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Simulations of Buoyancy-Generated ·
Horizontal Roll Vortices over Multiple
Heating Lines
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A two-dimensional nonhydrostatic atmospheric model is used to simulate the boundarylayer circulations that develop from multiple lines of extremely high surface temperatures. Numerical simulations are carried out to investigate the role of buoyancy and
ambient crossflow effects in generating horizontal roll vortices in the vicinity of adjacent
wildland fire perimeters. Numerical results suggest that the downdraft segments of
buoyancy-generated horizontal roll vortices can be reinforced when multiple heating lines
are present, with the degree of reinforcement dependent on the heating-line spacing.
Significant low-level horizontal flow directly over the bounding heating lines is observed
in some simulations, suggesting a mechanism for low-level flame migration in actual
wildland fires. Multiple heating lines also affect the development and behavior of buoyancy-generated horizontal roll vortices when ambient crossflows are present. Simulations
indicate that vortices are more likely to persist for multiple heating lines than for a single
heating line when light ambient crossflows are introduced. Although simulation results
should be viewed qualitatively, they suggest the potential importance of adjacent fire
perimeters in actual wildland fire episodes for the development and behavior of buoyancygenerated horizontal roll vortices. FoR. Sci. 40(4):601--617.
ADDITIONAL KEY WORDS. Nonhydrostatic model, vorticity, pressure perturbations, circulation.

can generate very
strong atmospheric boundary-layer circulations in the vicinity of the burning region. The production of hot gases within a wild.land fire leads to
buoyancy-generated upward velocities over the fire, and strong low-level horizontal flow into the burning area. Frequently, the boundary-layer circulations in
the vicinity of a wild.land fire will become organized to the extent that horizontal
and columnar vortices are produced. There have been many observations and
modeling efforts of columnar vortices or fire whirls in the vicinity of natural or
manmade fires (Graham 1955, Dessens 1963, Byram and Martin 1970, Haines
and Updike 1971, Church et al. 1980, Emori and Saito 1982, Church and Snow
1985, McRae and Flannigan 1990). Observations and modeling efforts of horizontal vortices have been less numerous. Haines (1982) presented documented evidence of horizontal roll vortices from nine sources. Haines and Smith (1983,
1987, 1992) and Smith et al. (1986, 1989) performed wind-tunnel experiments of
horizontal roll vortex development over heated wires and ribbons. Twodimensional modeling of horizontal roll vortices has been reported by Luti (1980,
1981), Heilman and Fast (1991, 1992), and Heilman (1992).
Church et al. (1980) provide a thorough discussion of the physical mechanisms
HE INTENSE HEAT ASSOCIATED WITH WILDLAND FIRES

NOVEMBER

1994/ 601

involved in the formation of horizontal roll vortices in the vicinity of a burning area.
These mechanisms include reorientation and stretching of horizontal vorticity in
the lower atmospheric boundary layer, concentration and amplification of vertical
vorticity in the lower boundary layer, and generation of vorticity from buoyancy
and surface drag forces. Haines (1982) hypothesized that horizontal roll vortices
generated by buoyancy forces could play a role in the development of unburned
tree-crown streets in crown-fire episodes if the downdraft portions of the vortices
are sufficiently strong to inhibit the ignition of crowns by surface flames. If multiple burning regions are present in close proximity to each other during a wildland
fire episode, the potential exists for a reinforcement of the downdraft portions of
buoyancy-generated horizontal roll vortices that may be present between the
burning regions. Downdraft reinforcement could, in turn, aid in the creation of
unburned tree-crown streets in the areas between the burning regions.
Recent modeling and experimental evidence also suggests that the vortex
circulations associated. with individual lines of extreme surface heating are quite
sensitive to ambient crossflow conditions (Heilman and Fast 1991, 1992, Heilman
1992, Haines and Smith 1992). This implies that small changes in speed and
direction of the ambient boundary-layer flow could potentially alter the buoyancyinduced circulations over and near isolated surface and crown burning, and change
the impact of horizontal roll vortices on unburned tree-crown street formation and
the movement of flames, firebrands, and smoke. Unfortunately, the effect of
ambient crossflow variations on vortex circulations over multiple lines of heating
is not known.
In this study, we have attempted to test, through two-dimensional model simulations, the following hypotheses:
1.
2.
3.

