence 
in the layer. Therefore, comparison of the model output and previous observational data is 
omitted here. 
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Figure 3.16. Vertical cross sections of one-hour (time = 60 and 120 min) averaged resolved TKE (colour shaded; colourmap shown above), u-w
wind vectors (white arrows) and potential temperatures (solid black lines) for daytime (a and c) and nighttime (b and d) simulations. The 
locations of the 1500 K heat source in the 500 m and 1500 m valleys are indicated by red lines along the x axis. 
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Figure 3.17. Vertical cross sections of one-hour (time = 60 and 120 min) averaged resolved TKE (colour shaded; colourmap shown above), u-w
wind vectors (white arrows) and potential temperatures (solid black lines) for daytime (a and c) and nighttime (b and d) simulations. The 
locations of the 1500 K heat source in the 500 m and 1500 m valleys are indicated by red lines along the x axis. 
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Figure 3.18. Vertical cross sections of one-hour (time = 60 and 120 min) averaged u-variances (colour shaded; colourmap shown above), u-w
wind vectors (white arrows) and potential temperatures (solid black lines) for daytime (a and c) and nighttime (b and d) simulations. The 
locations of the 1500 K heat source in the 500 m and 1500 m valleys are indicated by red lines along the x axis. 
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Figure 3.19. Vertical cross sections of one-hour (time = 60 and 120 min) averaged w-variances (colour shaded; colourmap shown above), u-w
wind vectors (white arrows) and potential temperatures (solid black lines) for daytime (a and c) and nighttime (b and d) simulations. The 
locations of the 1500 K heat source in the 500 m and 1500 m valleys are indicated by red lines along the x axis. 
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3.3.6. Interaction between the fire-induced circulation and diurnal mountain winds
In this section, interaction between diurnal mountain winds and the fire-induced 

circulation is investigated because thermally-driven flows play an important role in creating 

diurnal thermodynamic structures in the valley. It was shown in Chapter 2 that in the 500 m 

valley simulation the cross-valley flow resulted in only one circulation cell, whereas in the 

1500 m valley simulation two vertically layered circulations separated by a valley inversion 

layer were found, consistent with the results of Schmidli et al. (2011), Schmidli (2013) and 

Wagner et al. (2015). Thus, atmospheric stability associated with background cross-valley 

circulations is quite different in the deeper valley. 

Figure 3.16 shows vertical cross sections of u-velocity wind and potential temperature 

evolution during the daytime 1500 K fire simulation in the 500 m valley. After 30 min into 

the simulation, the fire-induced inflow was interacting with the cross-valley flows associated 

with the ridge top plumes, while the upslope flows were still present over the slopes (Fig. 

3.20a). The subsidence associated with the fire’s convective plume penetrating into the stable 

layer forced the cross-valley flows towards the base of the convective column at the centre of 

the valley. After 60 min into the simulation, the upslope winds were replaced with the surface 

inflow of the fire plume, which is in a downslope direction (Fig. 3.20b). 

Figure

3.20. Vertical cross sections for the daytime 1500 K fire simulation of u-velocity (colour 

shaded; colour map shown above), u-w wind vectors (black arrows) and potential temperature 

(solid black lines) at time = a) 30 min and b) 60 min. The location of the 1500 K heat source 

in the 500 m valley is indicated by a red line on the x-axis.
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Figure 3.21 shows vertical cross sections of u-velocity wind and potential temperature 

evolution during the daytime 1500 K fire simulation in the 1500 m valley. The lower 

circulation cells that existed within the valley above the fire of the simulation interacted with 

the fire-induced inflows, while the upslope components of the lower circulation cells still 

prevailed for the first 30 min of the simulation (Fig. 3.21a). The upper circulation cells 

associated with the ridge top convective plume were still relatively unaffected as the fire-

induced circulation remained below the stable layer that initially separated the two circulation 

cells. After 60 min, the upslope flows were replaced by the fire induced circulation in the 

lower valley. After 90 min, the return flows were visible at the ridge top height around 1500 

m AGL (Fig. 3.21c). The fire-induced circulation appeared to be closed and confined below 

the strong stable layer sitting at the ridge top height across the valley. Thus, the fire inflows 

appear to be the return flows recirculating within the valley. 

Figure 3.21. Vertical cross sections for the daytime 1500 K fire simulation of u-velocity 
(colour shaded; colourmap shown above), u-w wind vectors (black arrows) and potential 
temperature (solid black lines) at elapsed time = a) 30 min, b) 60 min and c) 120 min. The 
location of the 1500K heat source in the 1500 m valley is indicated by a red line on the x-
axis.
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Figure 3.22 shows vertical cross sections of u-velocity wind and potential temperature 

evolution during the nighttime 1500 K fire simulation in the 1500 m valley. The cross-valley 

flows associated with nighttime downslope flows are evident at the ridge top height around 

1500 m AGL at the time of the fire simulation, whereas cross-domain jet-like flows that were 

mentioned in Chapter 2 are also visible above (Fig. 3.22a). After 40 min, it is evident that the 

downslope flows were coupled with the fire-induced inflows. It is noted that the downslope 

flows over the upper part of the slopes were brought down to the surface by the subsidence 

associated with the fire-induced return flows that advected air horizontally at the height of 

neutral buoyancy (Fig. 3.22b). The fire-induced return flows continued to extend towards the 

valley slopes, preventing the downslope flows over the upper part of the slopes from entering 

into the valley floor as part of the fire-induced inflows (Fig. 3.22c). Meantime, the flow 

convergence that is evident at the height between 1000 and 1500 m AGL appeared to be 

associated with the cross-domain jet-like flows above the ridge top that were entrained into 

the residual layer that initially existed between 1200 and 1500 m AGL at the time of the fire 

simulation (Fig. 3 22a).

Figure 3.22. Vertical cross sections for the nighttime 1500 K fire simulation of u-velocity 
(colour shaded; colourmap shown above), u-w wind vectors (black arrows) and potential 
temperature (solid black lines) at elapsed time = a) 0 min, b) 40 min and c) 120 min. The 
location of the 1500 K heat source in the 1500 m valley is indicated by a red line on the x-
axis.
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3.4. Summary and key findings

In this chapter, atmospheric processes involved in fire-atmosphere interaction in 

mountainous terrain dominated by a thermally-driven diurnal mountain wind regime were 

investigated using the ARPS model coupled with a soil model to represent the intense surface 

heating of wildfires. To include diurnal thermodynamic structures in mountainous terrain, the 

fire simulations were run using the atmospheric states generated from the high-resolution 

ARPS simulations of thermally-driven slope winds in valleys described in Chapter 2. The 

results of the 2-D fire simulations in idealised valleys allowed for more comprehensive 

analysis of the effect of atmospheric stability on convective plume development and their 

two-way dynamic interactions during wildfires. Some of the key findings are following: 

• Fire-induced circulation appeared to be characterised by inflow layers, that is 

relatively cool mixed layers and overlying warmer return flow layers, as well as 

penetrative convection over the surface convergence zone, subsidence and associated 

internal gravity waves;

• Energy containing daytime ABL turbulent eddies in the background initially enhanced 

the inflow at the surface over the heat source, resulting in enhanced updraft and 

downdraft, and return flow of the fire-induced circulations (Fig. 3.7), and the temporal 

and spatial variations of the surface heat flux, in contrast to the effects of the non-

turbulent nighttime ABL (Fig. 3.10); 

• When the convective plume from the surface heating penetrated into the stable layer 

capping the ML, warm air was entrained into the initial ML from above and advected 

horizontally, resulting in a suppression of the initial ML top. The fire-induced 

circulation at night suppressed the depth of the valley inversion layer from above 

through warm air advection within the return flow;

• The background temperature structure also influenced the development of the fire-

induced circulation along with background turbulent ABL eddies, as the stable 

stratification of the valley inversion combined with light surface winds resulted in 

slow development of the surface sensible heat flux over the heat source.

Although several key findings were presented in this chapter that provide insight into 

fire-atmosphere interactions in mountainous terrain, a simpler approach was found to be 

suitable in order to investigate the impact of atmospheric stability on fire-induced circulations 

in the valley. It was also found that several key features of fire-induced circulations such as 

penetrative convection, associated internal gravity waves, and the non-steady aspect of the 

circulation need to be investigated in more detail. Therefore, sensitivity experiments will be 

conducted in the following chapter in order to better understand the influence of atmospheric 

stability on the fire-induced circulation that may allow for generalizing their relationship 

under a broader range of atmospheric stability conditions.
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Chapter 4 

Influence of atmospheric stability on fire-induced circulation systems 
and surface wind variability: implications for extreme fire behavior

This chapter provides an examination of the impact of atmospheric stability on the surface 

heat flux and horizontal wind velocity near the fire that can cause sudden change in fire 

behaviour, by using knowledge of the interaction between wildfires and atmospheric 

boundary layer stability described in Chapter 3. Using idealized two-dimensional high-

resolution coupled fire and atmospheric numerical simulations, various initial three-layer 

atmospheric stability profiles and surface heating strengths are examined over flat terrain to 

gain more insight into how the stability profile influences updraft acceleration or 

deceleration, horizontal convergence and divergence, and fire intensity. This chapter 

therefore addresses thesis objective 2 (described in Chapter 1).

4.1. Introduction

This chapter explores relationships between atmospheric stability and thermally-
driven flow circulations induced by wildfires that can influence wildfire behaviour. It has 
long been recognized that atmospheric stability plays an important role in creating erratic fire 
behaviour characteristics during wildfires, particularly when they produce vigorous upright 
convection columns. Extreme fire behaviour is broadly defined as fire spread other than 
steady surface spread, especially when it involves rapid increases (Werth et al. 2011) and 
occasionally involves one or more of the following: a high rate of fire spread, prolific 
crowning and/or spotting, strong convection columns, or fire whirls as defined by the 
National Interagency Fire Centre (NIFC). Such fire behaviour makes fire suppression 
extremely difficult. Several mechanisms that may be responsible for causing extreme fire 
behaviour have been investigated: flashover (Dold et al. 2009; Chatelon et al. 2014), 
vorticity-driven lateral spread (Sharples et al. 2013; Simpson et al. 2013a; 2014), downward 
transport of dry, high momentum air and a deepening mixed layer driven by synoptic forcing 
(Charney and Keyser 2010), for instance. 

Potter (2002) and Jenkins (2004) investigated the effect of atmospheric properties on 
convective column development using parcel model theory. The parcel model theory 
approach, along with mass and energy conservation equations, can provide a basic 
understanding of fire convection as their utility and validity has been proven in the field of 
atmospheric sciences. Yet, its oversimplification of wildfire convection limits more 
comprehensive analysis of the effect of atmospheric stability on convective plume 
development and their interaction/feedback mechanisms. It is believed, however, that there 
are many strong parallels and areas of overlap between the study of convective storm 
dynamics and wildfire convective plume dynamics. Little work has been done to date to 
examine how the atmospheric stability profile influences updraft acceleration or deceleration 
within fire plumes, which in turn influences local horizontal convergence and divergence and 
fire intensity (Potter 2012a and b). As suggested by Potter, instability itself cannot directly 
influence the combustion process. It has to modify momentum. Vertical mixing of 
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momentum and heat due to instability is one way to affect the combustion process near the 
ground. Overall, much remains unknown regarding how instability influences fire behaviour. 
Therefore, there is a need to address largely unanswered and unexplored questions such as 
how the vertical stability structure affects wind speed at the ground.

