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Predicting terrain-induced wind turbulence or smokejumper 
parachute operations 
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ABSTRACT 

Background. Terrain-induced turbulence is dangerous or smokejumpers parachuting into com-

plex terrain and results in numerous serious accidents annually. Aims. We quantiy wind 

modelling system WindNinja’s ability to reproduce terrain-induced eects on the mean wind 

speed and turbulence in complex terrain. We assess WindNinja’s suitability or use in identiying 

sae jump spots during smokejumper operations in complex terrain. Methods. We evaluate the 

model’s ability to reproduce mean wind speed, mean wind direction and turbulence kinetic 

energy (TKE) measured by sonic anemometers and lidar scanners over a ridge–valley–ridge system 

collected under near-neutral atmospheric conditions during the Perdigão eld campaign. We 

conduct a WindNinja simulation to examine the wind and turbulence conditions during the 2021 

Eicks Fire smokejumper accident. Key results. WindNinja can reproduce both mean wind speed 

and turbulence characteristics induced by the terrain. WindNinja revealed critical turbulence 

inormation that could have been useul to smokejumpers during the Eicks Fire jumping opera-

tion. Conclusions. WindNinja’s ability to reproduce key eatures in the mean wind speed and 

turbulence elds induced by the terrain make it suitable or use as an aid in identiying sae jump 

spots in complex terrain. Implications. Findings rom this work will reduce parachute accidents 

and increase the saety o aerial reghter operations.  

Keywords: CFD, computational fuid dynamics, high-resolution wind, parachute operations, 

smokejumper, TKE, turbulence, turbulence kinetic energy, wind modelling, wind speed, 

WindNinja. 

Introduction 

Turbulence is ubiquitous in the atmospheric boundary layer (ABL). Turbulence is pro-
duced rom mechanical orces, such as wind shear at the ground or over obstacles (e.g. 
vegetation, buildings or terrain eatures) and buoyant orces, such as solar surace 
heating and thermal plume injections rom res, industrial stacks, or other heat sources. 
We perceive the eects o turbulence when we experience ‘rough’ air jostling an aircrat, 
see a ag waving in the wind, or observe the rolling motions o a wildland re plume. 
Oten, ABL turbulence is not easily observed, however. Unlike in a river where we can see 
an eddy that orms behind a rock, we are not always able to see the turbulent eddies that 
develop in the wake o a mountain. Predictions o the production and distribution o 
turbulence in the ABL are important, because, in many cases, turbulence cannot be 
perceived directly by observers. 

Estimates o near-surace ABL turbulence are important or many aspects o the 
wildland re environment. Heilman (2023) reviewed the state o knowledge regarding 
the role o turbulence in wildland re behaviour. The review showed that rebrand 
production and transport (Clark et al. 2020), re spread (Finney et al. 2015; Simpson 
et al. 2016) and re whirl development (Countryman 1971; Seto and Clements 2011) are 
all thought to be highly sensitive to the level o turbulence in the ABL. Turbulence also 
impacts aerial reghting operations. Smokejumper operations are particularly sensitive 
to near-ground turbulence and are the subject o the present work. 
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Smokejumpers are wildland reghters who parachute 
rom low-ying aircrat, typically exiting the aircrat at 
915 m (3000 eet) above ground level (AGL) to a designated 
landing zone, reerred to as a ‘jump spot’ near a re. They are 
oten dispatched to remote res in rugged terrain that are 
difcult to access by other means. Smokejumpers are 
employed by the United States Department o Agriculture 
(USDA) Forest Service and the Department o Interior (DOI) 
Bureau o Land Management (BLM), with bases located 
throughout the western US and Alaska. These smokejumpers 
use Ram-Air style parachutes, which require orward speed to 
maintain lit (USDA Forest Service 2018). Small wind uctua-
tions can drastically impact parachute aerodynamics (Balaji 
et al. 2005) and the ability o the smokejumper to y the 
parachute eectively. Existing protocols to assess ABL turbu-
lence during jump operations include the release o weighted 
streamers to visually assess winds and turbulence throughout 
the intended jump prole prior to the jump (USDA Forest 
Service 2018). Turbulence near the ground is o particular 
concern. Numerous hard landings, serious accidents and atal-
ities have been attributed to unexpected near-surace turbu-
lence during training and operational jumps (Wildland Fire 
Lessons Learned Center - Fire Smokejumper Fatality - 
Organizational Report; https://lessons.s2c.usda.gov/incident/ 
eicks-re-smokejumping-accidentatality-2021). There was an 
average o our serious jump injuries per year, including one 
atality, during 2015–2023 in which turbulence potentially 
played a actor according to accident reports rom the 
Wildland Fire Lessons Learned Center (https://lessons.s2c. 
usda.gov/). 

Flow separation over ridges can create large wake zones 
with increased turbulence that extend ar downwind. This 
phenomenon likely contributed to the hard landing that 
resulted in a smokejumper atality during a jump on the 
Eicks Fire in New Mexico in 2021 (Wildland Fire Lessons 
Learned Center - Fire Smokejumper Fatality - Technical 
Report; https://lessons.s2c.usda.gov/incident/eicks-re-smoke 
jumping-accident-atality-2021). Our research team used a 
high-resolution diagnostic wind model developed or opera-
tional wildland re applications, WindNinja (Forthoer et al. 
2014a, 2014b; Wagenbrenner et al. 2019), to investigate sur-
ace winds and turbulence during the jump operation on the 
Eicks Fire. The ndings indicate that the jump operation took 
place in the wake o a tall upwind ridge that created a large 
re-circulation zone characterised by regions o enhanced turbu-
lence. These ndings demonstrate that real-time orecasting o 
turbulence, used in conjunction with existing protocols, could 
assist in assessing suitable jump spots in complex terrain 
(Wildland Fire Lessons Learned Center - Fire Smokejumper 
Fatality - Technical Report; https://lessons.s2c.usda.gov/ 
incident/eicks-re-smokejumping-accident-atality-2021). 

In this work, we investigate the capabilities o WindNinja, 
an existing wind modelling system used operationally on wild-
land res, to provide real-time estimates o turbulence char-
acteristics or smokejumper operations in complex terrain. 

WindNinja is widely used by re managers in the US and 
around the world. It is routinely used to drive operational 
re spread models such as FlamMap (Finney 2006) and 
Prometheus (Tymstra et al. 2010), create high-resolution hind-
casts or accident investigations and plan uel treatments 
and burnout operations (Drury et al. 2016), and or situa-
tional awareness. These examples utilise mean wind 
speed and direction predictions rom WindNinja; however, 
WindNinja can also generate additional inormation about 
the near-surace atmosphere, such as turbulence and shear. 
To-date, these capabilities have not been made accessible to 
end users or ormally assessed or accuracy by the develop-
ment team. 

WindNinja has previously been evaluated with eld data 
collected over isolated hills and mountains o varying terrain 
complexity (Forthoer et al. 2014a, 2014b; Wagenbrenner 
et al. 2016, 2019); however, smokejumper operations oten 
occur in areas with more rugged terrain. Butler et al. (2015) 
described wind observations taken in the Salmon River can-
yon o Idaho as a ollow-up study to our isolated hill work 
with higher terrain complexity or continued model evalua-
tion; however, this site oers the opposite extreme, with a 
landscape characterised by severely dissected, rugged ter-
rain with tall, steep ridges and local-scale ows that are 
typically decoupled rom the large-scale ow alot. Wind 
modelling in the Salmon River canyon is challenging and 
oten requires sophisticated treatment o both dynamically 
driven and thermally driven winds at multiple scales (Butler 
et al. 2015; Wagenbrenner et al. 2018). In the present study, 
we choose a dataset collected rom a site that oers terrain 
complexity between that o the isolated mountains used in 
our previous model evaluation work and the rugged terrain 
o the Idaho Salmon River Canyon. 

