
characteristics of wind
over complex terrain 
in this project the researchers aimed to 
improve understanding of the key processes 
driving variations in surface winds over 
complex terrain and, as a consequence, to 
improve our ability to predict surface winds 
based on ambient wind and terrain data. 

A secondary aim was to create a dataset that 
can be used to inform future development and 
refinement of models to assist in estimating 
surface winds.

BacKGroUnd
Fire spread models are highly sensitive 
to variations in wind characteristics. As a 
consequence, accurate fire spread modelling 
requires accurate information about wind speed 
and direction. Obtaining this information over 
rugged landscapes is highly difficult due to the 
effect of the complex terrain on the ambient 
winds. The resulting wind-terrain interactions 
can lead to highly variable (in space and time) 
surface wind patterns that are difficult to predict. 
While a number of methods are used to account 
for terrain-modified winds they suffer from a 
number of drawbacks:
•	 simple	interpolation	of	wind	characteristics
  works poorly
•	 look-up	table	methods	work	well	in	some	
  cases, but not all 
•	 mass	conservation	methods	work	well	
  when nonlinear and turbulent effects are 
  not important
•	 computational	fluid	dynamics	(CFD)	
 models can provide accurate predictions  
 but their computational requirements 
 mean that they are some way off being  
 usable operationally.

Moreover, even when these models are used 
it is often not possible to provide a detailed 
validation of their output due to the general 
absence of weather monitoring stations 
in remote and rugged landscapes. Indeed, 
established weather observation sites are 
typically exposed to the prevailing winds, and 
thus give little guidance on what is happening in 
more inaccessible locations where fires could be 
burning for days.

©	BushFire	CrC	LtD	2010	
1

issUe 60 MAY	2010

sUmmarY
The interaction between ambient winds and terrain can result in highly variable surface 
wind fields over rugged landscapes. The increased level of uncertainty about the exact 
characteristics of surface winds poses considerable challenges for fire spread modelling in 
rugged terrain. 
This note summarises an extensive field survey and analysis of wind characteristics over 
complex	terrain	that	has	been	detailed	in	sharples	et	al.	(2010).	Portable	Automatic	Weather	
stations	(PAWs)	were	deployed	in	rugged	terrain	at	sites	that	do	not	meet	the	usual	
guidelines for placement of weather stations (e.g. steep slopes). Measurements of wind 
speed	and	direction	collected	by	the	PAWs	units	were	analysed	to	investigate	the	generic	
relationship between ambient winds and surface winds in complex terrain. The results 
indicated the existence of distinct modes of behaviour driven by a number of key processes. 
These included lee-slope eddies, thermally-induced winds and forced channelling of ambient 
winds by the terrain. 
Interestingly, the strongest relationships apparent in the data were driven by processes that 
are not necessarily accounted for in existing fire spread or risk assessment models.

   figure 1:	researcher	Jason	sharples	checks	the	Portable	Automatic	Weather	station	at		
	location	A1,	‘Camel’s	Back’	ridge	in	tidbinbilla	Nature	reserve,	ACt.
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to	better	understand	the	characteristics	of	
surface winds over complex terrain this research 
employed an empirical approach. 

twelve	Davis	Vantage	Pro2tM portable 
automatic weather stations were purchased and 
adapted to be transportable in extremely rugged 
landscapes. The adaptations meant that a single 
unit could be carried in back-packs by two 
people.	The	Vantage	Pro2tM units included an 
integrated sensor suite and a wind vane and cup 
anemometer.

The dominant wind direction over the sampling 
interval	(30	or	60	minutes)	was	recorded	as	
one of the sixteen standard compass directions. 
The station console and Weatherlink® data 
logger were kept in a weather-proof box, and 
all cables were carefully concealed to protect 
them from inquisitive wildlife. Eleven of the 
units were deployed (one was held in reserve) 
in	three	transects.	specifically,	the	PAWs	units	
were deployed across an incised valley and 
on	steep	slopes	to	the	west	of	Canberra	(Fig.	
3)	in	Brindabella	National	Park	(NsW)	and	
tidbinbilla	Nature	reserve	(ACt).	The	PAWs	
units	at	the	locations	A1	and	A2	can	be	seen	in	
Fig.	1	and	Fig.	4	respectively.	

By	placing	the	PAWs	units	in	areas	that	had	
significant	canopy	removal	after	the	2003	
bushfires it was possible to sample wind 
direction and indicative wind speeds from the 
top of a five-metre mast. The non-standard 
sensor height was essential for transportability. 
The	PAWs	units	were	revisited	for	maintenance,	
data downloading and calibration when 
required.