The specific research question this chapter aims to address is: 'for given surface 
heating temperatures (500 K, 1500 K and 2500 K) and a given size, how does an initial 
atmospheric boundary layer temperature profile affect transient and quasi-steady state 
properties of dry convective plumes representative of wildfires? The goal of this chapter is 
therefore to gain insight into how the stability profile influences updraft acceleration or 
deceleration, horizontal convergence and divergence, and fire intensity using idealized 
coupled fire and atmospheric numerical simulations. 

The main objectives of this chapter are therefore twofold:
1. To better characterize multiscale flow circulations driven by the interaction between 

wildfires and atmospheric stability; and

2. To examine how atmospheric stability can impact surface heat flux and horizontal wind 

velocity that can cause sudden change in fire behaviour.

This chapter is organized as follows: the numerical model is described in Section 4.2, results 
are presented in Section 4.3 and a summary is presented in Section 4.4.

4.2. Experimental design

4.2.1. Model setup
This thesis used the Advanced Regional Prediction System (ARPS) version 5.3.4. A 

dry and initially calm model atmosphere is used in this study to allow basic characteristics of 
plume dynamics to be established and also to provide a foundation for future research with
more realistic environments. The lack of initial background winds ensures that the fire 
simulations focus on the plume-driven fire regime.

Kiefer et al. (2009) investigated the impact of the environmental wind profile on dry 
convection using two-dimensional idealized atmospheric simulations, with improved 
understanding of the balance between buoyancy and upstream flow in mind. Their numerical 
experiments revealed several plume organizational modes that showed strong sensitivity to 
the two controlling parameters (buoyancy and advection). However, they focused primarily 
on fundamental atmospheric processes that determine the organizational mode and overall 
intensity of convection and therefore, nonlinear processes that could be related to rapidly 
changing fire behaviour were not investigated. 

The base state profiles of initial Brunt-Väisälä frequency (N) were constructed from a 
three-layer structure: a constant potential temperature in the mixed layer (ML) (N1 = 0 s-1) 
and a uniform lapse rate in the free atmosphere (N3 = 0.013 s-1). Various ML heights used are 
500, 1500, and 2500 m above ground level (AGL). Two different finite potential temperature 
jumps representing a capping inversion were considered between the ML and FA: a strong 
capping inversion of 8 K potential temperature jump over a 100 m layer (N2s = 0.051 s-1) and 
0.8 K over a 100 m layer (N2w = 0.016 s-1). Sullivan et al. (1998) suggested that warm air 
advection aloft or strong subsidence can be represented by a strong potential temperature 
jump of about 6 K, similar to the weak inversion case in this study. Although the strong 
capping inversion case with 80 K km-1 may be unrealistic, it is used to examine the impact of 
an extremely strong inversion capping the ML, as was also tested by Sorbjan (1996). A stable 
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temperature stratification capping the mixed layer, similar to the daytime capping by a non-
turbulent stable layer in the ABL, is an important initial feature because any circulation 
created by surface heating will extend throughout the entire depth of the mixed layer. 

4.2.2. Surface heat flux model

In this study, the effect of the wildfire on the ground surface was represented by a 
stationary ground heating line source. This is because fires burning extremely large areas are 
characterized by: 1) burning for long durations until all available fuels within the active 
burning area are consumed; and 2) having extremely tall convection columns or smoke 
plumes and strong indrafts so that outward fire propagation is minimum (Finney and 
McAllister 2011). It allows a focus on large wildfire behaviour that is capable of “making its 
own weather” because it can modify the temperature, humidity and wind fields, once the 
fire’s intensity, as defined by heat flux, becomes sufficiently large to produce a convection 
column (Jenkins et al. 2001). 

Another important point is that wildfire spread is heavily controlled by the terrain and 
fuel characteristics along with its surrounding atmosphere. In addition, fire suppression 
activities such as backfires and man-made fire breaks also further complicate fire spread 
dynamics in reality. Therefore, a simplistic fireline shape is employed to represent actual 
fires. Fuel consumption results in the release of heat and moisture. The surface heat flux 
released by fuel consumption is calculated in the coupled weather and wildfire model, WRF-
Fire (Coen et al. 2013) for example, as a function of the change in fuel mass in each time 
step.  The surface heat flux model used in this chapter does not simulate time-varying fuel 
consumption, but it can represent one aspect of likely fire behaviour such that increased wind 
speed leads to increased fuel consumption due to more oxygen supply to the burning fuels 
and thus increased heat release as indicated by higher heat flux (Banta et al. 1992). 

Wildfires burning under weak ambient winds are generally expected to spread 
minimally in the horizontal direction, without spotting, due to inflows. This could be 
particularly true with the forest litter fuel type that results in relatively slow-moving fires with 
relatively high heat release over a longer duration when compared to light fuels such as grass 
types, as shown by Coen et al. (2013). As a result, the stationary heat source approach can be 
applicable to actual forest fires for a time duration of a few hours of simulation. In addition, 
the same approach has been used in numerical modelling studies to improve understanding of 
fire-atmosphere interaction (e.g. Cunningham et al. 2005; Cunningham and Reeder 2009; 
Kiefer et al. 2009; Simpson et al. 2013b).

The effect of a wildfire on the ground surface was prescribed as a stationary hot 
ground surface and implemented using the land-surface soil-vegetation model of Noilhan and 
Planton (1989) in ARPS, as discussed in Chapters 2 and 3, except that the fireline was 0.5 km 
wide rather than 1 km used in Chapter 2. The value of Cdh was specified as a constant value 
of 3 x 10-3, and a lower limit of 0.1 m s-1 was imposed on V in the code to avoid zero sensible 
heat fluxes under calm wind conditions (Xue et al. 2001). Simplified atmospheric radiation 
parameterization was used to neglect the radiative forcing to the atmosphere. As a result, 
there was zero net radiative flux outside the surface heat source.

The soil model used in this study works in a similar way to coupled atmosphere-
wildfire models (e.g., Clark et al. 1996; Coen et al. 2013) in the way that the two-dimensional 
surface heat flux produced by the soil model is distributed vertically through an extinction 



81

depth.  Moist and precipitation processes were omitted in the model used in this study, 
although these processes are certainly important in the formation of moist pyro-convection 
that may have a significant impact on fire behaviour (Thurston et al. 2017; Tory et al. 2018) 
including creating a downdraft and associated outflow. Such cloud formation above the fire, 
however, complicates the results and will therefore be investigated separately in the future 
using a moist version of the model. 

The results aim to improve our understanding of the complex behaviour of wildfire 
plumes that can be closely related to extreme fire behaviour. For this reason, a simple line fire 
shape was employed for the entire set of simulations and more complex fireline shapes were 
left for potential future three-dimensional modelling work.   

4.3. Results and discussion

4.3.1. Variations in surface heat flux and wind speed
This section describes the temporal and spatial variation of simulated surface heat 

flux. Because the surface heat flux Hs is dependent on fire-induced surface wind speed u and 
air temperature T as specified in the model (Eq. 4 in Chapter 3), it was used as a testing 
platform to study how a given fire can produce its own wind and feedback to overall fire 
intensity, as measured here by Hs, with a given initial static atmospheric stability. 

The simulated surface heat fluxes for the initial potential temperature profiles and 
surface heating temperature are shown in Fig. 4.1 (note that the location of the heat source is 
indicated by red rectangles on the x-axis). Increased surface heating strength (from left to 
right in Fig. 4.1) resulted in larger Hs and u-velocity as the temperature gradient between the 
heated surface and its surrounding increases. All Hs were initially symmetrical across the 
centre of the heat source, staying relatively symmetrical for ML = 500 m simulation, but 
becoming asymmetrical for both ML = 1500 m and 2500 m simulations. The magnitude of 
the Hs resulting from the 2500 K simulations was similar to the surface heat flux of 28.8 kW 
m-2 applied in Kiefer et al. (2009) and is believed to be representative of a surface fire of 
moderate intensity. It should be noted that a wide range of surface heat flux values has been 
used in previous numerical studies, including 25, 50 and 100 kW m-2 in Badlan et al. (2017) 
and 100 kW m-2 in Cunningham and Reeder (2009) representing an intense wildfire for 
example. Recent LiDAR observation of a wildfire convective plume by Lareau and Clements 
(2017) showed an estimated sensible heat flux of 87 kW m-2. For the range of heat fluxes, the 
maximum potential temperature deviations from the ambient value of 300 K near the surface 
ranged from an order of 1 K for the 500 K simulations to an order of 20 K for the 2500 K 
simulations. 
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Figure 4.1. Hovmöller diagrams of the surface sensible heat flux, Hs, simulated for the mixed 
layer height of (from bottom to top) 500 m, 1500 m and 2500 m AGL and the surface heating 
of (from left to right) 500 K, 1500 K and 2500 K. The location of the heat source is indicated 
by red/orange rectangles.   
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Figure 4.2. Hovmöller diagrams of the surface u-velocity simulated for the mixed layer 
height of (from bottom to top) 500 m, 1500 m and 2500 m AGL and the surface heating of 
(from left to right) 500 K, 1500 K and 2500 K. The location of the heat source is indicated by 
red/orange rectangles.   

Figure 4.2 shows Hovmöller diagrams of the surface u-velocity. All simulations 
initially showed diverging and converging surface winds at the centre and both edges of the 
heat source, respectively. Regardless of the three different ML heights, the simulations with 
the surface heating = 500 K (left column in Fig. 4.2) underwent the initial flow convergence 
and divergence over the first 60 min, whereas the surface heating 0f 2500 K (right column in 
Fig. 4.2) resulted in the same surface flow pattern only for the first 20 min. The surface u-
velocity was zero at the inflow convergence zone because horizontal winds decelerated as 
they were redirected up into the plume (Coen et al. 2013). After the initial adjustment, the 
ML = 500 m simulations showed overall surface inflow patterns towards the centre of the 
heat source with periodic wind intensifications regardless of surface heating strength for the 
rest of the simulation time. In contrast, both ML = 1500 m and 2500 m simulations showed 
horizontal surface winds that flowed both towards and away from the centre of the heat 
source after the initial stage, with temporal scales of several minutes to several tens of 
minutes. The surface convergence zone where the surface u-velocity was zero was no longer 
aligned at the centre of the heat source. The magnitude of the simulated u-velocities at the 
surface was in good agreement with the maximum u-velocities of 10 and 14.7 m s-1 with 
respective to surface heating of 900 and 1500 K as simulated by Heilman and Fast (1992).  