Here, we use mean wind speeed and turbulence data col-
lected during the well-known Perdigao experiment (Mann 
et al. 2017; Fernando et al. 2019) to evaluate WindNinja 
near-surace mean wind and turbulence predictions. The 
Perdigao eld site provides an observational wind dataset 
over two parallel ridges in which turbulence is characterised 
by a dense network o sonic anemometers and scanning lidar 
systems. The ridges are steep enough to cause ow separation, 
and signatures o the associated ow recirculation and 
enhanced turbulence are contained in the observational 
data. Additionally, the approach ow conditions are well- 
dened, which acilitates setting appropriate model bound-
ary conditions and better assessment o model perormance 
by minimising the conation o boundary condition errors 
with model errors. This constitutes the rst evaluation o 
turbulence predictions rom WindNinja and extends model 
validation rom the previous work over simpler isolated 
terrain eatures, to a slightly more complex ridge–valley– 
ridge system. 

The objectives o this work are to (1) quantiy the accu-
racy o mean wind speed and turbulence kinetic energy 
(TKE) predictions rom WindNinja over a ridge-valley-ridge 
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system under near neutral atmospheric stability; (2) assess 
the turbulence energy spectra over the ridge–valley–ridge 
system; (3) investigate the mean velocity uctuation as a 
turbulence metric; and (4) present the Eicks Fire wind simu-
lations as a real-world use case to demonstrate the potential 
utility o such a tool or smokejumper operations. We 
describe how the ndings could be incorporated into a 
new WindNinja user interace with output products speci-
cally targeted to support smokejumping operations. 

Methods 

In this work, we ocus on near-ground, mechanically induced 
ABL turbulence, specically, turbulence occurring in the lee 
o terrain eatures in wake zones because these areas have 
been observed by smokejumpers to be hazardous. Although 
buoyancy-driven sources are requently present to some 
degree during smokejumper operations, they can oten be 
considered negligible compared with the mechanical produc-
tion o turbulence induced by the terrain. Two sources o 
buoyancy-induced turbulence are heat release rom the re 
itsel and solar surace heating. However, smokejumpers 
typically jump ar enough away rom the re that re- 
generated turbulence is insignicant. Additionally, jumping 
operations are requently conducted under surace winds o 
3–6 m s–1, which is sufcient to disrupt convective boundary 
layer growth in complex terrain (Whiteman 2000). For these 
reasons, we do not consider buoyancy-produced turbulence 
here and limit this investigation to near-neutral atmospheric 
stability conditions. Additionally, WindNinja is ormulated 
to perorm best in neutral-stability atmospheres and so 
oers the most potential benet to jumpers under these 
conditions. 

Perdigão eld observations 

We evaluate modelled mean winds and TKE against data 
collected rom the Perdigao eld campaign, which took 
place in Portugal during 2017 (Mann et al. 2017;  
Fernando et al. 2019; WindsP Web Application 2020). The 
eld site is characterised by two parallel ridges oriented 
northwest to southeast, orming a ridge–valley–ridge system 
(Fig. 1). The ridges are approximately 4 km long with slopes 
o ~35%. The ridgetops rise 200–250 m above the valley 
oor, with a ridge-to-ridge distance o 1.4 km. The sur-
rounding terrain to the southwest and northeast is relatively 
at compared with the ridge–valley–ridge system. The site is 
covered by patches o pine and eucalyptus trees with grass 
and shrub vegetation in between. Vasiljević et al. (2017) 
provide an in-depth description o the terrain and vegetation 
including photos o the site. There is a 2 MW wind turbine 
with a hub height o 78 m and rotor diameter o 82 m located 
on the southwest ridge near tower tse04 (Fig. 1). We describe 
possible eects o the turbine on the observation network 
and implications or interpretation o results in the Results 
and Discussion sections. Interestingly, Tomaszewski et al. 
(2018) investigated how turbulence induced by a wind tur-
bine could pose a hazard to small aircrat. Although not the 
ocus o this study, it is worth noting that wind turbines and 
other large blu bodies also have the potential to produce 
turbulence hazards to aviation resources. 

We ocus on a meteorological period with steady south-
west winds approximately perpendicular to the ridges. Wind 
speed, wind direction and TKE were measured along two 
transects in the streamwise direction spanning the ridge– 
valley–ridge system (Fig. 1). We use sonic anemometer data 
rom three 100-m towers (tse04, tse09 and tse13) with 
measurements 10, 20, 30, 40, 60, 80 and 100 m above the 
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ground and six 60-m towers (rsw06, tnw07, tnw10, rsw03, 
tse06 and tse11) with measurements at 10, 20, 30, 40 and 
60 m. Tower tnw07 had additional measurements at 4, 6, 8 
and 12 m. The quality-controlled, tilt-corrected 5-min and 
high-rate observed data were obtained rom the NCAR Earth 
Observing Laboratory (Oncley 2021). The raw data were 
sampled at 20 Hz (Oncley 2019). We investigate the time 
period 22:00 to 22:30 UTC on 4 May 2017 as the evaluation 
case. Palma et al. (2020) calculated a bulk Richardson num-
ber o −0.03 or this time period, which indicates near- 
neutral atmospheric conditions. These conditions were 
prone to ow separation over the southwest ridge and or-
mation o a recirculation zone between the two ridges 
(Menke et al. 2019). We choose this case to evaluate 
model perormance under a double-ridge system exposed 
to a cross-ow under neutral atmospheric stability condi-
tions and expect that ndings will extend to other similar 
cases. 

Model description and conguration 

We use the WindNinja conservation o mass and momentum 
model described in Wagenbrenner et al. (2019) or this 
work. This model estimates a solution to the steady-state, 
incompressible Reynolds-averaged Navier-Stokes (RANS) 
equations. 

NASA Shuttle Radar Tomography Mission (SRTM) (Earth 
Resources Observation and Science Center (EROS) 2017) 
data at 30-m resolution are used or the digital elevation 
model (DEM). The computational domain extends ~3 km 
beyond the study area in all directions and is constructed 
using the ‘ne’ mesh choice in WindNinja. This choice allo-
cates 100,000 cells or the mesh using the meshing approach 
described in Wagenbrenner et al. (2019), which aords 
higher mesh resolution in the layers near the surace and 

coarser mesh resolution higher in the domain (Fig. 2). The 
near-ground horizontal and vertical cell resolution is 24 m. 
The domain height is 1597 m above ground level (AGL). The 
‘brush’ option is used to set uniorm vegetation throughout 
the domain corresponding to a roughness length o 0.43 m, 
zero-plane displacement height o 1.8 m and vegetation 
height o 2.3 m. 