The data collected during the field survey were 
analysed using a relatively novel technique, 
which was adapted from a technique used by 
mountain meteorologists to investigate wind 
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directions in valleys for pollution dispersal 
applications. The main aim was to examine 
how wind directions on slopes and valleys 
compared with the prevailing wind direction as 
measured	by	the	ridge-top	sites	(A1,	B1	and	C1	
in	Fig.	3).	Comparisons	were	made	within	each	
transect by matching wind directions recorded 
within the landscape with those recorded at 
the ridge-top site according to date and time. 
Joint distributions of the relative frequency of 
all wind direction pairs were then obtained by 
simply counting the number of times each of 
the	16×16	=	256	distinct	wind	direction	pairs	
occurred. The relative frequency (probability) 
distributions were then smoothed to reduce 
sampling error. The effect of wind speed, as 
measured by the ridge-top stations, was also 
accounted for by setting various wind speed 
thresholds. 

research oUtcomes
Examples of empirical joint wind direction 
distributions	can	be	seen	in	Figure	2.	These	
distributions	relate	to	the	B1-B2	station	pairing.	
Three	prominent	modes	are	evident	in	Figure	2a,	
labelled	Mode	1,	2	and	3.	Of	particular	interest	
is Mode 3, which indicates a high likelihood 
of	approximately	easterly	winds	at	B2	on	the	
east-facing slope, when ambient winds across 
the	ridge-top	at	B1	are	from	the	west-northwest.	
This means that the wind undergoes a reversal 
in direction on the lee-slope. 

Diagnostic	analysis	of	the	data	contributing	
to Mode 3 revealed that it was due to a 
combination of short-lived events that occurred 
during daylight hours and more persistent 
events that lasted up to several days. The 
short-lived events were found to correspond 
to thermally-driven upslope (anabatic) winds, 

   figure 3: 
Maps show 
locations 
of	PAWs	
units in 
Brindabella 
National	
Park,	
NsW,	and	
tidbinbilla		
Nature	
Reserve, 
ACt.

   figure 2:  (a) shows the relative frequency of wind direction pairs for all data, while (b) shows the relative frequency of wind direction pairs derived 
from	data	pairs	for	which	the	wind	speed	at	B1	was	greater	than	30	km	h-1.	
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while the more persistent events were due to 
the occurrence of a lee-slope, or separation 
eddy (see definitions). 

Figure	2b	shows	that	when	the	ambient	
winds are stronger the wind-terrain system 
exhibits a distinct preference for Mode 3. In 
fact,	as	can	be	seen	in	Figure	5,	when	the	
ambient winds increase in strength beyond 
about	25	km	h-1, a wind reversal becomes 
a	near	certainty	(the	chance	is	above	90%).	
Diagnostic	analysis	of	the	data	contributing	to	
Mode	3	in	Figure	2b	indicated	that	the	mode	
was due almost entirely to the presence of 
persistent lee-slope eddies. 

Similar analyses of other station pairings 

confirmed the prevalence of separation eddies 
on lee-slopes for higher wind speeds.

While perhaps not surprising, this is an 
important finding, as it implies that when 
winds are strong the wind direction in rugged 
terrain will be upslope for a significant 
majority of the landscape. 

In other cases, forced channelling of strong 
ambient winds was found to be an important 
driving	influence,	often	resulting	in	local	
winds	that	flow	almost	perpendicular	to	the	
ambient winds. For lighter winds, thermal 
effects were consistently found to drive local 
winds,	which	could	be	90°-180°	different	to	
the ambient wind direction.

   figure 4:	The	PAWs	unit	at	location	A2	in	tidbinbilla	Nature	reserve,	ACt,	is	reached	by	Jason	
 Sharples.

defintions
lee-slope eddy
A lee-slope, or separation eddy results 
when	the	ambient	flow	separates	from	the	
terrain	surface	in	the	lee	of	a	ridge.	Pressure	
differences	cause	the	separated	flow	to	
recurve back on itself resulting in upslope 
winds on the lee-slope.
forced channelling
Forced channelling results when terrain 
features such as valley side-walls cause 
frictional differences that are much less 
in the along-valley direction than they 
are in the across-valley direction. This 
frictional difference forces the wind to 
align preferentially along the valley axis, 
with the strength and direction of the 
channelled	flow	dependent	upon	the	sign	
and magnitude of the component of the 
ambient winds relative to the valley axis.

Thermally-forced winds

Differences	in	insolation	across	rugged	
terrain can result in temperature differences 
across the landscape. These temperature 
differences cause local circulations over a 
range of spatial scales. For example, thermal 
winds	will	often	flow	downslope	after	
sunset and upslope after sunrise.

monte-carlo simulation

Monte	Carlo	simulation	relies	on	repeated	
random sampling to compute results. 
In contrast to deterministic methods, 
Monte	Carlo	simulation	considers	random	
sampling of probability distribution 
functions as model inputs to produce 
hundreds or thousands of possible 
outcomes instead of a few discrete 
scenarios. The results provide probabilities 
for different outcomes. 

aBoUt this proJect

Project	B6.3	Managing	the	risk	of	fire	in	
the high-country (HighFire Risk).
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Research Associate, 
uNsW@ADFA
Mr Richard McRae, 

Project	Leader,	ACt	emergency	
Services Agency
Assoc.	Prof.	rodney	Weber,	Project	
Leader,	uNsW@ADFA.