4.3.2. Flow circulations driven by fire
General characteristics of fire-induced circulation



84

This section focuses on the development of fire-induced circulations in the initial 
adjustment stage using the simulation results with ML = 500 m, surface heating = 500 K and 
a strong capping inversion simulation (N2s), but all simulations showed similar initial 
structure. The term circulation is defined here following the Miller et al. (2003) sea breeze 
paper as a scalar quantity that represents a macroscopic measure of rotation over a finite area 
of fluid in two dimensions. The thermal contrast between the heated and unheated surfaces on 
both sides of the heat source created a local pressure gradient force (PGF) directed towards 
the centre of the heat source, and as a result a shallow layer of ambient air started moving 
towards the heat source. This was analogous to the formation of the sea breeze system (SBS) 
in response to the differential heating rates of the land and sea (Miller et al. 2003). The u-w
vectors and streamlines in Fig. 4.3a indicated that circular cells developed at both edges of 
the surface heating for the first 15 minutes into the simulation, consistent with the water tank 
experiment of Simpson (1994). 

Figure 4.3. Vertical cross sections of potential temperature (K; black solid lines with a 
contour interval of 1 K, colour contour between 300 and 301 K with colour scale shown on 
top), u-w wind vectors (m s-1), and streamlines (solid green lines) for the elapsed times of a) 
15 min, b) 25 min, c) 45 min, d) 75 min and e) 95 min into the simulation. The location of the 
500 K heat source is indicated in (e) with a red box. The colourbar scale is limited up to 301 
K to highlight the horizontal thermal contrast across the boundary between ambient and 
heated air.
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The sharp, horizontal thermal contrast across the boundary between ambient and 
heated air can create a microscale (< 2 km) front, qualitatively consistent with sea breeze and 
synoptic-scale cold fronts (Miller et al. 2003). By 25 min into the simulation, two closed 
streamlines were seen on both edges of the heat source (Fig. 4.3b). The physical wedge of the 
denser ambient inflow undercutting lighter air above the heat source caused the updraft 
immediately adjacent to the inflow front. 

By 45 minutes into the simulation, the updraft was seen in the relatively cooler inflow 
air immediately behind the front (Fig. 4.3c). The updraft created by low-level convergence 
and mass conservation between the ambient inflow and heated air resulted in a raised head at 
the leading edge of the inflow (x = -0.25 km and 0.25 km). Two inner convective cells also 
formed between the updrafts as they reached the top of the ML due to flow divergence. The 
raised head then overturned as it was forced upwards. Warmer and less dense air over the 
heat source ahead of the front diverged outwards and was then entrained into the inflow 
current. Thermal instability may also be responsible for additional lift as in the case of a sea 
breeze head (Miller et al. 2003). 

Subsidence associated with a roll vortex immediately behind the raised inflow head is 
visible with contorted streamlines in Fig. 4.3d. The subsidence caused gravity waves that was 
trapped between the capping inversion and cooler inflow layer while propagating away from 
the heat source. The mixed layer depth (i.e. the • = 300 K layer) outside of the heat source 
was suppressed by this subsidence and the return flow layer aloft. 

It is a well-known phenomenon that during both sea breezes and upslope winds, 
advection of cold air in a shallow layer near the ground and return flow with advection of 
warm air at higher levels can generate a low-level inversion (Kossmann et al. 1998). This 
low-level inflow of ambient air is one example of gravity or density currents that are 
primarily horizontal flows generated by a density difference of only a few percent (Miller et 
al. 2003). The structure of an atmospheric gravity current is well established based on 
laboratory experiments and numerical simulations of thunderstorm outflows (Simpson 1994). 

A thermal overshooting its level of neutral buoyancy eventually settles back and 
spreads out horizontally around a level at which it is neutrally buoyant. Turbulence that 
persists in the detrained plume eventually decays and motion becomes horizontal. A similar 
feature may be observed when the marine layer depth just offshore is suppressed by 
subsidence due to the sea-breeze return flow circulation above the boundary layer, as shown 
in Lu and Turco (1994). This advection of potential temperature that can keep an inversion at 
lower levels, is height-dependent as can be expected when the heating rate in the boundary 
layer is dominated by strong turbulent heating by the fire. 

Streamlines in Fig. 4.3d also suggest a collision of the two inflows at the centre of the 
heat source. The u-velocities vanished at the collision point as seen in Fig. 4.2 while the 
inflow was deflected upward due to the two-dimensionality of the model and free convective 
conditions over the heat source. The simulated initial circular streamline and gradual shift of 
the cells towards the heated side have been observed in large temperature-controlled water 
tanks to simulate land and sea breeze circulation (Simpson 1994). The two inner cells that 
developed over the heat source and between the outer cells were suppressed as the two inflow 
fronts merged. This behaviour is consistent with Nicholls et al. (1991) who simulated the 
interaction between a sea breeze and deep convection over the Florida peninsula. 

Two-layer stratified sheared flow with a temperature gradient at the interface formed 
(Figs. 4.3d and e). Several wave crests and troughs associated with Kelvin-Helmholtz (K-H) 
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instability were present behind the head along the interface between the two layers of 
differing density moving relative to each other. At this time, the undiluted inflow depth was 
less than 200 m AGL. LiDAR observations by Lareau and Clements (2017) showed the 
presence of fire-induced shear layers in the convective boundary layer (CBL) along with flow 
convergence at the plume base and a region of convective overshoot and associated 
subsidence aloft. This simulation demonstrated that fire-induced circulation in the 
atmosphere capped by an inversion consists of an inflow head, an inflow gravity current, a 
compensating warmer return flow aloft and K-H waves between the two layers, all in a larger 
fire-induced flow circulation system. The horizontal advection of relatively warm air 
associated with the return flow contributed to the descent of the inversion and initial ML. 
This process is analogous to the observed descent of the inversion cap at the top of a cold 
pool due to a rapid increase of air temperature above the cold pool produced by meso-scale 
downslope warming (Zhong et al. 2001). The relationship between the characteristics of the 
fire-induced circulation and varying ML heights and surface heating is investigated in the 
following sections. 

The interaction of plumes with the overlying inversion thinned the density interface 
locally and induced strong rotational motions inside the plume interface, as showed by 
Sullivan et al. (1998). They showed two different entrainment mechanisms depending on a 
convective Richardson number, defined by 

••
• =

• •• ••

•••••
 (4-1)

where •• is the potential temperature jump of the capping inversion (K) and w* the 

convective velocity scale (m s-1) defined as (g/••
•••) ••••

••••••• •• whereas (g/••
•••) ••••

••••••• is a 
buoyancy flux and zi the average top of the ML. For Ri* = 13.6, they found that the rotational 
motions are strong enough to fold the interface and entrain warmer inversion air at the 
plume’s edge. For Ri* = 34.5, they showed that the strong stability of the inversion prevents 
large-scale folding of the interface, but strong horizontal and downward motions near the 
edge of the plume pull down pockets of warm air that are then entrained into the ABL by 
turbulent motion. In this simulation, Ri* = 17.8 with •• = 8 K, zi = 500 m and calculated w* = 
2.71 m s-1. The simulated behaviour of the convective overturning was consistent with the 
entrainment structure associated with a low Ri* of Sullivan et al. (1998).

4.3.3. Variable mixed layer depth experiments
In this section, mean characteristics of fire-induced circulations in relation to mixed 

layer depth after the initial adjustment period are described. Characteristic inflows and return 
flows were apparent regardless of the ML height of 500, 1500 and 2500 m AGL as a result of 
the formation of the fire-induced circulation system (Figs. 4.4a, c and e). Within the inflow 
layer a mean u-velocity maximum occurred underneath the strong subsidence associated with 
the overturning K-H instability. The locally increased mean u-velocity in the inflow layer was 
associated with the development of vigorous K-H waves due to the presence of strong shear 
and strong turbulent mixing along the interfacial layer, as also observed in the numerical 
simulation of density currents by Droegemeier and Wilhelmson (1987). This is also 
consistent with Simpson and Britter (1980) who found that the mean flow velocity in the 
gravity current behind a gravity current head is greater than the velocity of the head, due to 
mixing of the two fluids with different density at the leading edge of the current. The K-H 
wave formed directly over the heat source for the ML = 500 m simulation, and locally
enhanced inflow beneath the wave resulted in the relatively high surface heat flux that was 
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proportional to the magnitude of the u-velocity at the surface in the model, compared to the 
higher ML cases where the inflow did not directly influence the strength of the heat flux.

Figure 4.4. Time-averaged vertical cross sections of (left) u-velocity (colour shaded) and 
(right) pressure perturbation between 120 min and 180 min for the simulations with the initial 
ML height of 2500 m (a and b), 1500 m (c and d) and 500 m (e and f) AGL. Time-averaged 
potential temperature (solid and dashed black lines), w-velocity (dashed red: positive w, 
dashed blue: negative w), and streamlines (solid white) are also shown for the same averaging 
time. The location of the heat source is shown by a red box.

The location of these mean wind maxima also corresponded to the location of the 
maximum negative pressure perturbations, as shown in Figs. 4.4b, d and f. It should be noted 
that the pressure perturbations were calculated as the mean deviations from the initial 
pressure at each grid point. The larger negative mean pressure perturbations were associated 
with a decrease in the depth of the inflow layer, triggered by subsidence and mixing by the K-
H waves. The mean u-velocity maxima stayed closer to the heat source when the initial ML = 
500 m and shifted farther away as the height increased. 

Dynamics of the collision of the inflow fronts
Due to the similar thermal and kinematic structures of the inflow layer with gravity 

currents, the formation and destruction of an inflow front are examined here. Figure 4.5 
shows Hovmöller diagrams of the simulated u-velocity at the surface and w-velocity at 1250 
m AGL for the ML = 2500 m and the surface heating of 500 K. Stronger inflows developed 
intermittently from both edges of the heat source and moved towards its centre. This 
behaviour was different from persistent inflows observed in the 500 m ML simulation. As 
indicated in Figs. 4.3a and b, the intermittent inflow pulses were a result of the convective 
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cells that repeatedly developed at the edge of the heat source. Similar to the initial stage of 
the ML = 500 m simulation, the inflows pushed the cells towards the centre of the heat source 
and then pushed the air upwards as the cells collided. The maximum plume updraft velocity 
was controlled by the collision of the two merging cells. This process also resulted in 
pulsation of the warm air rising over the heat source, as shown in the sequence in Figs. 4.6a-
d. The pulsation also appeared similar to eddy shedding embedded in the larger fire-induced 
circulation cells. The simulated updraft variation may be related to vertical oscillations of 
wildfire plume top.

Figure 4.5. Hovmöller diagrams of a) the u-velocity at the surface and b) w-velocity at 1250 
m AGL simulated for the ML = 2500 m AGL and surface heating of 500 K. The black 
contour lines in b) show the colour shaded contours in a). 
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Figure 4.6. Time sequence cross sections of potential temperature (black solid lines; colour 
shaded between 300 and 301 K) and streamlines (white lines) for the ML = 2500 m and 
surface heating of 500 K and for a) 120 min, b) 130 min, c) 140 min and d) 150 min into the 
simulation. 