The domain-average initialisation method in WindNinja 
is used. This sets the initial ow eld and the boundary 
conditions (Wagenbrenner et al. 2019) using a logarithmic 
wind prole. This prole is dened by an input 10-m wind 
speed, wind direction and roughness parameters. The 10-m 
wind speed and direction are set to 2.9 m s−1 and 229° to 
match the calibration tower rsw06 (Fig. 1). 

A sensitivity analysis was perormed to investigate model 
sensitivity to the chosen ground roughness, mesh resolution, 
turbulence model and numerical discretisation schemes by 
independently varying each o these parameters. Results o 
the sensitivity analysis are presented in Appendix 1. 

Model evaluation methods 

We compare modelled vs observed wind speed, wind direc-
tion and TKE at the sensor locations shown in Fig. 1. Model 
results are discussed qualitatively, including a description o 
the presence and structure o key ow eatures throughout 
the domain. Model perormance is also quantied in terms 
o the root mean square error (RMSE), mean bias error 
(MBE) and mean absolute percentage error (MAPE): 
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N
MAPE =

1
× 100

i

N
i

i=1

(3)  

where φ is the observed value, φ′ is the dierence between 
the predicted and observed and N is the number o obser-
vations. A circular mean is used or wind direction 
calculations. 

The RANS simulation includes a transport equation or
TKE and outputs TKE directly as detailed in Wagenbrenner 
et al. (2019). TKE is the mean kinetic energy per unit mass 
contained in the eddies o a turbulent ow. The measured 
TKE, k, is calculated rom the observed 20 Hz sonic ane-
mometer data as one hal o the sum o the variances, σ2, o 
the velocity uctuations: 

k u v w=
1

2
( + + ) =

1

2
( ( ) + ( ) + ( ) )u v w

2 2 2 2 2 2

(4)  

where u′, v′, w′ are the instantaneous uctuations about the 
mean and the overbar indicates the mean (e.g. u′ = u − u̅). 
The modelled and observed turbulence is also investigated 
in terms o the root-mean-square velocity uctuations and 
the turbulence energy spectral density. The root-mean- 
square velocity uctuations, Urms are calculated as: 

U u v w k=
1

3
( ( ) + ( ) + ( ) ) =

2

3
rms

2 2 2 (5)  

We anticipate that eddies o dierent sizes, time scales and 
strengths will impact parachute ight control dierently. As 
a rst investigation into this, we examine the turbulence 
energy spectral density o the sonic anemometer data com-
puted using a Fast Fourier Transorm. These transormed 
data are plotted as the spectral density vs the associated 
time scale on a log-log plot to depict the energy spectrum 
and highlight key eatures o the turbulent ow. For exam-
ple, the peak is associated with production o turbulence 
and the largest eddy sizes in the ow. We compare the 
energy spectral density signatures at dierent locations in 
the terrain. 

Eicks re case study 

We present modelled winds and turbulence or an opera-
tional jump conducted by smokejumpers in southwest New 
Mexico on the aternoon o 24 May 2021 as a case study to 
demonstrate the potential utility o high-resolution turbu-
lence predictions or smokejumping operations. The jump 
operation took place in the lee o a tall ridge exposed to a 
strong southwesterly wind, approximating near-neutral 
atmospheric conditions. The jump ended with a hard landing 
that resulted in a smokejumper atality. The details o the 
case are published in the Eicks Fire Smokejumper Fatality 
Learning Review Technical Report (Wildland Fire Lessons 
Learned Center - Fire Smokejumper Fatality: Learning 

Review – Technical Report; https://lessons.s2c.usda.gov/ 
incident/eicks-re-smokejumping-accident-atality-2021) 
and indicate that turbulence generated rom upwind terrain 
eatures likely played a role in the hard landing. 

The Eicks Fire was located in the Animas Mountains o 
southwest New Mexico (Fig. 2). This is a high-elevation 
desert with rugged terrain and peaks rising over 1000 m 
above the valley oor. The Eicks Fire was ~20 ha in size at 
the time o the jump. The designated jump spot was south o 
the re on a grassy slope with a west aspect (Fig. 2). 
Streamers released by the smokejumpers indicated west 
winds o ~6 m s−1 in the jump spot and the High- 
Resolution Rapid Reresh (HRRR) orecast modelled west-
erly 10-m winds o 6.2 m s−1 rom 261° at the time o 
the jump. 

A WindNinja simulation was initialised with a domain- 
average wind o 6.2 m s−1 rom 261° at 10 m AGL to assess 
local winds and turbulence during jump operations. 

Results and discussion 

Perdigão mean wind and TKE 

The modelled time-averaged wind eld contains several 
notable ow eatures, including speed-up over the rst 
ridge and ow separation over portions o both ridges with 
recirculation zones downwind (Figs 3 and 4). Flow speed-up 
occurs over sections o the second ridge that are not 
impacted by ow separation rom the rst ridge. For exam-
ple, speed-up is visible over the south end o the second ridge 
(Fig. 3). This is likely due to the broken terrain that com-
prises the southern end o the rst ridge, which allows ow 
to channel through small gaps in the terrain rather than 
being orced up and over the ridge. Instead o separating 
over the rst ridge, the ow maintains its momentum as it is 
unnelled through the gaps in its approach to the second 
ridge. There is also ow channelling around the northern 
end o the ridges and through terrain gaps in the southern 
end o the ridges, visible particularly in the lower 40 m AGL 
plot (Fig. 3a). Flow blocking upwind o the rst ridge is 
visible in both the 40 m and the 100 m AGL slices (Fig. 3). 

Transects A and B pass through the central portion o the 
ridge–valley-ridge system characterised by nearly parallel 
ridges o similar height without gaps in the terrain (Fig. 1). 
The transects pass through an area o ow separation 
induced by the rst ridge (Figs 3 and 4). The horizontal 
extent o the wake region that orms behind the rst ridge is 
approximately two times the height o the ridge and extends 
above and downwind o the second ridge (Fig. 4). These 
modelled ow separation characteristics qualitatively match 
the lidar observations reported in Menke et al. (2019). There 
is ow recirculation between the ridges along both transects 
(Fig. 4). Two recirculation regions can be seen along both 
transects, one centred immediately downwind o the 
upwind ridge and the other centred closer to the second 
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ridge and slightly lower in elevation (Fig. 4). The height o 
the modelled recirculation region is approximately equal to 
the height o the rst ridge and the maximum strength o the 
modelled reverse ow is approximately 1 m s−1 (Fig. 5). 
This closely matches the observed recirculation patterns 
reported in Menke et al. (2019) rom scanning lidars during 
near-neutral stability southwesterly ow conditions (Fig. 6). 

The modelled TKE eld at 40 m and 100 m AGL is shown 
in Fig. 7. There is higher TKE at 100 m AGL compared with 
40 m AGL (Fig. 7). The sensors exposed to the highest TKE in 
these 40 m and 100 m AGL slices are located on the second 
ridgetop (tnw10, tse13 and tse11; Fig. 7). This is a region o 
strong horizontal and vertical shear (Figs 3 and 4). The wake 
region rom the rst ridge tapers down over the second ridge 
and the areas with strongest TKE are located near the edges 
o the wake over the second ridge where horizontal shear is 
high (Fig. 3). There is strong vertical shear because the ow 
is passing over the second ridge (Fig. 4). Enhanced TKE can 
also be seen between the two ridges along the streamlines 
immediately east o tse06 (Fig. 7), which is near the edge o 

the wake region generated by the rst ridge and a region o 
strong horizontal shear (Fig. 3b). 