Multiple lines of extreme surface heating in close proximity to each other generate
horizontal roll vortices that can interact and enhance downdraft speeds.
Multiple lines of extreme surface heating in close proximity to each other alter the
impact of ambient crossflows on horizontal roll vortex development.
The structure of buoyancy-generated horizontal roll vortices in the vicinity of lines of
extreme heating is very dependent on the spacing of the heating lines.

In this study, we have investigated the role of multiple heating lines in affecting
vortex development by the mechanisms of buoyancy and surface drag forces
alone. The mechanisms of reorientation and stretching of horizontal vorticity and
the concentration and amplification of vertical vorticity are also involved in horizontal roll vortex development in actual wildland fire episodes (Church et al.
1980). These additional mechanisms are inherently three-dimensional in character
and require a three-dimensional numerical model to capture their effects. However, horizontal roll vortex development by buoyancy and surface drag forces is
a two-dimensional process. The two-dimensional character of this process makes
it ideal for a two-dimensional modeling study and allows for a critical examination
of multiple heating-line impacts on vortex development from buoyancy and surface
drag forces alone, without the complicating factors of the other three-dimensional
mechanisms.

MODEL OVERVIEW
GOVERNING EQUATIONS

A two-dimensional nonhydrostatic atmospheric model was developed from the
three-dimensional hydrostatic models of McCorcle (1988) and Fast and McCorcle
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COMPUTATIONAL PROCESSES

The governing equations are numerically solved by both finite-element and finitedifference techniques. A Galerkin finite-element expression (Paegle and
McLawhorn 1983) is used to represent vertical diffusion, while finite differences
are used to approximate advections, pressure gradients, and TKE production
terms. The Crank-Nicholson method is utilized to integrate the prognostic equations forward in time.
The model domain spans a 2.0 km wide by 1.8 km high vertical plane. The
governing equations are solved on a grid structure containing 656 grid points, with
41 grid points in the horizontal x-direction and 16 grid points in the vertical
~-direction. A logarithmic vertical grid spacing is employed from the surface up to
about 100 m. Above 100 m, the vertical grid spacing is uniform. This grid structure results in a minimum grid spacing of 0 .17 m just above the surface and a
maximum grid spacing of 188 m from a height of 100 m up to the model top at 1.8
km. A uniform grid spacing of 50 m is used in the horizontal.
Extreme surface heating like that associated with wildland fires can generate
very strong local winds and large temperature gradients. In order to adequately
resolve such atmospheric phenomena in numerical models, model grid spacings
must be kept small. Small grid spacings, in turn, require small time-steps in the
model simulations to ensure numerical stability over the range of atmospheric
conditions being modeled (Anderson et al. 1984). Because of the fine grid structure used near the surface for the simulations in this study, a very small time-step
(0.05 s) is required to preserve numerical stability. Simulations are carried out for
a period of 90 s, resulting in 1800 time-steps per simulation.
For simplicity, the presence of multiple surface burning regions is approximated
by introducing a constant surface temperature of 1500°K at three different locations in the modeled domain. Although this approximation does not adequately
account for the large vertical temperature gradients that can occur between the
surface and the region immediately above burning tree crowns, it is deemed
sufficient for examining vortex behavior and development at elevations above
typical tree crowns. A soil heat-flux equation (McCorcle 1988) is used to compute
surface temperatures at each time step at all other surface locations. The relations
of Paulson (1970), Businger et al. (1971), and Mellor and Yamada (1974) are used
to describe the surface-layer values of the other atmospheric mean and turbulence-related variables. The vertical gradients of the dynamic pressure perturbations are set to zero at the surface.
At the model top, the horizontal wind field is assumed to be geostrophic and
externally specified, while the vertical velocity component is set to zero there.
The vertical gradients of potential temperature, TKE, and dynamic pressure
perturbations are assumed to be zero at the model top. On the lateral boundaries,
horizontal gradients for all variables except the dynamic pressure perturbations
are set to zero. The pressure perturbations themselves are assumed to be zero
along the lateral boundaries.
Initial logarithmic crossflow velocities (U) are assumed to be horizontally homogeneous and set by specifying initial friction velocities of 0. 0 m s - 1 , 0. 05 m
s - 1, 0.1 m s - 1 , or 0.2 m s - l for the different simulations. These friction velocities produce model-top crossflow speeds ofO.O m s - 1 , 1.43 m s - 1 , 2.86 m s - 1 ,
or 5. 73 m s - 1 , respectively. The initial velocity component in they-direction (V)