Flame pulsation has been investigated to better understand the dynamics of fire spread 
(Finney and McAllister 2011).  The observed pulsation in Hs and surface u-velocity were, 
however, not driven by the flame pulsation as the model simply simulates the coupling of the 
atmosphere and the surface heating. Thus, it suggests that the fire-atmosphere interaction can 
also produce pulsation in modes scaled by the atmospheric stability, and that can modify 
flame pulsation.

4.3.4. Variable surface heating experiments
As mentioned earlier, stronger surface heating acted to increase the horizontal 

temperature and pressure gradients at the both edges of the heat source. Thus, stronger 
surface inflow and also the return flow aloft developed and resulted in higher overall surface 
heat flux. A similar surface u-velocity pattern showing the inflows towards the centre of the 
heat source is evident with surface heating = 1500 and 2500 K and ML = 500 m simulations 
for the entire time (Figs. 4.7e and f). 
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Figure 4.7. Time-averaged cross sections of u-velocity (colour shaded) between 120 min and 
180 min for the simulations with the initial ML height of (top) 2500 m, (middle) 1500 m, and 
(bottom) 500 m AGL and surface heating of  1500 K (a, c and e) and 2500 K (b, d and f). 
Time-averaged potential temperature (solid and dashed black lines), w-velocity (dashed red: 
positive w, dashed blue: negative w) and streamlines (white solid) are also shown for the 
same averaging time. The location of the heat source is shown by a red box.

The increased surface heating for the ML = 1500 m and 2500 m simulations resulted 
in a vertical displacement of flow streamlines in the inflow layers. As a result, flow 
deceleration or reversal is evident under the wave crest of the inflow layer, visually similar to 
rotor formation beneath trapped lee waves (Vosper et al. 2006). Kuettner (1959) proposed 
that rotors are related to the hydraulic jump phenomenon, commonly observed in the 
atmosphere where boundary layer flow rapidly decelerates and the depth increases. Kiefer et 
al. (2008) showed a region of reversed flow associated with background mean flow critical 
level and its interaction with a dry convective plume of a wildfire. When the simulated flow 
separation occurred, the inflow layer appeared to descend towards the heat source, what has 
been implicitly recognized as rear inflow (Palmer 1981; Werth et al. 2011). Although the 
simulated descending inflow was not a descending rear inflow as mentioned in Potter (2012), 
because the convective plumes in this study did not tilt downwind due to the absence of 
background winds, the simulated descending flows were a sustained feature of moderate 
speed, consistent with his description. 

The simulated flow deceleration or reversal could be considered to be a wind squall, 
or sudden increase in wind speed and/or sudden shift in wind direction characteristic of an 
atmospheric bore passage (Koch et al. 2005). It is usually associated with a propagating 
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increase in stable boundary layer depth (Stull 1988). However, bore passage is also 
characterized by a sudden pressure jump (Davies et al. 2017). An adiabatic ascent also causes 
a net cooling in the lower troposphere, and weak warming and drying may occur near the 
surface as the result of turbulent downward mixing of warmer and drier air from above the 
inversion into the stable layer, as mentioned in Koch et al. (2005). This is further investigated 
in the next section.

Increasing surface heating strength (and therefore surface heat flux) shifted the mean 
u-velocity maxima at the surface associated with subsidence for some cases, as shown in 
Table 1. This is because the heated air parcel above the heat source at higher surface 
temperature should result in a greater overshooting distance in the vertical direction and 
increase the length scale of the convective eddy. For the case of thermals in the ABL, warmer 
thermals in a deeper boundary layer have greater updraft speed as the equation of vertical 
motion shows the vertical velocity to be proportional to the square root of zi and potential 
temperature perturbation of the heated air parcel (Stull 2000). The zi could also account for 
the height of penetrative convection. However, due to the presence of sharp density interface 
between the well-mixed turbulent layer and non-turbulent air in the capping stable layer, 
compensating return flows aloft at the periphery of penetrative convection cannot diverge 
very far horizontally before subsiding when the convective plume overshoots higher into the 
stable layer. 

Table 4.1. Summary of the locations (unit: m from the centre of the surface heating) of mean 
u-velocity maxima at the surface. Negative signs are omitted. Normalised values by zi are 
shown in parentheses. The left-hand column indicates initial ML height. 

N2s cases N2w cases

ML 500 K 1500 K 2500 K 500 K 1500 K 2500 K

2500 m 1500(0.6) 1100(0.44) 1150(0.46) 1150(0.46) 1550(0.62) 1750(0.7)

1500 m 1100(0.73) 750(0.5) 850(0.56) 750(0.5) 1150(0.77) 850(0.56)

500 m 100(0.2) 150(0.3) 200(0.4) 50(0.1) 300(0.6) 350(0.7)

4.3.5. Variable capping inversion experiments
In this section, the effect of a weak capping inversion (i.e. N2w) is considered.  For the 

ML = 500 m cases, mean inflow speeds were generally lower but the depth was deeper when 
the capping inversion was weak (i.e. N2w). This is because the weaker inversion allowed the 
thermal plume to overshoot to a higher altitude in the overlying stable layer. The distance d
of overshoot of penetrative convection was proportional to w* and inversely proportional to 
inversion strength N in the case of free convection, as shown in Stull (1976). The generation 
of internal gravity waves is one of the fundamental responses to a region of heating in a 
stably-stratified fluid in general (Schmidt and Cotton 1990). 

The wavelength of the internal gravity waves excited by the convective plume can be 
estimated by 2•U/N2, which represents the natural wavelength of perturbed air parcels 
oscillating vertically in statically stable conditions and embedded in an air mass moving at 
mean wind speed U (Stull 1988). As discussed in the previous sections, higher surface 
heating resulted in stronger u-velocities in the circulation system and therefore larger 
wavelength. Thus, a weaker capping inversion caused greater overshooting and entrainment. 
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In contrast, a greater percentage of the upward motion in the thermal plumes was transferred 
to the horizontal velocity component in ABLs that were capped by a strong inversion, 
consistent with the result of Sullivan et al. (1998).  

Figure 4.8. Time-averaged u-velocity (colour shaded) between 120 min and 180 min for the 
simulations with a weak capping inversion and an initial ML height of (top) 2500 m, (middle) 
1500 m and (bottom) 500 m AGL and surface heating of 500 K (a, d and g),  1500 K (b, e 
and h) and  2500 K (c, f and i). Time-averaged potential temperature (solid and dashed black 
lines), w-velocity (dashed red: positive w, dashed blue: negative w), and streamlines (white 
solid) are also shown for the same averaging time. The location of the heat source is shown
by a red box.

The strength of the rotors can be measured by the strength of the reversed flow 
(Vosper et al. 2006). Because greater ML height, stronger surface heating, and weaker 
capping inversion strength resulted in the largest amplitude and most notable flow separation 
based on the time-averaged u-velocity fields (i.e. Fig. 4.8c), one may expect the magnitude of 
the reversed wind speed to be the greatest. However, the largest time-averaged negative u-
velocity of -4.8 m s-1 at the surface under the wave crest occurred with the 1500 m ML height 
simulation with 2500 K surface heating and a strong capping inversion (Fig. 4.8e). This may 
be related to the fluctuation in magnitude of the heat flux over time that affected the 
maximum overshoot distance into the capping inversion and FA and resulting downdraft 
strength, rather than a simple function of a given surface heating temperature. Nonetheless, in 
the 18 total simulations the surface wind reversal was clearly evident when the ML = 1500 
and 2500 m and with surface heating of 1500 and 2500 K regardless of the two capping 
inversion strengths tested in this study.

Figure 4.9a shows that a rotor and associated surface wind shift formed at time = 150 
min. The wind reversal persisted for 20 minutes. Propagating buoyancy waves can be 
initiated by a vertical displacement of flow streamlines in a stratified laminar flow (Sun et al. 
2015). The simulated displacement of flow streamlines resulted from interaction between 
stably stratified shear flow and the disturbed density interface caused by the subsidence. At 
point A where strong subsidence acted to partially block the inflow layer, potential 
temperature below 2000 m AGL was much higher due to turbulent mixing of warm air from 
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the return flow aloft (Fig. 4.9). At point B where flow separation and increase in ML depth to 
about 2000 m ALG is shown in Fig. 4.9, the lifted inflow and reversed flow below the wave 
crest had nearly the same potential temperature. The vertical velocity field showed an 
updraft-downdraft couplet centred on the location of the maximum perturbation pressure 
(shown by cyan coloured contours). There existed a region of negative perturbation pressure 
with a minimum value of -4.5 hPa near x = -1.5 km that extended down into the inflow layer. 

Figure 4.9. a) Vertical cross section of the u-velocity (colour shaded) at 150 min for the 
simulation with a weak capping inversion and the initial ML height of 2500 m AGL and 
surface heating strength of 2500 K. Potential temperature (solid black lines), w-velocity 
(dashed red: positive w, dashed blue: negative w) and streamlines (white solid) are also 
shown. The region of maximum negative perturbation pressure is shown with light blue 
contour lines. The location of the heat source is shown by a red box. b) Hovmöller diagram of 
the surface u-velocity for the same simulation. The u-velocity colour scale is shown at the
right hand side. The location of the heat source is shown by a red box.

Figure 4.10 shows the vertical profile of the u-velocity and potential temperature at 
the points A and B in Fig. 4.9. The potential temperature between 200 m and 2200 m AGL at 
point A is significantly higher than at point B due to the combination of adiabatic warming 
due to the subsidence and turbulent mixing due to the K-H waves. The potential temperature 
below 200 m AGL remains undisturbed by the K-H wave overhead. A thin layer of the steep 
positive potential temperature gradient at 200 m AGL prevented the shallow inflow layer 
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underneath from mixing. The u-velocity profile at the point B shows that the depth of the 
reversed flow under the wave crest is about 700 m from the surface while the rotor is about 
2000 m tall. The potential temperature within the depth of the rotor is nearly isothermal. 

Figure 4.10. Vertical profiles of (left) u-velocity and (right) potential temperature at points A 
and B as indicated by the red and blue arrows in Fig. 4.9.