The vertical slices (Fig. 8) show a region o enhanced TKE 
between the two ridges just above the recirculation zone 
that extends vertically and downwind just over the second 
ridge, ollowing the mean ow. A similar pattern in TKE is 
shown in both transects, although Transect A has slightly 
higher TKE values. 

The modelled mean wind speed prole approximates 
the observed prole at the calibration tower, rsw06, with 
the modelled mean speed alling within the range o the 
reported 5-min mean speeds or our out o the ve sensor 
heights (Fig. 9). The modelled speeds all within the range o 
the 5-min observations or the other tower locations on the 
rst ridge except or the lowest three heights on tower tse04 
and the lowest height on tower rsw03 (Fig. 9). The model 
slightly underpredicts at the lowest three heights at tse04 
and slightly overpredicts at the lowest height at rsw03 
(Fig. 9). The modelled speed proles slightly underpredict 
in the valley, but still all within the range o the 5-min 
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averages observed at most sensors on the valley towers 
(Fig. 9; tse09, tse06, tse11, tnw07). The modelled speed 
prole is underpredicted at the second ridge towers 
(Fig. 9). This could indicate that the modelled wake region 
rom the rst ridge is propagating too ar downwind or 
perhaps is too wide as it passes over the second ridge. The 
wake region narrows as it approaches the second ridge, with 
towers tnw10 and tse13 just inside the wake region (Fig. 3). 
I the modelled wake region were slightly narrower over the 

second ridge, the wind speeds would match the observed 
proles more closely. 

The modelled wind direction prole matches the observed 
wind direction prole at the calibration tower, rsw06 (Fig. 10). 
The modelled direction proles closely match the observed 
proles at the other two tower locations on the rst ridge 
(Fig. 10). The wind direction observed at the rst ridge 
is ~230°, with little vertical directional shear (Fig. 10). 
The observed 5-min wind directions in the valley exhibit 
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substantial variability and the 30-min averages indicate 
vertical directional shear, consistent with the presence o a 
recirculation region (Fig. 10). The modelled direction pro-
les match the observed valley proles well with all o the 
modelled proles alling within the range o observed 5-min 
mean observations (Fig. 10). The observed direction proles 
have much less variability and directional shear at towers 
tse13 and tnw10 on the second ridge, which suggests that 
these towers are outside o the turbulent recirculation 
region (Fig. 10). The modelled direction proles match the 
observed proles well, with all modelled directions alling 
within the range o the observed 5-min average directions 
(Fig. 10). 

The modelled TKE is within the range o the observed 
5-min mean TKE at the lower two heights o the calibration 
tower, rsw06 (Fig. 11). The simulation slightly overpredicts 
TKE at the upper three heights at rsw06 (Fig. 11). Slight 
overpredictions in TKE at the upper tower heights can also 
be seen or the towers tse04 and rsw03 on the rst ridge 
(Fig. 11). The observed mean and variability in TKE was 
higher at the valley towers (Fig. 11). The modelled TKE 
matches the observed proles well, with the modelled TKE 
alling within the range o the reported 5-min means, except 
or at tower tse11, where TKE is slightly underpredicted at 
all heights (Fig. 11). The shape o the modelled mean TKE 
prole closely matches the observed proles, with TKE 

increasing with height (Fig. 11). The highest observed TKE 
values were measured at the second ridge (Fig. 11). There is 
also substantial variability in the observed TKE on the sec-
ond ridge at tower tnw10 (Fig. 11). The simulation under-
predicts TKE on the second ridge, especially at tnw10; 
however, the shape o the modelled TKE proles matches 
the observed proles with increasing TKE up to ~30 m and 
then steady or slightly decreasing TKE rom 30 to 100 m 
(Fig. 11). 

As mentioned in the Methods, there was a wind turbine 
located on the southwest ridge near tse04. Although the 
turbine undoubtedly impacted near-turbine ow and turbu-
lence downwind, we do not think it is likely that the turbine 
substantially aected observations at the sonic anem-
ometers or lidar scan used in this work. We believe that 
the mean ow and turbulence signatures described above 
are induced by the terrain and only minimally impacted by 
the turbine. This is in line with ndings reported in  
Wildmann et al. (2019) that showed that the turbine eect 
on the ow only propagates downwind ~200–400 m.  
Fernando et al. (2019) reported measurements with and 
without the turbine operating and ound that the turbine 
only aected ow up to ~300 m downwind. Additionally, 
modelling by Wenz et al. (2022) ound that the turbine had 
little eect on the ow beyond 500 m downwind or below 
the ridge top. They reported a well-dened wake up to 
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340 m downwind o the turbine that rapidly decayed 
beyond this distance. The turbine wake simulated by Wenz 
et al. (2022) under neutral atmospheric stability did not 
ollow the terrain, but drited upward, which compares 
well with the ndings reported in Wildmann et al. (2019). 

Characterising turbulence at Perdigão 

We anticipate that dierent temporal and spatial scales o 
turbulence will impact parachute ight control dierently. 
For example, a wind gust o very short duration, say less 
than 1 s, is not likely to cause loss o control as the short 
impulse would not change the momentum o the parachuter 
signicantly. Similarly, a very long timescale uctuation, 
say o 20-min duration, is also not likely to cause ight 
control difculty as the wind changes are slow enough 
that the operator could adjust ight to compensate. We 
anticipate that turbulence o the order o seconds to minutes 
may be the most important timescales or parachute ight. 
Our analysis in previous sections ocused on TKE because it 
is directly computed during our RANS simulation process, 
which uses a k-epsilon type turbulence closure, but this is a 
simple rst-order description o turbulence. Here, we inves-
tigate more detailed turbulence characteristics and examine 
other potentially useul turbulence metrics or smokejumper 
operations. 

Turbulence energy spectra 
We computed the turbulence energy spectral density at 

two tower locations representing a location o relatively 
high TKE and low TKE to compare the scales o turbulence. 
For this purpose, 40-m data rom tower rsw06 (top o the 
rst ridge) and tower tnw10 (top o second ridge in wake 
rom rst ridge) were analysed (Fig. 12). There is a slight 
increase in the peak energy or tnw10 at a time scale o 
~600 s compared with rsw06. The energy cascade in the 
inertial subrange rom ~100 to 0.1 s ollows the expected 
−5/3 power law at both locations. Eddies with time scales 
o ~5–10 s are anticipated to be o importance or parachute 
unctionality, given that smokejumper ying time is 
~30–60 s. As the energy spectra continuously span the 
temporal range relevant to smokejumpers at a known rate 
and scales with the peak energy, a single metric can suf-
ciently describe the turbulence under these atmospheric 
conditions. 