The implication that a large portion of 
rugged landscapes will experience upslope 
winds runs contrary to many fire behaviour 
modelling principles. For example, in rugged 
terrain it is often assumed that the upslope 
acceleration of a bushfire will be balanced 
by its downslope deceleration. This practice 
is hard to reconcile with the empirical 
distributions obtained. The findings also 
question the wisdom of using lee-slopes, 
where fire spread is expected to be against 
the slope, as part of fire suppression tactics – 
especially under extreme weather conditions. 
A fire-brand that falls near the bottom of a 
lee-slope could quickly become an intense fire 
burning upslope with the local wind, but in 
the opposite direction to the ambient winds.

The structure of the empirical distributions 
also raises some doubts about existing 
approaches to modelling terrain-modified 
winds. In particular, methods that poorly 
represent turbulent processes, such as 
separation eddies, will become increasingly 
invalid over rugged terrain as winds 
strengthen	beyond	about	25	km	h-1. The 
results also indicate that it is not possible to 
uniquely determine the wind characteristics at 
a point in the landscape based on information 
about the ambient winds and the terrain 
alone. The findings actually imply that a more 
probabilistic approach to modelling terrain-
modified winds is appropriate.

how the research is BeinG Used

The findings have been used to formulate a 
number of hypotheses about the behaviour of 
large fires in rugged terrain. These hypotheses 
are being evaluated in other research 
conducted by the HighFire Risk project team. 
The findings can also be used to begin to 
explain some of the apparently “anti-intuitive” 
fire severity patterns observed after the Black 
saturday	bushfires	(Bradstock	&	Price,	2010).

The research also provides an empirical 
alternative to the deterministic approaches 
that are often employed, where certain input 
conditions determine a unique wind speed 
and direction at each point in the landscape. 
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By deriving empirical distributions for key 
landscape features or in areas where other 
methods are known to perform poorly, fire 
managers can build up an understanding of 
not only the most likely wind response at a 
point in the landscape, but of other possible 
responses. 

Probabilities	relating	to	the	various	wind	
responses can be easily calculated; thereby 
allowing fire managers to assess the likelihood 
of various fire spread scenarios. This more 
probabilistic approach to understanding the 
wind-terrain system also lends itself naturally 
to	Monte-Carlo	(see	definitions)	type	
simulations. By sampling from the empirical 
distributions it is possible to derive a range of 
fire spread scenarios each with an associated 
likelihood. 

The researchers are currently disseminating the 
research (for example, at the Fire in the High 
Country	forum,	Albury,	May	2010)	and	are	
eager to engage with fire management agencies 
interested in progressing the approach outlined 
above, either in their own jurisdictions or 
more generally. The researchers also note that 
the research is of relevance to a number of 
non-bushfire applications such as pollution 
dispersal (including smoke) and light and 
recreational aviation.

fUtUre directions
As a valuable extension of the research, the 
dataset could be used to validate existing 
approaches to estimating terrain-modified 
wind fields, such as that used as part of the 
Phoenix	rapidFire	platform	or	more	complex	
methods	such	as	those	that	employ	CFD	to	
derive surface wind fields based on terrain 
data and information about the ambient 
winds. 
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  figure 5: The graph shows how the probability of each mode varies with the strength of the ambient 
winds.	in	particular	it	shows	that	when	the	ambient	wind	speed	exceeds	about	25km	h-1, a wind 
reversal on the lee slope (Mode 3) becomes a near certainty. 

end User statement
All fire fighters are acutely aware of the impact of wind on fire behaviour, but it is 
traditionally observed broadly with consideration to speed and direction.

This research demonstrates how the interaction of wind with rugged terrain results in 
small-scale changes in wind within the landscape, which can lead to significant increases in 
fire intensity and direction of spread.

The challenge for us as fire managers and fire fighters is to develop skills to allow us to 
identify these weather phenomena so that we can anticipate the potential effects on fire 
behaviour, rather than observing the consequences.

This research will also underpin improvements to wildfire models by providing more 
accurate predictions of rate of spread in complex terrain, particularly as fires become 
affected by vertical air movement. This will result in safer and more effective strategies 
during fire suppression operations. It will also lead to better strategies being developed by 
fire planners and a safer community.

– andrew stark, chief officer, act rural fire service, act emergency services 
agency.
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