Increased u-velocity near the surface at the wave trough is due to a rapid downward 
transfer of momentum by the K-H wave as shown with streamlines in Fig. 4.9. It is also 
evident in Fig. 4.11 that the increased surface wind coincided with large negative 
perturbation pressure due to a large K-H wave overhead. Thorpe (1973) investigated 
turbulence that resulted from K-H instability at the interface between two miscible fluids in a 
two-dimensional shear flow. Energy transfer occurs during the mixing event. As a result of 
distortion of the density field (i.e. internal wave field remaining in the final flow) in the 
inflow layer, kinetic energy is temporarily transferred to/from potential energy. Therefore, the 
horizontal inflow maxima at the surface was dynamically induced behind the inflow front. 
This finding is consistent with observational studies of thunderstorm outflows by 
Droegemeier and Wilhelmson (1987) and Wakimoto (1982), who showed that the surface 
pressure drop after the initial gust front passage sometimes coincides with a secondary 
horizontal wind speed maximum often found well behind the gust front. The simulated rotor 
formation arising from the internal hydraulic jump due to the potential energy gain is 
analogous to other observed atmospheric phenomena such as the formation of downstream 
leeside rotors that are influenced by strong turbulence forced by wave breaking in the 
stagnation region (Smith and Skyllingstad 2009).
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Figure 4.11. Surface u-velocity (top) and perturbation pressure (bottom) from Fig. 4.9a. 

4.3.6. Effect of atmospheric stability on overall heat release
To summarise the effect of varying surface heating, ML height, and capping inversion 

strength on temporal variation of total heat release per unit length, time series of the 
integrated surface heat flux over the width of the heat source, Q (kW m-1), are shown in Fig. 
4.12. It should be noted that Q has the same unit as fire intensity defined in Alexander (1982). 
As stated earlier, the reason why the simulations with the ML = 500 m resulted in the highest 
integrated heat flux over the heat source (see Table 4.2) is that the surface wind maxima 
associated with the K-H wave breaking and the transfer of momentum occurred directly over 
the heat source, while higher ML depth simulations showed the surface wind maxima farther 
away from the heat source due likely to their overturning eddy size which is mainly scaled 
with the ML depth. Consequently, the surface heat flux, a function of u-velocity at the 
surface, increased and stayed relatively high when compared to the results of ML = 1500 and 
2500 m. 
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Figure 4.12. Time series of integrated heat flux over the heat source, Q, for (top) strong and 
(bottom) weak capping inversion cases for the 500 K (a and d), 1500 K (b and e) and 2500 K 
(c and f) simulations. The ML heights were shown in colour in the legend of c). 

As can be seen in Table 4.2, the effects of two independent atmospheric stability 
parameters, ML height and inversion strength, on the time-averaged integrated heat flux over 

the heat source ••, standard deviation of the integrated heat flux •Q, total heat release Qtotal, 
maximum air temperature perturbation near the surface over the heat source ••smax, are 
relatively small compared to the effects of surface heating strength on the variables. The 
mean inflow velocities are approximately half of the free convective velocity scale w*
calculated using zi and Hsmax, consistent with a laboratory study of the urban heat island in a 
calm and stably stratified environment by Lu et al. (1997). It should be noted, however, that 
the zi is the initial ML height and does not account for the subsidence caused by the return 
flow aloft above the initial ML, and the actual zi should be lower after the initial development 
stage. The calculated free convective time scale t*, the time it takes for air in the thermal to
travel once through the entire ML (Stull 1988), ranges between about 9 minutes for the weak 
surface heating in the high ML to about 1 minute for the strong surface heating in the low 
ML, as compared to on the order of 5 to 15 minutes for many ML. However, t* in this case 
does not account for the additional vertical displacement caused by penetrative convection. 
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Table 4.2.  Summary of maximum surface heat flux Hsmax, time-averaged integrated heat flux 

over the heat source ••, standard deviation of the integrated heat flux •Q, total heat release 
Qtotal, maximum air temperature perturbation near the surface over the heat source ••smax, and 
free convective velocity scale w*and time scale t* obtained from the 18 simulations. Note
that the •Q was calculated for time = 120-180 minutes.  

N2s cases
Surface 
heating zi Hsmax •• •Q Qtotal ••smax w* t*
 (K) (m AGL) (kW m-2) (kW m-2) (kW m-2) (MW m-1) (K) (m s-1) (min)

500 1.2 5.2 0.5 0.9 1.8 2.71 3.07
500 1500 1.1 2.9 0.7 0.5 1.3 3.76 6.66

2500 1.1 2.9 0.8 0.5 1.4 4.53 9.20

500 17.2 71.9 15.7 13.0 10.0 6.55 1.27
1500 1500 20.3 54.0 15.1 9.8 11.7 9.97 2.51

2500 19.3 48.8 24.5 8.8 11.3 11.64 3.58

500 38.6 169.1 43.6 30.6 17.3 8.57 0.97
2500 1500 43.8 128.7 37.4 23.3 25.2 12.89 1.94

2500 64.3 165.0 71.3 30.0 24.2 17.38 2.40

N2w cases
Surface 
heating zi Hsmax •• •Q Qtotal ••smax w* t*

(K) (m AGL) (kW m-2) (kW m-2) (kW m-2) (MW m-1) (K) (m s-1) (min)

500 1.5 5.0 0.4 0.9 2.0 2.90 2.87
500 1500 0.9 2.8 1.2 0.5 1.5 3.50 7.14

2500 1.1 2.9 0.7 0.5 1.2 4.44 9.39

500 15.0 60.0 10.4 10.9 9.4 6.26 1.33
1500 1500 20.4 45.7 14.6 8.3 11.0 10.01 2.50

2500 22.3 55.9 18.5 10.1 11.4 12.20 3.41

500 38.0 122.0 46.2 22.1 16.8 8.53 0.98
2500 1500 54.1 119.5 44.0 21.6 24.0 13.84 1.81

2500 70.6 149.8 77.0 27.1 23.8 17.93 2.32

The t* shown in Table 4.2 can explain the periodicity of surface heat fluxes presented 
in Chapter 3. For example, there is visual evidence of periodicity with 2-3 min periods in the 
surface heat flux plots in Figs. 3.4, 3.5, and 3.12. The time intervals are similar to the t* 
calculations using the valley depths and surface heating strengths. Kiefer et al. (2009) also 
found oscillatory perturbation temperature behaviour of about 1 min period near the surface 
in spite of aperiodic development of convection. As convective plumes of wildfires produce 
much stronger vertical velocities compared to those produced by thermals in CBL, it is not 
surprising to see such fine-scale fluctuations associated with the simulated plume dynamics. 
Observations suggest that air in a thermal roughly takes 5-15 min to cycle once in CBLs 
(Stull 1988). It is also noted that the periodic behaviour with 20-25 min intervals was also 
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evident in the results, and it may be related to plume pulsation and associated eddy shedding 
process embedded in the larger fire-induced circulation cells (see section 4.3.3).

4.3.7. Variations in near-surface TKE
Total TKE near the surface shows the enhanced TKE outside the heat source (Fig. 

4.13). It is noted that because the vertical velocity is zero at the surface, only u variance 
contributes to the resolved TKE. The difference in the TKE is less noticeable between the
500 m and 1500 m initial ML heights. However, the 2500 m case resulted in much higher 
TKE near the surface outside of the surface heating zone, indicating more variable winds as 
compared to the lower ML cases. The magnitudes of SGS TKE are nearly the same for the 
three cases, highlighting the primary contribution of the resolved TKE. Weaker inversion 
case generated a similar TKE in magnitude although some minor spatial variations in the total 
TKE are seen.     

Figure 4.13. Time-averaged total (solid lines) and SGS (dashed lines) TKE at the surface for 
the 2500 K simulations. The location of the heat source is shown by a red box.

4.4. Summary and key findings

A primary goal of this chapter was to gain insight into how the stability profile 
influences updraft acceleration or deceleration, horizontal convergence and divergence, and 
fire intensity using idealized two-dimensional high resolution coupled fire and atmospheric 
numerical simulations. The main objectives were: 1) to characterize multiscale flow 
circulations driven by interaction of wildfire and atmospheric stability; and 2) to examine 
how atmospheric stability can impact surface heat flux and horizontal wind velocity that can 
cause sudden change in fire behaviour. Key features of the results are the following: 
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• Fire-induced wind systems that developed under the 3-layer atmospheric structure, a 

layer of a constant potential temperature in the ML, a uniform lapse rate in the FA. a 

capping inversion between the them, consisted of a thermally-driven circulation that 

was comprised of vertically rotating mesoscale flow circulations with density current-

like inflow heads, updraft over the heat source, penetrative convection and 

subsidence, warm air advection of return flow above the ML, and dynamically-

induced K-H instability arising from stratified shear flow; 

• It was found that the role of K-H instability at the inflow-return flow interface was to 

cause a density difference in the inflow layer as a result of mixing. This variation in 

the inflow layer depth generated surface u-velocity maxima at the surface directly 

underneath the wave trough where the K-H waves formed and the surface wind 

reversal below the wave crest due to a hydraulic jump. This dynamically induced 

rotor not only affects the spatio-temporal variations of the surface heat flux but may 

also control overall fire spread as it forms between the zone of subsidence and the 

base of the convective plume; 

• Results suggest that a higher ML, stronger surface heating, and weaker inversion is 

favourable for the surface wind reversal near the fire and thus extreme fire behaviour;

• The simulations with ML = 500 m resulted in the highest integrated heat flux over the 

heat source (see Table 4.2) and surface wind maxima associated with the K-H wave 

breaking, as well as the transfer of momentum directly over the heat source, while 

higher ML depth simulations showed the surface wind maxima farther away from the 

heat source due likely to their overturning eddy size which is mainly scaled with the 

ML depth.
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Chapter 5 

Three-dimensional modelling of fire-induced circulation systems and 
investigation of surface wind and sensible heat flux variability

This chapter is an examination of the robustness of the key findings based on two-
dimensional simulations in Chapter 4 using three-dimensional model configurations. The key 
findings in Chapter 4 included the formation of atmospheric rotors that affected spatio-
temporal variations of the surface heat flux and may control overall fire spread due to the 
surface wind reversal formed between the zone of downdrafts and the base of a convective 
plume. The result of the sensitivity experiments also suggested that a combination of a deeper 
mixed layer, stronger surface heating, and a weaker inversion was generally favourable for 
the surface wind reversal near the fire and thus extreme fire behaviour. Therefore, this 
chapter contributes to addressing thesis objective 2 (described in Chapter 1), before 
conclusions of the thesis are provided in Chapter 6.

5.1. Introduction

The specific research question this chapter aims to address is: how does running the 
ARPS model in three-dimensional mode affect the nature of the surface wind reversal near 
the fire as simulated in the 2-D models in Chapter 4?

Moeng et al. (2004) investigated the performance of a two-dimensional (2-D) version 
of a 3-D large eddy simulation (LES) code where all y derivatives are set to 0, in representing 
3-D atmospheric convection in a freely convective ABL using dry convection. They noted 
that the 2-D convective plumes in the 2-D model can only be interpreted as hypothetical 
plumes that can behave somewhat like 3-D plumes. The strong dependence of TKE on SGS 
eddy viscosity in the 2-D turbulence model is a fundamental difference from LES simulations
(Moeng et al. 2004). The total amount of TKE of the dry convection in the 2-D model is 
controlled by the imposed SGS eddy viscosity necessary to dissipate energy due to lack of an 
energy cascade from energy-containing eddies to the SGS, whereas the total TKE in the LES 
should be independent from the SGS closure assumptions, but depends essentially on the 
surface heat flux or forcing. They explained that is why horizontal and vertical velocity 
variances in the 2-D model remain at the energy-containing range when compared to the LES 
model. In the LES, any changes made to the SGS model affect only the inertial subrange that 
contains a relatively small amount of the total TKE. Overall, it is reasonable to consider such 
2-D turbulence models as a parametrization scheme rather than a simulation for 3-D 
convection. There is no theoretical basis in the 2-D version of the governing equations as to 
which motions are explicitly resolved and those that are not.