Mean velocity fuctuation 
The mean velocity uctuation can be calculated directly 

rom the TKE, assuming isotropic turbulence (Eqn 5). This is 
he mean velocity uctuation that can be expected about the 
mean wind speed over time. This could be a good metric to 
characterise turbulence or smokejumper operations because 
(1) it is intuitive as it is reported in speed units and has an 
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interpretable meaning, and (2) it indicates an absolute orce 
aecting a parachute. Eddy dissipation rate (EDR) is a com-
monly used turbulence metric in the aviation industry 
because it is proportional to the root-mean-square vertical 
acceleration experienced by an aircrat (Sharman et al. 
2014); however, velocity uctuations are also requently 
used to assess turbulence hazards or simple quantication 
and communication. Guidelines issued by the National 
Weather Service delineate velocity uctuations o 1.5–5.9, 
6.0–10 and 11–15 m s−1 into categories o light, moderate 
and severe turbulence or aircrat, respectively (National 
Weather Service 2024). The eect o each turbulence classi-
cation on a specic aircrat will depend on the size o the 
aircrat, with small aircrat being more susceptible to smaller 
velocity uctuations than larger aircrat. One question is 
what magnitude o velocity uctuation is sufcient to impact 
parachute unctionality. There is not much guiding inorma-
tion in the literature on this topic. As the size and weight o a 
parachuter is much smaller than that o even a small aircrat, 
it is suspected that light turbulence would have a substan-

tially larger impact on parachutes than on small aircrat. 
Thus, even velocity uctuations o 1.5 m s−1 could be 
potentially hazardous to smokejumpers, particularly i 
encountered near the ground. This will likely need to be 
assessed, along with other turbulence metrics, including 
EDR, via communication with smokejumpers regarding 
their in-ight experiences coupled with quantication o 
these turbulence metrics in the jump areas. 

As turbulence levels can vary drastically with elevation, 
one efcient way to characterise turbulence or smokejumper 
operations may be to quantiy the maximum value o a given 
turbulence metric within each column o air above the terrain 
spanning the jump prole. This will give smokejumpers a 
quick estimate o the spatial distribution o the most turbulent 
air in their operational area. The jumpers exit the aircrat at 
~915 m (3000 eet) AGL and their parachutes are deployed 
by 460 m (1500 eet) AGL. The region between 460 m AGL 
and the ground is o most importance to the smokejumpers 
because this is the region they are ying their parachutes in. 
Arguably, regions closer to the ground are more critical than 
regions arther away rom the ground, because the closer to 
the ground the smokejumper is, the less room or error they 
have in their manoeuvres. Fig. 13 shows the maximum mean 
velocity uctuation within 460 m o the ground. The largest 
velocity uctuations in the study area o the Perdigao domain 
are ound on the upwind side o the second ridge, with mean 
velocity uctuations o up to 1.1 m s−1 (Fig. 13a). 

Eicks re case 

A WindNinja simulation was conducted to re-create the 
wind and turbulence conditions during the Eicks Fire acci-
dent. Fig. 14 shows terrain-ollowing slices o the modelled 
ow eld at 40 m and 100 m AGL. The modelled time- 
averaged wind eld shows ow separation over the tall 
ridge upwind o the landing site, indicated by the recircula-
tion zone in the top and side views (Figs 14 and 15). 
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Vertical proles o the ow were extracted along three 
transects aligned with the mean wind direction. Transect A 
runs just south o the landing site, within the northern edge 
o the recirculation zone (Figs 14 and 15). Transect B runs 
through the landing site and Transect C runs through the 
intended jump spot (Figs 14 and 15). Transect A runs 
through a tall, sharp portion o the upwind ridge and ow 
recirculation can be seen behind the ridge, spanning a verti-
cal distance rom the valley oor behind the ridge to the top 
o the ridge, ~190 m (Fig. 15a). The landing site is located 
behind a smoother part o the ridge with a shallower dis-
tance to the lee-side valley bottom, on the north edge o the 
recirculation zone. Again, the recirculation zone spans the 
vertical distance rom the lee-side valley oor to the ridge-
top, ~75 m (Fig. 15b). The intended jump spot is located 
urther up-drainage in a shallower region o the lee-side 
valley and just outside o the recirculation zone (Fig. 15c). 

Top and side views o the modelled TKE elds are shown 
in Figs 16 and 17. There is higher TKE present throughout 
the 100 m height surace compared with the 40 m height 
surace (Fig. 16). The landing site is located in an area with 
relatively high TKE (TKE > 3 m2 s−2 at 100 m AGL;  
Fig. 14b). The intended jump spot is located in an area 
with lower TKE than the landing site (Fig. 16). The vertical 
slices show a peak region in modelled TKE immediately 
downwind o the tall ridge, starting at approximately the 
height o the tall ridge and spanning a vertical distance o 
~190 m above this height (Fig. 17). 

A nger o relatively high TKE can be seen in the 100 m 
AGL slice (Fig. 16b) extending rom immediately downwind 
o the tall ridge, through the landing site and to the 
east–northeast, approximately along Transect B. This nger 
delineates the boundary o the recirculation zone (Fig. 16b 
compared with Fig. 14b). The strong gradients in the ow 
along this boundary are the reason or the enhanced TKE in 
this region and this is something smokejumpers should look 
out or. Enhanced turbulence can be expected along the 
boundaries o lee-side recirculation zones. In this case, 
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there is a sufciently strong gradient between the landing 
site and the jump spot, such that turbulence conditions are 
substantially dierent between these two locations although 
the distance between them is small. In the absence o turbu-
lence orecasts, smokejumpers could watch out or strong 
spatial gradients in mean wind orecasts or observations, as 
this likely translates to increased turbulence. 

Another thing to note is how ar downwind the wake and 
enhanced TKE persist in the domain. The wake rom the tall 
ridge and the enhanced TKE associated with this wake 
extend horizontally rom immediately downwind o the 
tall ridge to beyond the eastern edge o the domain 
(Figs 14 and 15), 2500 m or more than six times the ridge 
height. Smokejumpers should be aware that terrain eects 
can persist ar downwind, and the next ridge or two down-
wind o a taller exposed ridge may be in a region o very 
high turbulence. 

The maximum velocity uctuation was ~1.6 and 
1.2 m s−1 in the column o air above the landing site and 
the intended jump spot, respectively (Fig. 13b). The velocity 
uctuations at the landing site all within the light turbu-
lence rating or aircrat (National Weather Service 2024). As 
smokejumpers are substantially lighter than even a small 
aircrat, this light rating could translate to a substantial 
impact or their ight experience. Both TKE at 40 m and 
100 m AGL and mean velocity uctuation turbulence met-
rics indicate higher turbulence levesl at the landing site 
compared with the intended jump spot. 

Implications or smokejumper jump spot 
assessments 

WindNinja’s skill in simulating the distribution o turbu-
lence under near-neutral atmospheric conditions at the 
Perdigao site suggests that it could be o use or smokejum-
per jump spot assessments under moderate to high wind 
conditions. As WindNinja is ormulated or neutral atmo-
spheric stability, model accuracy is expected to deteriorate 

T
K

E
 (

m
2
 s

–
2
)

(a) (b)

3,478,000

3,478,500

3,479,000

3,479,500

3,480,000

3,480,500

3,481,000

Easting (m)

71
1,

00
0

71
1,

50
0

71
2,

00
0

71
2,

50
0

71
3,

00
0

71
3,

50
0

71
4,

00
0

N
o

rt
h

in
g

 (
m

)

3,478,000

0

1

2

3

4

3,478,500

3,479,000

3,479,500

3,480,000

3,480,500

3,481,000

Easting (m)

71
1,

00
0

71
1,

50
0

71
2,

00
0

71
2,

50
0

71
3,

00
0

71
3,

50
0

71
4,

00
0

N
o

rt
h

in
g

 (
m

)

Fig. 16. Top view o the modelled TKE eld along terrain-ollowing slices at (a) 40 m AGL, and (b) 100 m AGL or the Eicks Fire domain. 