604/ FQRESTSCIENCE

is alsoassumedto be logarithmicandhorizontallyhomogeneous,
with a valueof

5.73m s- • at themodeltop.Aninitialadiabatic
atmosphere
isassumed,
withthe
potentialtemperatureset at 298øKeverywhereexcept at the defined"hot" surface grid points.At thoselocations,the surfacepotentialtemperatureis set at
1500øKandheldconstantthroughouteachsimulation.Initialsoiltemperaturesof

298øKare alsospe-dried
at all locationsexceptat the "hot" surfacegrid points,
where a temperatureof 1500øKis set. InitialTKE valuesare diagnosed
from
level-2of the Melior andYamada(1974) turbulencehierarchy.

NUMERICAL

RESULTS

THREELINESOF HEATING;200 m SPACING

Becausehorizontalhomogeneityin the y-directionis assumedfor the twodimensional
simulations
in thisstudy,the "hot"surfacegridpointswillbe referred
to as heatinglines.The two-dimensional
fieldsdiscussed
in this sectionare actuallyverticalcross-sections
of the atmosphere
orientedperpendicular
to the heating lines.Figuresla-ld showthe simulatedtwo-dimensional
velodty fieldsover
a surfacewith heatinglineslocatedat x = 800 m, x = 1000m, andx = 1200m
under varyingcrossflowwindspeedconditions.The developmentof buoyancygeneratedhorizontalroll vorticesis clearlyevidentwhen there is no ambient
crossflow(Figurela). The vorticesadjacentto the heatinglinesare centeredat
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FIGURE
1. Simulated
two-dimensional
windfieldsresultingfroma surfacetemperatureof 1500øKat
x = 800 m, x = 1000 m, andx = 1200 m with (a) no ambientU-velocity,andlight ambient
U-velodtiescorresponding
to initialfrictionvelocities
of (b) 0.05 m s- l, (c) 0.1 m s- ], and(d) 0.2