It is also well-recognised that 2-D and 3-D turbulence resolving simulations are 
physically and numerically different due partly to the absence of vortex stretching in the third 
dimension in 2-D simulations (Katurji et al. 2011). Therefore, additional numerical 
simulations with a 3-D model configuration are designed for one selected case from the series 
of 2-D simulations conducted in Chapter 4. The main goal of this chapter is to compare the 2-
D model solution to that of a 3-D simulation in order to assess the robustness of the 2-D 
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results. In particular, the surface wind reversal associated with a rotor formation identified in 
Chapter 4 needs to be tested in a 3-D model. 

5.2. Experimental design
This study used the Advanced Regional Prediction System (ARPS) version 5.3.4. The 

computational domain and model configuration for the simulations in this chapter were the 

same as for Chapter 4 except for extending the y domain to 5 km in order to give the third 

dimensionality. The lateral boundary conditions were open in the x-direction and periodic in 

the y-direction. The periodic boundary configuration ensures no mass and energy transport 

into and out of the computational domain by forcing the values of dependent variables to be 

identical at the north and south lateral boundaries, and that leads to an infinitely long fireline 

length. An open boundary was also tested (not shown) and resulted in the development of 

strong low-level inflows, in the crosswind direction, that were proportional to the fireline 

length in the y-direction, making the simulations less comparable to the 2-D simulations 

performed in Chapter 4. Coriolis force was deactivated because non-dimensional Rossby 

number shows that the Coriolis term has a negligible effect on fire-induced flows associated 

with a strong pressure gradient (e.g. Neumann 1984; Catalano and Cenedese 2010).

Furthermore, Tohidi et al. (2018) and Zhou (2018) suggest that the Coriolis force is 

considered to have a negligible effect on firewhirl formation due to its size being much 

smaller than the radius of the Earth. The model was integrated for two hours starting from an 

atmosphere at rest with no moisture. 

Table 5.1. Configuration of the ARPS model used in this chapter.

Horizontal domain size 25 km x 5 km 

Atmospheric mesh (x, y and z) 500 x 100 x 200

Horizontal grid spacing 50 m

Model top 10 km

Vertical grid spacing 20 m (surface); 50 m mean

Simulation length 2 hrs

Time step 0.1 s

Subgrid-scale closure 1.5 TKE

Lateral boundary conditions x-dir: Open, y-dir: Cyclic 

Surface layer physics constant drag coefficient

Radiation physics simplified radiation scheme

ABL depth predicted

moist processes off

cloud microphysics off

Coriolis force deactivated

Lengths of the ignition line 0.5 and 1 (0.5 and 5) km in x (y)-dir

Heat distribution depth 200 m 

Soil type sandy loam

Vegetation type cultivation
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5.3. Results and discussion

5.3.1. Surface sensible heat flux and wind variations
In this section, results of the 3-D simulation with 2500 K surface heating that is 500-

m wide in the x-direction and 5 km long in the y-direction and an initial mixed layer (ML) of 
2500 m deep are discussed to examine if the 3-D simulation reproduced the 2-D simulation 
results presented in Chapter 4. This example was selected from Chapter 4 because the 
specific setup of the ML height and surface heating produced a surface wind reversal near the 
heat source (e.g. see Figs 4.7b and 4.8c). 

Simulated surface sensible heat flux, Hs, and surface u-velocity are shown in Fig. 5.1. 
Compared with the 2-D results in Chapter 4 (top right of Figs. 4.1 and 4.2), the 3-D 
simulation resulted in lower Hs and weaker u-velocity although both 2-D and 3D results were 
nearly identical for the first 40 min in terms of their overall geometries. The surface u-
velocity in the 3-D simulation was rather symmetrical across the surface heating for the entire 
simulation time. Development of surface inflows towards the heat source continued 
throughout the simulation while reversed surface flows were evident just outside of the heat 
source after 40 min. 

Figure 5.1. Hovmöller diagrams of y-averaged a) surface sensible heat flux, Hs, and b) the 
surface u-velocity simulated for the initial mixed layer height of 2500 m AGL, surface 
heating of 2500 K and a strong capping inversion. The location of the heat source is indicated 
by a red rectangle on the x-axis. It should be noted that the x ranges are different for the two 
diagrams. The results of c) surface sensible heat flux and d) surface u-velocity from the 2-D 
simulation presented in Chapter 4 (top right of Figs. 4.1 and 4.2) with the same fire and 
atmospheric setups are also presented here for comparison.
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5.3.2. Vertical wind and temperature structures
To relate the variations of surface sensible heat flux and u-velocity presented in the 

previous section to the fire-induced circulation, vertical cross sections of u-velocity are 
presented in Fig. 5.2. The evolution of the convective plume during the initial development 
stage generally appeared to be the same between the 2-D and 3-D results. At first, two 
counter-rotating circular convective cells developed over the heat source (Fig. 5.2a). A 
convective plume then began to penetrate into the overlying stable layer at time = 30 min 
(Fig.5.2b). Horizontal advection of potentially warm air away from the heat source caused a 
lowering of the initial mixed layer to below 2000 m AGL (Fig. 5.2c). A wave-like interfacial 
zone between inflow and overlying return flow layers was evident in Fig. 5.2d. 
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Figure 5.2. Vertical cross sections (x vs. z), taken from the centre of the y-domain, of 
instantaneous u-velocity (m s-1; colour shaded) for the simulation times shown on the right, 
with the initial ML height of 2500 m AGL, surface heating of 2500 K and a strong capping 
inversion as specified in Chapter 4. The potential temperature (solid and dashed black lines), 
w-velocity (red: positive w, blue: negative w) is also shown for the elapsed times of a) 20 
min, b) 30 min, c) 40 min and d) 50 min into the simulation. The location of the heat source 
is shown by a red rectangle on the x-axis. 

In Fig. 5.2d, u-velocity maxima in the inflow layer can be seen between 1 and 1.5 km 
away on both sides of the heat source at time = 50 min. The local maxima also appeared 
nearly at the same locations in the time-averaged cross section between time = 60 and 120 
min in Fig. 5.3. These locations also corresponded to the locations of gravity wave troughs 
along the interface between the inflow and return flow associated with the penetrative 
convection discussed in Chapter 4. These features were consistent with the 2-D simulation, 
suggesting that the well-known fundamental difference of a systematic energy cascade 
between 2-D and 3-D turbulence affected the overall magnitudes of the inflows, return flows, 
and surface heat flux, but overall thermodynamic and flow structures associated with the 
feedback processes between a free convection and ABL remained very similar. This result is 
not surprising as Moeng et al. (2004) found that when modelling atmospheric convection in 
the free convective ABL, potential temperature and vertical distribution of heat flux and 
moisture are not very sensitive to the model dimensionality and thus likely to be reasonable 
from the 2-D simulation. They showed that 2-D plumes were scaled with an ABL height 
below a capping inversion in their simulation. However, u- and w-velocity variances and 
TKE were shown to be sensitive, and their 2-D model overestimated the variances and TKE 
throughout the bulk of the ABL when compared with their 3-D result. Nonetheless, Kiefer et 
al. (2009) noted that in their 2-D modelling study investigating the impact of the 
environmental wind profile on dry convection, besides a minor difference between the 2-D 
and 3-D results the organisational modes of dry convection were generally reproduced well in 
3-D. 
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Figure 5.3. Time-averaged cross section (x vs. z) of u-velocity (m s-1; colour shaded) between 
60 min and 120 min for the simulation with an initial ML height of 2500 m AGL, surface 
heating of 2500 K and a strong capping inversion. Time-averaged potential temperature (K; 
solid black contour lines), positive w-velocity (solid red contour lines), and streamlines 
(white solid lines) are also shown for the same averaging time. The location of the heat 
source is shown by a red rectangle on the x-axis.

5.3.3. Rotor formation in 3-D simulation
A surface wind reversal associated with density variation within the inflow layer, a 

hydraulic jump phenomenon and rotor formation was one of the key findings from the 2-D 
simulations in Chapter 4. The vertical cross section of the u-velocity at time = 60 min shown 
in Fig. 5.4 is generally very similar to the 2-D simulation shown in Fig. 4.9a (in Chapter 4) 
although their timings are different. In the 2-D simulation, the reversed surface flow depth 
was about 700 m AGL (Figs. 4.9 and 4.10 in Chapter 4) with its magnitude of over 10 m s-1, 
whereas it’s only 200 m AGL and about 5 m s-1 in the 3-D case. The reduced magnitude of 
the u-velocity in the 3-D simulation was expected since Doyle and Durran (2007) examined 
the dynamics and internal structure of mountain-wave-induced rotors using 2-D and 3-D 
simulations, and they found that the time-averaged near-surface reversed flow exceeded 26 m 
s-1 in the 2-D case whereas it was merely about 7 m s-1 in the 3-D case. The minimum value
of a low pressure centre was only -0.7 hPa (Fig. 5.4) as compared with -4.5 hPa in the 2-D 
simulation. 
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Figure 5.4. Vertical cross section (x vs. z) of the u-velocity (colour shaded) at 60 min for the 
simulation with a strong capping inversion and the initial ML height of 2500 m AGL and 
surface heating strength of 2500 K. Potential temperature (solid black lines), w-velocity 
(dashed red: positive w, dashed blue: negative w) with a contour interval of 2 m s-1, and 
streamlines (white solid) are also shown. The region of maximum negative perturbation 
pressure is shown with light blue contour lines (the minimum value of -0.7 hPa). The location 
of the heat source is shown by a red box on the x-axis.

The simulated atmospheric rotor formation and associated surface wind reversal 
appeared to be somewhat analogous to terrain-induced rotor dynamics. Atmospheric pressure 
perturbations produced by topography can accelerate or decelerate flow fields depending 
upon the direction of the pressure gradient. Katurji et al. (2011) showed through their 
numerical simulations that surface based patches of pressure variations roughly corresponded 
to the passage of atmospheric boundary layer rotors shed on the lee side of a hill. High wind 
speed over sloped terrain created detached flow from its streamlined regime and resulted in 
the formation of a recirculation zone on the lee side induced by a negative pressure 
perturbation and counter pressure gradient. 30 min-averaged pressure perturbations in their 
study ranged from -0.8 to 0.2 hPa, similar in magnitude to this study. 