Jump Spot indicates the intended jump spot.   

1589
0 1252 2504 3756

Distance along transect (m)

5009 6261

0 1252 2504 3756

Distance along transect (m)

5009 6261

0 1252 2504 3756

Distance along transect (m)

5009 6261

1779

1969

z
(m

 A
S

L
)

2159

2350

2540

1590 0

1

2

3

4

1780

1970

z
 (

m
 A

S
L

)

2160

2350

2540

1593

1782

1972

z
 (

m
 A

S
L

)

2161

2350

2540

(a)

(b)

(c)

T
K

E
 (

m
2
 s

–
2
)

Fig. 17. Side view o the modelled TKE eld through (a) Transect A, 

(b) Transect B, and (c) Transect C or the Eicks Fire domain. Jump Spot 

indicates the intended jump spot.  

www.publish.csiro.au/w                                                                          International Journal of Wildland Fire 33 (2024) WF24112 

13 



under other stability regimes. Analyses o the energy spec-
tral density reveal that a single metric is sufcient to char-
acterise turbulence under these atmospheric conditions. TKE 
and the mean velocity uctuation are the metrics presented 
in this work and are shown to correlate well with observa-
tions. It is unknown how either o these metrics correlate 
with parachute unctionality or the ability o the smokejum-
per to y. Future work is needed to assess how smokejumper 
in-ight experiences correlate with the various computed 
turbulence metrics. The EDR, which is the standard metric 
used in the aviation industry, should also be investigated. 
The turbulence metrics deemed most useul to smokejumpers 
could be incorporated into a turbulence orecast product 
customised or the smokejumper community, similar to 
what has been done by the National Weather Service or 
the aviation industry (National Weather Service Aviation 
Weather Center 2024). Because WindNinja is a ast-running 
model, with simulation times typically o the order o a ew 
minutes, turbulence metrics could be generated in real time, 
or example, via a WindNinja web or mobile interace cus-
tomised or the smokejumper community. Outputs such as 
the maximum mean velocity uctuations or EDR in the jump 
column could be generated or viewing in the app. Another 
output that could be o use is the height AGL containing the 
maximum mean velocity uctuation or EDR. Future work 
should evaluate relevant thresholds o EDR and mean veloc-
ity uctuations based on smokejumper ight experiences. 
Specic turbulence metrics, thresholds or those metrics 
and display options will need to be selected based on testing 
and eedback rom smokejumpers. 

Conclusions 

Mean wind and turbulence predictions rom WindNinja 
were compared against sonic anemometer data collected 
during the Perdigao eld campaign. Lidar data were also 
used or qualitative comparisons o key mean ow eatures. 
Model sensitivity to ve model settings (near-ground cell 
size, depth o the renement layer, roughness length, turbu-
lence model and discretisation scheme) was investigated. 
Turbulence predictions were urther quantied and investi-
gated in terms o the energy spectral density and mean 
velocity uctuations. A WindNinja simulation was run to 
re-create the wind conditions during the Eicks Fire smoke-
jumper accident in 2021. Mean wind and turbulence predic-
tions rom this simulation were presented and discussed in 
the context o the smokejumper accident. The accuracy and 
practicality o using WindNinja to aid in identication o 
sae jump spots in complex terrain was discussed. Key nd-
ings rom this work are:  

1. WindNinja was able to reproduce key eatures in the ow 
eld as well as spatial trends in TKE, mean wind speed 
and mean wind direction compared with lidar data and 

sonic observations under near-neutral atmospheric sta-
bility at the Perdigao eld site.  

2. WindNinja revealed enhanced turbulence at the landing 
site or the Eicks Fire case that likely contributed to the 
hard landing. There were strong gradients and wind 
shear along the edge o the recirculation zone, which 
resulted in enhanced turbulence in this region, in terms 
o both TKE and mean velocity uctuations in the column 
up to 460 m AGL (i.e. the jump column). The velocity 
uctuations modelled above the landing site ell within 
the light turbulence rating or aircrat (National Weather 
Service 2024).  

3. Smaller ridges in the wake o tall upwind ridges can 
experience enhanced turbulence. Smokejumpers should 
be aware that downwind ridges can have very high levels 
o TKE in air above them due to ow over taller upwind 
ridges. 

4. High TKE can be present along the boundaries o recir-
culation zones owing to the increased wind shear in this 
region. This was seen in both the Perdigao and Eicks Fire 
simulations.  

5. The RNG (renormalisation group) k-epsilon turbulence 
model outperormed the standard k-epsilon turbulence 
model, improving all error metrics or mean wind speed, 
mean wind direction and TKE. This was the only sensi-
tivity analysis variable to reduce all error metrics or all 
variables and also generate qualitatively improved ow 
eatures compared with observed lidar data.  

6. The QUICK (Quadratic Upstream Interpolation or 
Convective Kinematics) discretisation scheme does not 
provide realistic estimates o ow separation regions. The 
modelled areas o recirculation are too small and the 
wakes do not extend ar enough horizontally downwind 
compared with the lidar and sonic anemometer data. 

Although this work ocused on smokejumping operations, 
real-time turbulence predictions rom WindNinja could be 
useul or other near-surace reghting aerial operations. 
In the uture, turbulence inormation could also be utilised 
in re modelling applications as re behaviour models 
advance and re responses to turbulence are better under-
stood and characterised. Turbulence predictions will likely 
be important or other domains where WindNinja use is 
expanding, such as snow and hydrological modelling 
(Marsh et al. 2023) and wind energy modelling (Poudel 
et al. 2020). The results o this evaluation will support all 
these uture use cases. 
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Appendix 1. Perdigão sensitivity analysis 

We investigate sensitivity o the modelled ow solution to the chosen model ground roughness, mesh resolution, turbulence 
model and numerical discretisation schemes by independently varying each o these parameters. The settings investigated or 
each parameter are shown in Table A1. The Base Case uses model settings in the current released version o WindNinja 
(version 3.10.0). The Base Case uses the ‘brush’ vegetation option as this option corresponds closest with the average 
vegetation type in the domain. The roughness length or the ‘brush’ option in WindNinja is 0.43 m (the ‘grass’ and ‘trees’ 
option have roughness lengths in the model o 0.01 and 1.0 m, respectively). A roughness length o 0.1 m is also investigated, 
as this corresponds with the value reported in Palma et al. (2020). The turbulence model and discretisation scheme used or 
the advection term in the momentum equation are investigated as in Wagenbrenner et al. (2019). The Base Case uses the 
k-epsilon turbulence model and we also investigate the RNG (renormalisation group) k-epsilon model as this turbulence 
model has been shown to perorm better in simulations with ow separation (Papageorgakis and Assanis 1999). The Base 
Case uses a linear upwind discretisation scheme or the advection term o the momentum equation. We also investigate the 
QUICK (Quadratic Upstream Interpolation or Convective Kinematics) discretisation scheme. 

The WindNinja mesh is constructed to conorm to the terrain and is rened near the ground to better resolve the large 
gradients expected there (Fig. A1). This region o cell renement near the ground is reerred to as the ‘renement layer’. The 
Base Case uses the ‘ne’ mesh choice setting in WindNinja, which results in a near-ground horizontal and vertical cell 
resolution o 24 m and a renement layer depth o 96 m. Mesh resolution is investigated by (1) increasing the resolution o 
the renement layer to 6 m, and (2) increasing the depth o the renement layer to 900 m. 