m s- l. Velocity
vectors
indicate
speedanddirection
at thebaseofthevectors.
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roughly 400 m above the surface. The relatively close spacing of the heating lines
allows for a substantial reinforcement of the downdrafts in regions between the
heating lines. A comparison of the maximum downdraft speeds simulated in this
study with those simulated in response to a single heating line (Heilman and Fast
1992) reveals an increase in the maximum downdraft speed of about 37%. In
addition, the simulations indicate that significant downdrafts reach much closer to
the surface when relatively closely spaced heating lines are present.
When no ambient crossflow is present, the simulated circulation about the
central heating line is nearly symmetric. Strong low-level inflow induced by buoyancy effects appears on both sides of the central heating line, with negligible
horizontal flow directly above the heating line. This is in contrast to the induced
inflow appearing in the vicinity of the outer heating lines, where the winds have
significant horizontal components directly over the heating lines. Only at heights
above 100 m do the wind vectors become predominantly vertical.
Increasing the ambient crossflow wind speed distorts the circulation patterns in
the vicinity of the three heating lines, with the characteristics of distortion dependent on the location of the individual heating lines in relation to the ambient
crossflow direction (see Figures lb and le). The presence of a light ambient
crossflow (µ.* = 0. 05 m s - 1 and µ.* = 0 .1 m s - 1) tends to inhibit the development of a buoyancy-generated horizontal roll vortex immediately upwind of the
heating line at x = 800 m. Vortex development is also inhibited immediately
upwind of the remaining heating lines, but the wind shears in these regions are
much more significant than the shears upwind of the heating line at x = 800 m.
Clockwise circulations with strong downdrafts persist on the leeward sides of all
the heating lines. Unlike the simulation results for single heating lines (Heilman
and Fast 1991, 1992), simulation results in this study suggest that buoyancy
associated with multiple heating lines in close proximity to each other can lead to
significant vortex activity above 100 m just downwind of the heating lines when a
light ambient crossflow exists. Instead of destroying the vortices on the leeward
sides of the heating lines, the ambient crossflow tends to lower the vertical extent
of the vortices, with the vortex at 1200 m < x < 1300 m showing the greatest
drop in altitude. Between the heating lines, downdrafts remain strong down to the
surface. Only after the initial friction velocity is increased to 0.2 ms - 1 (model-top
ambient wind speed of 5. 73 m s- 1) does the vortex activity cease (see Figure Id).
An interesting feature revealed in the multiple heating-line simulations is the
strong horizontal component of the low-level wind vectors directly over the outside heating lines when no ambient crossflow is present. Figures 2a-2c show the
vertical profiles of the horizontal velocity component directly over the three
heating lines. Over the outside heating lines, there are inflow horizontal wind
components of about 4.5 ms - l below 50 min the absence of an ambient crossflow
(Figures 2a and 2c). Over the interior heating line, the wind vectors are nearly
vertical (Figure 2b). This low-level inflow toward the interior heating line can be
attributed to thermal-wind principles. The circulations in the region between the
outside heating lines act to distribute heat over the whole interior region so that
average temperatures in the interior region are higher than the temperatures
encountered in the ambient air outside of the region bounded by the heating lines.
This temperature gradient is the source of the simulated induced low-level horizontal inflow directly over the outside heating lines. The implication of this induced flow in an actual wildland fire with an ambient mean wind parallel to the flank
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FIGURE
2. Ambientcrossflowwindeffectson the simulatedU-velodtyverticalprofilesdirectlyover
the surfaceheatinglinesat (a) x = 800 m, (b) x = 1000 m, and (c) x = 1200 m.

of a burningarea is the creationof nonparallelor curvedburnedregionsin responseto the wind-drivenmovementof surfaceor crownflames.There have
been a number of observations of curved unburned tree-crown streets in the

aftermathof wildlandfire episodes(Haines1982). ff buoyancy-generated
horizontalrollvorticesdevelopin responseto crownburning,thenthe potentialexists
for the downdraftsegmentsof thesevorticesto inhibitcrownburningin regions
adjacentto fire flanksandto createsectionsof unburnedcrownsaccording
to the
orientation of the roll vortices.

Astheinitialfrictionvelocity
is increased
from0.0 m s- • to 0.05m s-•, the
simulations
indicatean intensification
of the low-levelhorizontalinflowcomponents•romthe leewardsidesof the heatinglines.This intensification
is the direct
result of the lower portionsof the clockwisevorticeson the leewardsidesof the
heatinglinesbecomingmore vigorous.Figure2a showsthe horizontalU-velocity

below20 m decreasing
fromabout4.5 m s-• to about1.5 m s-• overthe
windward
heating
line.Whentheinitialfrictionvelocityis increased
to 0.1 m s- •
and0.2 m s- •, thelow-level
U-velocities
increase,
buttheyremainlessthanthe
velocitieswhenno ambientcrossflowis present.Figures2b and2c indicatethe
samegeneralbehaviorover the centralandleewardheatinglines, respectively.
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The two-dimensional
vortidty fields(• = Oo•lOx
- OU/O•)corresponding
to the
windfieldsin Figuresla-ld are shownin Figures3a-3d. Vortidty is a measure
of therotationof thewindfield,withpositiveandnegativevorticitycorresponding
to counterclockwise
andclockwiserotation,respectively.With no ambientcrossflow, the vorticitypatternis symmetricaboutthe centralheatingline(Figure3a).
Maximumhorizontalvorticitygradientsappearover the centralheatingline at
elevationsbetween200 m and 500 m. The upper-levelvorticitymaximaassociated with the central heatingline tend to exist at higher elevationsthan the
vortidty maximaassociatedwith the outer lines of heating. When the initial