5.3.4. Simulation with 1-km wide surface heating
Another numerical experiment was conducted with a 1 km-wide surface heat source 

in the x-direction instead of a 0.5 km-wide surface heat source. The surface wind reversal 
observed after time = 40 min in the 500 m-wide heat source simulation presented above was 
not present in this case (Fig. 5.5a). A local inflow maximum appeared closer to the heat 
source (Fig. 5.5b).  The wider heat source resulted in a stronger updraft above it (see the red 
solid contours in Fig. 5.3 compared to Fig. 5.5b) similar to the effect of increasing surface 
heating temperature examined in Chapter 4. As mentioned in the variable surface heating 
experiments (Section 4.3.4), greater penetration of a convective plume into an overlying 
stable layer seemed to have shifted the local inflow maxima towards the heat source due to 
the presence of sharp density interface between the well-mixed turbulent layer and non-
turbulent air in the capping stable layer, which prevented return flows aloft at the periphery of 
penetrative convection from diverging very far horizontally before subsiding. Consequently, 
surface wind reversal associated with counter pressure gradient did not form as the strong 
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surface heating had a dominant influence on the surface pressure perturbation. The results 
suggest that the location of the downdrafts resulting from a penetrative convection determines 
the formation of the surface wind reversal in addition to the ML height and surface heating 
and capping inversion strength explored in Chapter 4. The downdraft too close to the heat 
source resulted in enhance inflows (and surface sensible heat flux) without the surface wind 
reversal.

Figure 5.5.  a) Hovmöller diagram of y-averaged surface u-velocity simulated for an initial 
mixed layer height of 2500 m AGL, a 1 km-wide surface heat source of 2500 K and a strong 
capping inversion, and b) Time-averaged cross sections of u-velocity (colour shaded) 
between 60 min and 120 min. Time-averaged potential temperature (solid black lines), 
positive w-velocity and streamlines (white solid) are also shown for the same averaging time. 
The location of the heat source is shown by a red rectangle on the x-axis.

5.3.5. Boundary conditions and fireline length in the y-direction
Additional considerations regarding 3-D modelling of fire-atmosphere interaction are 

discussed in this section. First, the consequence of using the periodic boundary condition in 
the y-direction is considered by testing a zero gradient boundary condition instead. Figure 5.6 
shows x-z plane vertical cross sections of u-velocity for the simulation with the zero gradient 
boundary condition in the y-direction instead of the periodic boundary condition. The result is 
nearly the same between the two boundary conditions. 
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Figure 5.6. Same as Fig. 5.2 but with a zero gradient boundary condition in the y-direction
instead of a periodic boundary condition. 

Second, a fire with 0.5 km by 0.5 km square shape is considered here. The results of 
the square-shaped (i.e. 0.5 km by 0.5 km) fire simulation in Fig. 5.7 showed much weaker 
inflow and return flow velocities as compared to the simulation with 0.5 km wide and 5-km 
long fireline in the x- and y-directions, respectively (Figs. 5.2 and 5.6). The inflow developed 
in both x- and y-directions in a similar manner as compared to the fireline simulations where
there was no fire-induced circulation developed along the y-axis. The updraft velocity was 
stronger but downdraft was less energetic in the square-shaped fire simulation. Weaker 
surface inflow also resulted in a lower magnitude of surface sensible heat flux (Fig. 5.8a). 
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Increasing the area of the surface heating to 1 km by 1 km resulted in slightly stronger fire-
induced circulation as expected (Figs. 5.8c and d). The surface wind reversal outside of the 
surface heating shown in Fig. 5.1 is still evident in the square-shaped simulation but with 
much less magnitude (Fig. 5.8b). This suggests that either stronger surface heating (and 
resulting heat flux) or larger area is needed to produce the same magnitude of the fire-
induced circulation and associated atmospheric rotors near the surface to affect fire 
behaviour, despite the fact that the convective plume developed over the square-shaped fire 
penetrated into the overlying free atmosphere at higher altitudes (Fig. 5.7) compared to the 
fireline (i.e. 1 km by 5 km) simulation (Fig. 5.6). It was also found that there were very minor 
differences in the results between the periodic and zero gradient boundary conditions for the 
square-shaped fire simulations. 

Figure 5.7. Vertical cross sections (x vs. z) taken from the centre of the y-domain of 
instantaneous u-velocity (colour shaded) for the simulation times shown on the right, with the 
initial ML height of 2500 m AGL, surface heating of 2500 K with 0.5 km by 0.5 km square 
shape and a strong capping inversion. The potential temperature (solid and dashed black 
lines), w-velocity (red: positive w, blue: negative w) is also shown for the elapsed times of a) 
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20 min, b) 30 min, c) 40 min and d) 50 min into the simulation. The location of the heat 
source is shown by a red rectangle on the x-axis.

Figure 5.8. Hovmöller diagrams of (a and c) surface sensible heat flux, Hs, and (b and d) the 
surface u-velocity, (top) averaged over the 500 m heat source in the y-direction, simulated for 
the initial mixed layer height of 2500 m AGL, surface heating of 2500 K with a 0.5 km by 0.5 
km square shape and a strong capping inversion. (bottom) same as the top figures but 
averaged over the 1 km heat source in the y-direction, simulated for the initial mixed layer 
height of 2500 m AGL, surface heating of 2500 K with a 1 km by 1 km square shape and a 
strong capping inversion The location of the heat source is indicated in each case by red 
rectangles on the x-axis. It should be noted that the x ranges are different for the two 
diagrams.

5.4. Summary and key findings

The specific research question this chapter aimed to address was: how does running 
the ARPS model in three-dimensional mode affect the nature of the surface wind reversal 
near the fire as simulated in the 2-D models in Chapter 4? Therefore, additional numerical 
simulations in a 3-D configuration were conducted for one selected atmospheric case based 
on the results of the 2-D simulations conducted in Chapter 4. The first experiment used a 
2500 K surface heat source that was 500-m wide in the x-direction and an initial ML height 
of 2500 m with a strong capping inversion as used in the 2-D experiments in Chapter 4, while 
the second experiment used a 1-km wide heat source instead. Key findings were:

• The overall magnitudes of the fire-induced circulation such as the inflows, return 
flows, updrafts and surface heat flux were lower in the 3-D simulation as compared to 
the 2-D simulation. However, overall thermodynamic and flow structures associated 
with the feedback processes between free convection and the ABL remained very 
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similar and are thus not very sensitive to the model dimensionality. Therefore results 
from the 2-D simulation are likely to be reasonable.

• The surface wind reversal associated with density variations within the inflow layer, a 
hydraulic jump phenomenon, and rotor formation was one of the key findings from 
the 2-D simulations in Chapter 4 and was generally well reproduced in the 3-D 
simulation. However, the reversed surface flow depth was much lower (700 m AGL 
in 2-D versus 200 m AGL in 3-D) and the velocity was also smaller in magnitude 
(over 10 m s-1 in 2-D versus 5 m s-1 in 3-D), which is consistent with Doyle and 
Durran (2007) who examined the dynamics and internal structure of mountain-wave-
induced rotors using 2-D and 3-D simulations.

• Another numerical experiment with a 1 km-wide surface heat source resulted in local 
inflow maxima closer to the heat source and absence of the surface wind reversal 
associated with the rotor formation, which suggests that the location of the downdrafts 
resulting from penetrative convection determines the formation of the surface wind 
reversal, in addition to the ML height and surface heating and capping inversion 
strengths as explored in Chapter 4. 
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Chapter 6 

Summary and conclusion

Research questions and objectives of this thesis are first revisited. The main aim of 
this thesis was to improve understanding of the fundamental effect of ABL stability on a 
wildfire's convective plume by simulating plume-driven fires, vortex dynamics, and their 
feedback processes. 

There were two thesis objectives described in Chapter 1. The first objective was to 
identify atmospheric processes involved in plume-dominated fires concerning ABL stability 
typical of weak synoptic atmospheric conditions. The second objective was to examine the 
variability of surface wind strength driven by the convective column of plume-dominated 
fires and its interaction with the atmospheric stability in the ABL.

Specific research questions were:

1. What atmospheric processes are associated with the convective plume of wildfires 
developed in the ABL under weak synoptic influence? 

2. What atmosphere-fire feedback factors affect variability in the surface wind (and 
surface sensible heat flux) that primarily controls fire spread? 

6.1. Summary of key findings
It was found that the fire-induced circulations developed in the daytime and nighttime 

ABL simulations in idealized valleys were characterised by:

• an inflow layer that is a relatively cool mixed layer overlain by a warmer return flow 
layer, 

• penetrative convection over the surface convergence zone, and

• downdrafts and resulting internal gravity waves. 

As the convective updraft penetrated into the stable layer capping the ML, warm air 
was mixed into the ML from above and advected horizontally, resulting in a lowering of the 
initial ML top outside of the plume region. The fire-induced circulation at night suppressed 
the depth of the valley inversion layer from above through warm air advection associated 
with the return flow (Fig. 3.10).

To achieve the second objective, 2-D numerical model sensitivity experiments were 
conducted by varying atmospheric components (ML height and capping inversion strength) 
and a fire component (surface heating strength). It was found that when the convective plume 
penetrated into the overlying stable layer, the strength of the circulation locally increased due 
to transfer of momentum across the density interface between relatively cool inflow and 
warmer overlying return flow (Chapter 4). Kelvin-Helmholtz (K-H) and propagating 
mesoscale gravity waves at the inflow-return flow interface resulted in horizontal variations 
of the inflow layer depth. Surface u-velocity maxima at the surface were observed directly 
underneath the wave trough where the K-H waves formed, and a surface wind reversal 
occurred below the wave crest due to boundary layer separation and resulting rotor formation. 
This is believed to be the most direct implication as far as fire spread is concerned because 
this structure forms near the heat source in a non-linear fashion so that rapid changes in the 
rate and direction of the fire spread can occur without the influence of the background mean 
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flows. Results suggest that the combination of a deeper ML, stronger surface heating, and 
weaker inversion are favourable for generating the surface wind reversal near the fire. The 
latter can result in outward fire propagation due to convective heating of unburnt fuels as the 
wind reversal occurs between the zone of subsidence and the base of the convective plume. It 
is hypothesised that the overshooting distance d of the penetrative convection may be related 
to the convective velocity w* that is a function of the buoyancy flux and initial mixed layer 
height as shown in Stull (1976). This may be because the overshooting distance d of the
penetrative convection is related to the convective velocity that is a function of the buoyancy 
flux and initial mixed layer height. This distance also appeared to be inversely proportional to 
the capping inversion strength and related to downdraft and gravity wave generation along 
the inflow-return flow density interface that controls the surface wind reversal.

Simulations with the ML depth of 500 m resulted in the highest integrated heat flux 
over the heat source (see Table 4.2) with surface wind maxima associated with K-H wave 
breaking and the vertical transfer of momentum occurring directly over the heat source, while 
the deeper ML simulations showed the surface wind maxima farther away from the heat 
source likely due to the overturning eddy which is mainly scaled with ML depth.