Simulations with the RNG k-epsilon model (S4 settings) compared best with observations and are presented in the main 
body o the paper. This determination was made based on overall error metrics or mean wind speed, mean wind direction 
and TKE (Table A2) as well as qualitative comparisons o the modelled ow eld and observations, including lidar scans.  
Table A2 shows that the S5 settings had the best comparisons or mean wind speed; however, this conguration resulted in 
unrealistic ow separation as detailed below and so was not considered an improvement over the Base Case. It is widely 
accepted that the RNG k-epsilon model tends to outperorm the standard k-epsilon model in domains with ow separation 
(Papageorgakis and Assanis 1999), so our determination is in line with previous ndings. Results rom simulations with Base 
Case, S1, S2, S3, S4 and S5 settings are summarised below. 

Table A1. Model conguration or the Base Case and sensitivity analyses.      

Model setting Base case Sensitivity analysis Abbreviation D   

Near-ground cell size A (m) 24 6 S1 

Depth o renement layer (m) 96 900 S2 

Roughness length (m) 0.43 0.1 S3 

Turbulence model B 
k-epsilon RNG k-epsilon S4 

Discretisation scheme C Linear upwind QUICK S5 

AHorizontal and vertical cell sizes are equal in the near-ground cells. 
BRNG is the renormalisation group. 
CThe discretisation scheme used or advection o the mean wind in the RANS equations; QUICK is the Quadratic Upstream Interpolation or Convective 

Kinematics. 
DAbbreviation reers to the code given to speciy the sensitivity analysis case corresponding to each investigated model setting.  
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Near-ground cell size (S1) 

Increasing the near-ground horizontal and vertical cell size rom 24 to 6 m does not appreciably change the key eatures in 
the modelled ow eld (Fig. A2 vs Fig. A23). Some o the error metrics or mean wind slightly improve or this case 
(Table A2, Figs A3–A8). 

Depth o the renement layer (S2) 
Increasing the depth o the renement layer rom 96 to 900 m does not appreciably change the key eatures in the 

modelled ow eld (Fig. A9 vs Fig. A23). The increased renement above 96 m does not appear to resolve additional eatures 
in the ow or TKE elds throughout the vertical prole (Figs A9 and A11 vs Figs A23 and A26). Some o the error metrics 
improve slightly or this case (Table A2, Figs A10, A12–A15). 

Roughness length (S3) 
Decreasing the roughness length rom 0.43 to 0.1 m does not appreciably change the key eatures in the modelled ow 

eld (Fig. A16 vs Fig. A23). Some o the error metrics or mean wind slightly improve or this case (Table A2, Figs A17–A21). 

(a)

(b)

Fig. A1. Side view o the mesh or (a) the Base Case, and (b) the sensitivity case with a renement layer depth o 900 m.   

Table A2. RMSE, MBE and MAPE in mean wind speed, mean wind direction and TKE or the Base Case and sensitivity cases.          

Variable Metric B S1 S2 S3 S4 S5   

Wind speed (m s−1) RMSE  1.15  1.08  1.01  1.29  0.94  0.63 

MBE  −0.63  −0.52  −0.48  −0.58  −0.61  0.15 

MAPE  29.6  27.2  29.8  32.2  29.3  18.1 

Wind direction (°) RMSE  31.3  32.8  19.8  37.8  22.1  67.2 

MBE  −15.5  −14.5  −14.3  −18.5  −6.38  35.9 

MAPE  12.2  12.8  11.4  14.8  8.37  22.9 

TKE (m2 s−1) RMSE  0.74  0.63  0.71  0.79  0.67  0.97 

MBE  −0.37  −0.26  −0.35  −0.51  −0.25  −0.44 

MAPE  41.5  34.8  42.0  35.0  39.1  54.5 

B is the Base case; S1 is the modied near-ground cell size case; S2 is the modied depth o renement layer case; S3 is the modied roughness length case; S4 is 

the modied turbulence model case; S5 is the modied discretisation scheme case. The smallest value or each error metric is indicated in bold.  
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Fig. A2. Top view o the modelled fow eld at (a) 40 m AGL, and (b) 100 m AGL or the modied near-ground cell size case.   
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Fig. A4. Top view o the modelled TKE eld at (a) 40 m AGL, and (b) 100 m AGL or the modied near-ground cell size case.   
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Turbulence model (S4) 
Changing the turbulence model rom the k-epsilon model to the RNG k-epsilon model induces some notable changes in the 

ow eld (Fig. 3 vs Fig. A23). The wake and recirculation regions are slightly smaller with the RNG k-epsilon model. Note 
how there is more speed-up along the second ridge between Transects A and B or this case than or the Base Case (Fig. 3 vs  
Fig. A22). The vertical slices show some dierences in the vertical proles o the ow and TKE elds as well (Figs 4 and 6 vs  
Figs A24 and A26). The recirculation zones shit downward slightly in both transects and you can see the stronger ow over 
the second ridge (Fig. 4 vs Fig. A24). The TKE values are slightly higher and the region o enhanced TKE penetrates urther 
down into the valley (Fig. 8 vs Fig. A26). All o the error metrics improve or this case (Table A2, Figs A25, A27, A28). 
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Fig. A6. Modelled vs observed mean wind speed at each tower or the modied near-ground cell size case. Grey circles indicate 

5-min mean observations. Black triangles indicate 30-min mean observations. The top row o panels are the southwest ridge towers; 

the middle row o panels are the valley towers; the bottom row o panels are the northeast ridge towers.   
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Fig. A7. Modelled vs observed mean wind direction at each tower or the modied near-ground cell size case. Grey circles indicate 

5-min mean observations. Black triangles indicate 30-min mean observations. The top row o panels are the southwest ridge towers; 
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Discretisation scheme (S5) 
On visual inspection o the surace, slice and scatter plots, the change in the discretisation scheme induces the largest 

dierences in the ow eld. Notably, the QUICK scheme produces substantially shorter, narrower and shallower regions o 
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Fig. A9. Top view o the modelled fow eld at (a) 40 m AGL, and (b) 100 m AGL or the modied renement layer depth case.   
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Fig. A11. Top view o the modelled TKE eld at (a) 40 m AGL, and (b) 100 m AGL or the modied renement layer depth case.   
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Fig. A10. Side view o the modelled fow eld through (a) Transect A, and (b) Transect B or the modied renement layer depth case. 