frictionvelocity
is increased
from0.0 m s-• to 0.05m s-•, thepositive
and
negativevorticitymaximabetweenthe heatinglinesat x = 800 m andx = 1000
m are enhanced(Figure 3b). This indicatesthat the circulationbetween the
heatinglinesat thoselocations
hasbecomemorevigorousandis clearlyobserved

in Figurelb. Aninitialfrictionvelodtyof 0.1 m s- • leadsto a generalreduction
in the vorticityover the heatinglines,with the vorticityjust upwindof the heating
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line at x = 800 m showing the largest decrease (Figure 3c). At this location, the
wind field develops a wave, but no closed circulation. The vorticity magnitudes are
greatly reduced when the initial friction velocity is increased to 0.2 m s - i (Figure
3d).
The present simulations suggest the importance of the interaction of individual
buoyancy-generated horizontal roll vortices, as described by Church et al. (1980).
When the sources of heating are sufficiently close to each other, vortices can
enhance the downdrafts between the heating sources. One of the mechanisms
which has been hypothesized for contributing to the development of unburned
tree-crown streets is the horizontal roll vortex (Haines 1982). Conceptual models
suggest that downdrafts from individual roll vortices can inhibit the burning of tree
crowns. Haines and Smith (1987) presented evidence that downdrafts in the
vicinity of wildland fires can be quite intense and of sufficient strength to inhibit the
movement of flames upward into the tree-crown region. If horizontal roll vortices
are indeed involved in the formation of unburned tree-crown streets during wildland fire episodes, then adjacent horizontal roll vortices would tend to enhance
downdraft wind speeds and further inhibit the burning of crowns just beyond the
flanks of the burning regions. Only relatively low intensity understory burning
would tend to prevail in the region where strong downdrafts are present. The
present simulations do not describe the mechanisms involved in the formation of
new heating sources, but rather assume the existence of multiple heating lines
(i.e., burning regions). Observational evidence presented by Haines and Smith
(1987) suggests that the initiation of secondary fires adjacent to an existing burning area can be accomplished by the deposition of firebrands beyond the flanks of
the existing burning area by low-level vortex activity, thereby creating additional
heating lines that generate new vortex pairs. The initial distance between adjacent
fires, in this case, is dependent on the extent of the movement of firebrands
beyond the flanks of the burning regions. Typical separation distances between
adjacent unburned tree-crown streets have been observed to be on the order of
50 m to 800 m (Haines 1982), indicating similar separation distances between
adjacent burning areas. Regardless of the mechanisms involved in the formation
of multiple heating lines, the present simulations reveal that once multiple heating
lines have been established in close proximity to each other, powerful downdrafts
between the heating lines can be generated.
The present simulations also suggest that buoyancy-generated horizontal roll
vortices associated with multiple heating lines are more likely to persist than
vortices associated with a single heating line when light ambient crossflows develop. Results from single heating-line simulations reveal that light ambient crossflows are more likely to destroy upper-level vortices (Heilman and Fast 1991,
1992). On the other hand, vortices associated with downwind heating lines tend
to remain intact, especially on the downwind sides of the individual heating lines.
Figures lb and le indicate that the upwind heating line acts as a "barrier" for the
remaining heating lines and allows rather vigorous vortex activity to persist in the
presence of an ambient crossflow of sufficient strength to inhibit the development
of vortices around a single heating source.
The low-level, dynamic nonhydrostatic pressure perturbations that develop in
response to the convergent and divergent characteristics of the circulation fields
of Figures la-ld are shown in Figure 4. Positive and negative pressure perturbations correspond to wind-field convergence and divergence, respectively. With
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FIGURE 4. Ambient crossflow wind effects on the simulated nonbydrostatic pressure perturbations at
a height of 110 m with a surface temperature of 1500°K at x = 800 m, x = 1000 m, and x =

1200 m.