3-D simulations conducted to test the robustness of the 2-D results reproduced a very 
similar rotor formation but with a reduced depth and magnitude of the surface wind reversal 
(Chapter 5). 

Some of the idealized modelling results in this thesis are also supported by several 
previous observations of plume dynamics during wildfires. Banta et al. (1992) observed 
strong persistent downdrafts in both the upwind and downwind directions several kilometres 
away from the fire. The simulated downdraft locations in this study ranged from less than a 
kilometre to over one kilometre away from the heat source, as they were scaled mainly with 
initial ML height but also modified by the surface heating temperature and capping inversion 
strength. The simulated convective plume developments and their general thermodynamic 
and wind structures concerning the ABL stability examined here appear to be in good 
qualitative agreement with recent Doppler LiDAR observations of wildfire plumes made by 
Lareau and Clements (2017).

6.2. Major contribution to the subject area
This thesis investigated general plume-atmosphere interactions that may contribute to 

the development of extreme wildfire behaviour under various ABL stability profiles. Plume 
dynamics perhaps is the most complex part of fire-atmosphere interaction, and little is known 
about the influence of atmospheric stability profiles on plume dynamics. The results of this 
thesis contribute to the generation of new knowledge in the area of wildland fire research as 
follows: 

The overall results of this study potentially provide a step towards constructing 
new wildfire behaviour indices relevant to plume dynamics scales, specifically for 
meteorological conditions dominated by weak synoptic forcing. Meteorological 
conditions found here to be important for fire behaviour involve the combination of ML
depth, surface heating intensity, and inversion strength. Capping inversion strength and ML 
depth can be obtained from nearby vertical atmospheric soundings or fire weather forecast 
model output. The validity of the Haines Index (Haines 1988) has been questioned and 
examined several times. For example, Potter (2018a and b) suggested that the index lacks 
scientific basis and needs to be revised or preferably replaced as a result of advances in our 
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understanding of fire-atmosphere interaction over recent decades. While the Haines Index has 
been used to rate the potential for large fire growth or extreme fire behaviour, it is not capable 
of discriminating atmospheres with different ML depths and the presence or strength of an 
inversion capping the ML (Jenkins et al. 2004). This thesis has shown that penetrative 
convection to greater height could produce a surface wind reversal associated with boundary 
layer separation and transient fire behaviour. While the results presented in Chapter 4 are 
based on 18 idealised simulations, these findings may apply to a wide range of atmospheric 
conditions at various times of the day or year. For example, diurnal evolution of ABL and 
resulting plume-driven fire behaviour could be represented by the varying ML depth 
experiments in this study. Furthermore, the results of the varying surface heating experiments 
could apply to wildfires over highly heterogeneous fuel types and distributions, as expected 
in reality. It is also evident from the results presented here that synoptic or mesoscale warm 
air advection aloft in complex terrain (e.g. Zhong et al. 2001) could strengthen the capping 
inversion during wildfires. 

Potter (2002) suggested that his conceptual fire-induced circulation and 3-stage plume 
development model were highly idealised and do not allow for more comprehensive analysis 
of the effect of atmospheric stability on convective plume development and their two-way 
dynamic interaction (Fig. 6.1a). This study contributes to new knowledge as to how the 
convective plume of wildfires can modify their surrounding environment (lowering the initial 
ML through return flow aloft) and how the modified environment can potentially affect 
wildfire behaviour (through enhanced, continuous inflow over the fire within a shallow ML 
or development of surface wind reversal associated with the formation of atmospheric rotors
between the location of convective downdrafts and a fireline) (Fig. 6.1b). The use of the 
coupled fire-atmosphere model in this study, even though idealized and simplistic, revealed 
an extra dimension of fire-atmosphere interactions and resulting transient surface winds that 
cannot be explored by the essentially 1-D nature of the parcel theory model.

Wind shear associated with the surface inflow and overlying return flow layers in this 
study is dynamically similar to the hyperbolic tangent wind profile investigated by Kiefer et 
al. (2008) and Kochanski et al. (2013). Using coupled wildfire-atmosphere models, they 
showed that such wind profile in the environmental (background) flow resulted in erratic fire 
behaviour due to dynamic instability arising from this particular wind profile. In this study, 
the fire-induced circulation established such a profile in the absence of environmental winds. 
Potter (2002) hypothesized the possible presence of buoyancy waves generated by the 
convective column of the wildfire and their impacts on surface winds in the vicinity of the 
fires. This study has shown the presence of buoyancy (gravity) waves associated with 
penetrative convection and return flows, which resulted in surface wind variations near the 
heat source.

Forthofer and Goodrick (2011) suggest that the formation of fire whirls requires a 
source of background vorticity that can be generated by wind shear from non-uniform 
horizontal densities. It was found in Chapter 4 that the fire-induced circulation system can 
produce vortices across the inflow-return flow interface where density difference is present. 
The finding is qualitatively consistent with Kiefer et al. (2008) except that the background 
wind had a shear profile and wind reversal in their study. It is plausible that such vortices and 
the fire-induced rotor found in this study may interact with the fire to generate fire whirls.

Most importantly, understanding the conditions that can lead to extreme fire 
behaviour can increase situational awareness, as represented as the 'L' in LCES (Lookouts-
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Communications-Escape routes-Safety zones; 
https://www.fs.fed.us/fire/safety/lces/lces.html) and therefore be more important than existing 
tools or models (Werth et al. 2011). The outcome of this research could, therefore, help fire 
managers to make well-informed decisions supported by science. 

Figure 6.1. Conceptual diagram of a) idealised atmospheric circulation driven by fire without 
an environmental wind under the atmospheric temperature profile typically found in regions 
of high atmospheric pressure in Potter (2002) and b) interaction between plume-driven 
wildfire and atmospheric boundary layer stability and extreme fire behaviour potential. For 
b), thick black lines = fire-induced mesoscale circulation, dashed wavy line = a density 
interface between fire-induced inflow and return flow layers, blue arrowed circle = turbulent 
mixing associated with K-H instability. Solid blue arrows indicate locally enhanced surface 
inflow and updraft. Convective plume is shown with a grey outline over the fire. 

6.3. Limitations and future research
Coupled fire-atmosphere models such as WRF-Fire or FIRETEC are capable of 

simulating fire growth associated with atmospheric feedback with the fire. Because the main 
aim of this thesis was to understand the feedback processes between wildfire convective 
plumes and ABL stability without using a fire spread model, a next step could be to 
incorporate the knowledge gained in this thesis into a more complex analysis of fire 
behaviour simulations, including fire spread. Although some variations of the fire shape were 
presented in Chapter 5, the sensitivity of the results to other fire shapes also needs to be 
considered in future studies. It should be stressed that the dynamic heat flux parameterization 
used in this study is a potential source of uncertainty because heat fluxes in other coupled 
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fire-atmosphere models, for example WRF-Fire, are primarily controlled by fuel properties 
such as fuel loading rather than horizontal wind speeds.  

This thesis focused exclusively on plume-driven wildfires, and addition of the 
environmental winds would likely modify the wildfire convection regime, as previously 
investigated by Heilman and Fast (1992) and Kiefer et al. (2008; 2009). Additionally, the 
effect of smaller scale background atmospheric and fire-induced turbulence on fire behaviour 
needs further investigation as this study focused mainly on turbulent motions of the order of 
minutes to tens of minutes. Surface sensible heat flux outside the fire region was turned off 
during the experiments conducted in Chapters 4 and 5. The convective boundary layer is 
expected to develop and influence the fire-induced circulation, although suppression of the 
initial ML depth by fire-induced return flows aloft once a convective plume of wildfire 
penetrates an inversion capping the ML should counteract to stabilise the ML. The fire-
induced inflow within the suppressed ML may also limit non-local transport of heat and 
momentum resulting from surface heating by the Sun. Plume pulsation could also be an 
interesting feature to pursue in more detail in the future. 

It should be noted that the fire-atmosphere interaction scales investigated in this thesis 
range from a time scale of up to three hours (~ 104 s) and a spatial scale covering micro (< 2
km) and meso-• (2-10 km) scales. Large wildfires burning over heavy vegetative fuel are 
expected to result in greater interaction of scales at times. Therefore, new wildfire behaviour 
indices need to be scale-dependent and caution is needed when applying the results of this 
idealized modelling work to real wildfire scenarios without field validation. 

Although this thesis provides evidence of variability in the surface wind over and 
adjacent to the heat source, caution should be taken when considering the resulting fire 
behaviour. It is unclear if the temporal variation of the simulated stationary surface sensible 
heat flux would be similar to the complex spatio-temporal evolution of real wildfires. 
Nonetheless, the stationary heat source approach allowed for simplified, yet still robust,
analysis of fire-induced flow circulations arising from plume-driven fire. The coupling of a 
fire spread model is left for future work, as this is the first step towards understanding the 
effect of atmospheric stability on fire behaviour. The omitted moist processes also need to be 
incorporated into the results to extend this research because plume condensation plays a 
significant role in fire behaviour (e.g. Tory et al. 2018). Neither atmospheric moisture nor 
flux of water vapour from the wildfire itself was accounted for in this study. Several 
investigators have been working on the contribution of moisture to the development of pyro-
convection based on numerical simulations (e.g. Luderer et al. 2009; Thurston et al. 2015) 
and field observations (e.g. Potter 2005; Kiefer et al. 2012; Lareau and Clements 2016). Lane 
(2008) noted, however, that the mechanism of gravity wave generation associated with 
penetrative convection remains very similar, regardless of being dry or moist. 

The effect of smoke layers shading the ground on the evolution of the ABL around 
the wildfire has recently been investigated by Lareau and Clements (2015). It is feasible that 
reduced solar heating can result in reduced surface heat flux outside the area of wildfire 
flaming zone and may have positive feedback on the lowering of the initial ML height. Field 
observation of smoke-modified ABLs may invite further research.  

3-D simulation involving a valley flow can be designed to investigate more 
comprehensive fire-atmosphere interactions arising from various fire shapes as investigated 
by Badlan et al. (2017) and locations in different valley geometries. Since ABL stability was 
the main interest of this thesis, the combined effect of the ABL stability and mountain winds 
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on fire behaviour could be investigated in the future. The model could also be configured to 
simulate the interaction between a wildfire convective plume and the background ABL 
stability associated with other thermally driven mesoscale flows such as sea breezes in 
coastal mountains by changing surface types. Recent large wildfires near coastal mountains 
(Thomas fire and Woolsey fire in California, United States) and coastal hills (e.g. Port Hills 
fire in Christchurch, Canterbury, New Zealand) are likely to have been affected coastal wind 
systems.

It is believed that a field measurement campaign could be designed based on the 
results of this study to capture the vertical and horizontal kinematic and thermodynamic 
structures of wildfire convective plumes using remote sensing techniques such as horizontal 
and vertical Doppler LiDAR scanning combined with a microwave radiometer or radiosondes 
for vertical temperature and wind measurements. Such field observational campaigns will 
provide valuable data for model validation and development of further hypotheses.
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