Tower labels indicate maximum sensor height or that tower.   
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ow separation and recirculation compared with the linear upwind scheme used in the Base Case (Fig. A29 vs Fig. A22). The 
mean wind speed predictions in the valley and on the second ridge improve slightly (Fig. A33 vs Fig. A26) and this results in 
an overall improvement in RMSE, MBE and MAPE in mean wind speed or this case. The improved mean wind speed 
predictions in the valley and on the second ridge are because the recirculation zone behind the rst ridge shrinks 
substantially when QUICK is used instead o linear upwind (Fig. A29 vs Fig. A22 and Fig. A30 vs Fig. A23). In act, there 
is no recirculation predicted along Transect B at all (Fig. A30). This does not match the sonic anemometer observations 
reported here or the lidar data reported in Menke et al. (2019). Menke et al. (2019) reported a well-dened recirculation zone 
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Fig. A12. Side view o the modelled TKE eld through (a) Transect A, and (b) Transect B or the modied renement layer depth case. Tower 

labels indicate maximum sensor height or that tower.   
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Fig. A13. Modelled vs observed mean wind speed at each tower or the modied renement layer depth case. Grey circles indicate 

5-min mean observations. Black triangles indicate 30-min mean observations. The top row o panels are the southwest ridge towers; 

the middle row o panels are the valley towers; the bottom row o panels are the northeast ridge towers.   
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Fig. A15. Modelled vs observed mean TKE at each tower or the modied renement layer depth case. Grey circles indicate 5-min 

mean observations. Black triangles indicate 30-min mean observations. The top row o panels are the southwest ridge towers; the

middle row o panels are the valley towers; the bottom row o panels are the northeast ridge towers.   
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Fig. A14. Modelled vs observed mean wind direction at each tower or the modied renement layer depth case. Grey circles 

indicate 5-min mean observations. Black triangles indicate 30-min mean observations. The top row o panels are the southwest ridge 

towers; the middle row o panels are the valley towers; the bottom row o panels are the northeast ridge towers.   
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along Transect B. The high temporal variability observed in the wind direction data (Fig. 11) urther support the existence o 
a turbulent recirculation region along Transect B. For these reasons, we believe the QUICK discretisation scheme produces a 
less realistic ow eld than the linear upwind scheme used in the base case (Figs A30, A31, A32, A34–A36). 
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Fig. A16. Top view o the modelled fow eld at (a) 40 m AGL, and (b) 100 m AGL or the modied roughness length case.  
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Fig. A17. Side view o the modelled fow eld through (a) Transect A, and (b) Transect B or the modied roughness length case. Tower 

labels indicate maximum sensor height or that tower.   
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Fig. A18. Top view o the modelled TKE eld at (a) 40 m AGL, and (b) 100 m AGL or the modied roughness length case.   
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Fig. A19. Side view o the modelled TKE eld through (a) Transect A, and (b) Transect B or the modied roughness length case. Tower labels 

indicate maximum sensor height or that tower.   
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Fig. A20. Modelled vs observed mean wind speed at each tower or the modied roughness length case. Grey circles indicate 5-min 

mean observations. Black triangles indicate 30-min mean observations. The top row o panels are the southwest ridge towers; the

middle row o panels are the valley towers; the bottom row o panels are the northeast ridge towers.   
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Fig. A22. Modelled vs observed mean TKE at each tower or the modied roughness length case. Grey circles indicate 5-min mean 

observations. Black triangles indicate 30-min mean observations. The top row o panels are the southwest ridge towers; the middle 

row o panels are the valley towers; the bottom row o panels are the northeast ridge towers.   
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Fig. A21. Modelled vs observed mean wind direction at each tower or the modied roughness length case. Grey circles indicate 

5-min mean observations. Black triangles indicate 30-min mean observations. The top row o panels are the southwest ridge towers; 

the middle row o panels are the valley towers; the bottom row o panels are the northeast ridge towers.   
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Fig. A25. Top view o the modelled TKE eld at (a) 40 m AGL, and (b) 100 m AGL or the Base Case (k-epsilon model).   
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Fig. A24. Side view o the modelled fow eld through (a) Transect A, and (b) Transect B or the Base Case (k-epsilon model). Tower labels 

indicate maximum sensor height or that tower.   
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Fig. A23. Top view o the modelled fow eld at (a) 40 m AGL, and (b) 100 m AGL or the Base Case (k-epsilon model).   
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Fig. A26. Side view o the modelled TKE eld through (a) Transect A, and (b) Transect B or the Base Case (k-epsilon model). Tower labels 

indicate maximum sensor height or that tower.   
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Fig. A27. Modelled vs observed mean wind speed at each tower or the Base Case (k-epsilon model). Grey circles indicate 5-min 

mean observations. Black triangles indicate 30-min mean observations. The top row o panels are the southwest ridge towers; the

middle row o panels are the valley towers; the bottom row o panels are the northeast ridge towers.   
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Fig. A29. Modelled vs observed mean TKE at each tower or the Base Case (k-epsilon model). Grey circles indicate 5-min mean 

observations. Black triangles indicate 30-min mean observations. The top row o panels are the southwest ridge towers; the middle 

row o panels are the valley towers; the bottom row o panels are the northeast ridge towers.   
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Fig. A28. Modelled vs observed mean wind direction at each tower or the Base Case (k-epsilon model). Grey circles indicate 5-min 

mean observations. Black triangles indicate 30-min mean observations. The top row o panels are the southwest ridge towers; the 

middle row o panels are the valley towers; the bottom row o panels are the northeast ridge towers.   
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Fig. A30. Top view o the modelled fow eld at (a) 40 m AGL, and (b) 100 m AGL or the modied discretisation scheme case.   
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Fig. A31. Side view o the modelled fow eld through (a) Transect A, and (b) Transect B or the modied discretisation scheme case. Tower 

labels indicate maximum sensor height or that tower.   
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Fig. A32. Top view o the modelled TKE eld at (a) 40 m AGL, and (b) 100 m AGL or the modied discretisation scheme case.   
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Fig. A34. Modelled vs observed mean wind speed at each tower or the modied discretisation scheme case. Grey circles indicate 

5-min mean observations. Black triangles indicate 30-min mean observations. The top row o panels are the southwest ridge towers; 

the middle row o panels are the valley towers; the bottom row o panels are the northeast ridge towers.   
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Fig. A33. Side view o the modelled TKE eld through (a) Transect A, and (b) Transect B or the modied discretisation scheme case. Tower 

labels indicate maximum sensor height or that tower.   
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Fig. A36. Modelled vs observed mean TKE at each tower or the modied discretisation scheme case. Grey circles indicate 5-min 

mean observations. Black triangles indicate 30-min mean observations. The top row o panels are the southwest ridge towers; the

middle row o panels are the valley towers; the bottom row o panels are the northeast ridge towers.   

0
0 60 120 180 240 300 360

rsw06

25

50

75

100

125

0
0 60 120 180 240 300 360

tse04

25

50

75

100

125

0
0 60 120 180 240 300 360

rsw03

25

50

75

100

125 Observed 5-min mean

Observed 30-min mean

Modeled

z
 (

m
 A

G
L

)

0
0 60 120 180 240 300 360

tse06

25

50

75

100

125

0
0 60 120 180 240 300 360

tse09

25

50

75

100

125

0
0 60 120 180 240 300 360

tnw07

25

50

75

100

125

0
0 60 120 180 240 300 360

tse11

25

50

75

100

125

z
 (

m
 A

G
L

)

0
0 60 120 180

Direction (°) Direction (°)

240 300 360

tnw10

25

50

75

100

125

0
0 60 120 180 240 300 360

tse13

25

50

75

100

125

z
 (

m
 A

G
L

)

Fig. A35. Modelled vs observed mean wind direction at each tower or the modied discretisation scheme case. Grey circles 

indicate 5-min mean observations. Black triangles indicate 30-min mean observations. The top row o panels are the southwest ridge 

towers; the middle row o panels are the valley towers; the bottom row o panels are the northeast ridge towers.   

N. Wagenbrenner et al.                                                                            International Journal of Wildland Fire 33 (2024) WF24112 

32 