no ambient crossflow, the maximum pressure perturbation is simulated over the
central heating line. Maximum perturbation pressures are about 40% smaller over
the outside heating lines. The difference in maximum perturbation values is due
to the wind-field convergence characteristics over the modeled domain. Over the
central heating line, the symmetric low-level horizontal inflow produces a region
of maximum convergence that results in a region of high nonhydrostatic dynamic
pressure. Over the outer heating lines, convergence also characterizes the wind
field, but it is weaker due to the asymmetric pattern of the low-level circulation.
The weaker convergence leads to smaller perturbation pressure maxima over the
outer heating lines. When the ambient crossflow wind speed increases, the maximum perturbation pressure over the central heating line shows a marked decrease and has a value similar to the maximum pressures over the outer heating
lines. The interaction of the ambient crossflow with the buoyancy-induced circulations reduces the wind-field convergence values as the ambient crossflow wind
speed increases. Figure 4 also shows the distinct reduction in perturbation pressure values as the initial friction velocity is increased to 0. 2 m s - 1 .
THREE LINES OF HEATING;

300 m

SPACING

Figures 5a-5d show the simulated wind fields for different ambient crossflow
conditions when the heating lines are placed at x = 700 m, x = 1000 m, and x =
1300 m. The most obvious difference between the wind fields for the 200 m and
300 m heating-line spacings for the no-ambient-crossflow cases is the reduction in
downdraft speeds in the region between the heating lines when the spacing is
increased to 300 m. Because the individual roll vortices associated with each
heating line have a simulated width of about 100 m, the reinforcement of down-
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m s- 1 • Velocity vectors indicate speed and direction at the base of the vectors.

drafts by adjacent roll vortices is reduced by increasing the heating-line spacing to
300 rn. The circulations over each heating line tend to approach the circulation
over single heating lines, as depicted in Heilman and Fast (1992). With no ambient
crossflow, the circulation about the central heating line remains symmetric. Directly over the outside heating lines, the low-level wind vectors still have horizontal components, but they are significantly smaller than for the 200 m spaced
heating lines. With the heating lines farther apart, the horizontal temperature
gradient between the ambient air outside the region bounded by the heating lines
and the air inside the region is less. This leads to a reduction in the induced
horizontal flow from thermal-wind principles.
The horizontal roll-vortex behavior undergoes marked changes with the introduction of an ambient crossflow. Each roll vortex immediately upwind of each
heating line is destroyed when the initial friction velocity is set at 0.05 rn s- 1, 0.1
m s - 1 , or 0.2 m s - 1 . The roll vortices on the leeward sides of the heating lines
at x = 700 m and x = 1000 m persist until the initial friction velocity is increased
to 0.2 rn s - 1 , but they decrease in elevation as the ambient crossflow increases.
On the leeward side of the heating line at x = 1300 m, the roll vortex is less
vigorous than when the heating lines are 200 m apart for an initial ambient friction
velocity of 0.1 m s- 1 (see Figures le and 5c). Vortex behavior is essentially
destroyed when the initial friction velocity is increased to 0. 2 m s - 1 , although the
presence of multiple heating lines allows low-level convergence and divergence to
be more prominent than with single lines of heating (Heilman and Fast 1992).
With the heating lines spaced 300 m apart, the lower portion of the horizontal
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roll vortices on the leeward sides of the heating lines do not intensify to the degree
that was noted for the 200 m spaced heating lines when the initial ambient friction
velocity is increased from 0.0 m s - 1 to 0.05 m s - 1 . This results in less variation
in the low-level vertical profiles of U-velocity over the heating lines, as shown in
Figures 6a-6c. The low-level U-velocities over the windward and central heating
lines decrease slightly as the initial friction velocity is increased to 0. 05 m s - 1 .
Over the leeward heating line, the low-level U-velocity remains about the same
below 10 m and increases between 10 m and 100 m. A further increase in the
ambient crossflow results in low-level U-velocities becoming more positive. Lowlevel negative U-velocities over the central and leeward heating lines are essentially absent after the initial ambient friction velocity is increased to 0.1 m s - 1•
This is in contrast to the 200 m spaced heating-line simulations, where low-level
U-velocities remained negative over the central and leeward heating lines for the
same ambient crossflow.
With heating lines spaced 300 m apart, the magnitudes of the positive and
negative vorticity maxima (not shown) for the no-ambient-crossflow conditions
are similar to the vorticity magnitudes simulated over the heating lines spaced 200
m apart. However, there is a tendency for the vorticity maxima generated by the
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outside heating lines to move to higher elevations when the heating lines are
spaced farther apart. As the spacing is increased, the vorticity patterns associated
with the outside heating lines begin to resemble the vorticity pattern of the central
heating line, which is also quite similar to the pattern over a single heating line
(Heilman and Fast 1992). Increasing the spacing of the heating lines also has a
major impact on vorticity fields when an ambient crossflow is present. The vorticity values are significantly reduced over and adjacent to the upwind heating line
when the heating lines are placed farther apart. The vorticity values in the vicinity
of the central heating line are diminished as well, but not nearly to the extent as
over the upwind heating line. The vorticity in the vicinity of the downwind heating
line is least affected by increasing the spacing of the heating lines.
With no ambient crossflow, the larger distance between heating lines results in
larger peak nonhydrostatic pressure perturbation values (not shown) over the
heating lines than for the heating lines spaced 200 m apart. The heating lines
spaced 300 m apart act more like isolated heating lines that generate symmetric
circulation patterns, with significant low-level flow convergence directly over the
surface heating lines and larger pressure perturbations. Increasing the heatingline spacing also results in the generation of secondary pressure perturbation
maxima between the heating lines. These maxima represent regions of flow
convergence in the downdraft portions of the circulations generated by surface
heating.
THREE LINES

OF

HEATING; 100 m SPACING

A third set of simulations was performed to determine the behavior of buoyancyinduced horizontal roll vortices when the heating-line spacing is reduced to the
characteristic width of the vortices. Figures 7a-7d show the degree of horizontal
roll vortex development in response to different ambient crossflow conditions
when the heating lines are placed at x = 900 m, x = 1000 m, and x = 1100 m.
The small spacing between heating lines inhibits the development of any downdrafts between them. A broad region of relatively strong updrafts exists at 900 m
< x < 1100 m with no ambient crossflow (Figure 7a). Horizontal roll vortices only
develop outside the region bounded by the heating lines. The introduction of a
light ambient crossflow destroys the upwind roll vortex and produces a less
vigorous upper-level downwind vortex at about x = 1200 m (Figure 7b). Further
increases in the ambient crossflow speed destroy this upper-level vortex while
generating a low-level vortex centered at x = 1175 m at a height of about 100 m
(Figure 7c). These simulations indicate that if the heating lines are sufficiently
close together, they produce circulation patterns that resemble the patterns associated with a single heating line. The buoyancy forces generated by each heating
line produce updrafts over and between the heating lines that overcome any
tendency for induced downward motion. In effect, the boundary-layer circulation
responds to the multiple heating lines as if they were equivalent to one broad
continuous area of surface heating. The nonhydrostatic dynamic pressure perturbations that develop over the closely spaced heating lines (not shown) show a
region of positive perturbations between the outer heating lines, which is in
contrast to the periodic negative perturbations that develop over the heating lines
spaced 200 m and 300 m apart. The behavior of the pressure perturbations is the
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direct result of inhibited downdraft activity between the heating lines spaced 100
m apart.

SUMMARY AND CONCLUSIONS
Simulated two-dimensional roll vortices that develop in response to the buoyancy
mechanism, as outlined by Church et al. (1980), are quite sensitive to the existence of multiple heating lines as well as ambient crossflow wind speeds. Depending on the spacing of the individual heating lines, horizontal roll vortex development and behavior undergoes marked changes when ambient crossflow conditions are varied. During calm crossflow periods, buoyancy-induced horizontal
roll vortex pairs develop over the individual heating lines if they are sufficiently far
apart. The numerical simulations suggest a minimum spacing for vortex development of this type to be on the order of the horizontal dimension of the vortices.
A critical heating-line spacing for vortex interaction and downdraft reinforcement
between heating lines is also suggested from the simulations. With the heatingline spacing set at 200 m, downdraft wind speeds increase by about 37% over the
speeds previously simulated with only one heating line. Downdraft reinforcement
by adjacent horizontal roll vortices in actual wildland fire episodes could inhibit the
burning of tree crowns and aid in the development of unburned tree-crown streets
between discrete burning regions.

Low-level horizontal flow directly over the outside heating lines and directed
toward the central heating line is observed in the simulations when no ambient
crossflow is present. The thermal characteristics of the boundary layer inside and
outside the region bounded by the heating lines lead to significant horizontal wind
components directly over the outside heating lines and is more pronounced when
the heating lines are moved closer together. In an actual wildland fire with adjacent but discrete burning areas and an ambient flow parallel to the flanks of the
burning areas, this phenomenon suggests a migration of flames toward the interior
burning area. The generation of curved unburned tree-crown streets in response
to the downdraft segments of the accompanying migrating roll vortices is also
suggested.
The presence of multiple heating lines also affects the development and behavior of horizontal roll vortices generated by the buoyancy mechanism when light
ambient crossflows are present. Upwind heating lines in the presence of a light
ambient crossflow tend to act as "barriers" to the flow for the downwind heating
line. Simulations indicate that horizontal roll vortex activity on the leeward sides
of the downwind heating lines is more pronounced than for a single heating line.
An increase in vortex activity adjacent to a downwind fire flank during an actual
wildland fire episode with varying ambient crossflow conditions could pose a
potential threat to firefighter safety in that region.
The simulation results from this study should be viewed qualitatively. Observations of horizontal roll vortices in actual wildland fire episodes have been limited
to photographs and measurements of unburned tree-crown streets that support
horizontal roll vortex occurrence. The lack of observational data makes model
verification very difficult. Comparisons of the two-dimensional model results with
the wind-tunnel experiments of Haines and Smith (1983, 1992) for a single heating
line show good qualitative agreement under calm and light ambient crossflow
conditions. Experiments indicate a decrease in elevation of horizontal roll vortices
immediately downwind of a single heating line when a light ambient crossflow is
introduced. Model simulations from this study indicate a similar behavior for
vortices immediately downwind of the most leeward heating line when multiple
heating lines are present. Although the model simulations and experimental results compare favorably, comparisons of this nature must be done carefully in light
of the scale discrepancies between atmospheric boundary-layer processes and the
wind-tunnel structures observed by Haines and Smith (1983, 1992). Flow structures inside small wind tunnels are generally characterized by length scales that
are much closer to the dissipative end of the turbulence spectrum than phenomena
occurring in the atmospheric boundary layer.
Horizontal roll vortex development during a wildland fire is an inherently threedimensional process involving the interactions of the ambient boundary-layer flow
and the induced flow from buoyancy effects. The two-dimensional simulations
performed in this study attempt to capture the two-dimensional circulations that
develop from buoyancy effects alone. Three-dimensional simulations are required
to address all the mechanisms involved in horizontal roll vortex development,
as described by Church et al. (1980). Nevertheless, the two-dimensional simulations performed in this study reveal the sensitivity of buoyancy-generated horizontal roll vortices to multiple heating-line spacings and ambient crossflow wind
speeds.
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APPENDIX
List of Symbols

g

u.

X,Z

Zg

0

t

=

C ln(cr/0.1)

p

p'
cr = s(z - zg)l(s - zg)
(J)

Constant in the vertical coordinate t definition
Specific heat at constant pressure
Constant in the dissipation term of the TKE equation
Turbulent kinetic energy
Coriolis parameters
Gravitational acceleration
Diffusion coefficient for TKE
Heat diffusivity
Momentum diffusivity
Vertical mixing length
Reference surface pressure (105 Pa)
Nonhydrostatic pressure perturbation
Heating due to infrared radiative flux
Gas constant for dry air
Height of model top
Time
Nonturbulent velocity component in x-direction
Thermally-induced pressure gradient in y-direction, expressed as a
geostrophic velocity
Friction velocity
Nonturbulent velocity component in y-direction
Thermally induced pressure gradient in x-direction, expressed as a
geostrophic velocity
Orthogonal Cartesian coordinates
Terrain height
Potential temperature
Transformed vertical coordinate in logarithmically spaced portion of
model grid
Total atmospheric density
Dynamic density perturbation
Vertical coordinate in the nonorthogonal coordinate system
Nonturbulent velocity component in t-direction
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