
Development and validation of fuel height models
for terrestrial lidar – RxCADRE 2012

Eric M. RowellA,B,D, Carl A. SeielstadA,B and Roger D. OttmarC

ANational Center for Landscape Fire Analysis, University of Montana, 32 Campus Drive,

Missoula, MT 59812, USA.
BDepartment of Forest Management, College of Forestry and Conservation,

University of Montana, 32 Campus Drive, Missoula, MT 59812, USA.
CUSDA Forest Service, Pacific Wildland Fire Sciences Laboratory, 400 North 34th Street,

Suite 201, Seattle, WA 98103, USA.
DCorresponding author. Email: eric.rowell@firecenter.umt.edu

Abstract. Terrestrial laser scanning (TLS) was used to collect spatially continuous measurements of fuelbed

characteristics across the plots and burn blocks of the 2012 RxCADRE experiments in Florida. Fuelbeds were scanned
obliquely from plot/block edges at a height of 20 m above ground. Pre-fire blocks were scanned from six perspectives and
four perspectives for post-fire at,2 cm nominal spot spacing. After processing, fuel height models were developed at one

meter spatial resolution in burn blocks and comparedwith fieldmeasurements of height. Spatial bias is also examined. The
resultant fuel height data correspond closelywith fieldmeasurements of height and exhibit low spatial bias. They show that
fieldmeasurements of fuel height from field plots are not representative of the burn blocks as a whole. A translation of fuel

height distributions to specific fuel attributes will be necessary to maximise the utility of the data for fire modelling.
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Introduction

Fire science andmanagement typically utilise statistical inference
and generalisation to produce fuels data for fire behaviour pre-
diction (Anderson 1982; Burgan and Rothermel 1984; Keane

2013). The emergence of next-generationwildland fire behaviour
models that simulate fire propagation through three-dimensional
lattices at fine grain has placed new demands on fuels data (Linn

et al. 2002; Morvan and Dupuy 2004; Mell et al. 2007; Pickett
et al. 2009; Prince et al. 2010). However, distributing fuel real-
istically across landscapes is difficult, and measuring three-
dimensional locations of fuels in the field accurately is time

consuming and hard to replicate. Consequently, most fuels data
are collected within small areas (transects or plots) and must be
abstracted to represent fuels on larger domains. Given the very

high spatial variability observed in even fairly simple fuelbeds
(Keane et al. 2012), the need to describe the actual arrangement of
materials as an alternative to abstraction has increased irrespec-

tive of domain size. Further, because fuelbeds used in validation
of fire behaviour prediction cannot be disturbed by field sampling
before burning, a remote sensing approach is required.

Recent advances in laser scanning are producing more
replicable and accurate renderings of fuels in regards to the
spatial distribution of plant elements. Experiments in the
southeastern United States have integrated terrestrial laser

scanning (TLS) to extract volumes of shrub fuels in laboratory

experiments (Loudermilk et al. 2009), as well as to fuse TLS
data with thermal images of fire behaviour in long-leaf pine
forests (Hiers et al. 2009). Outside of the realm of fuels,

experiments to detail plant area density as a function of voxel-
based canopy volume in wheat, shrubs and trees (Hosoi and
Omasa 2006;Van der Zande et al. 2006;Hosoi andOmasa 2009)

have yielded strong correlations with dry biomass.
In each of these instances there is a requirement for high

spatial resolution data and measurements from multiple per-
spectives to reduce occlusion from foreground objects and to

maximise penetration into vegetation (Hosoi and Omasa 2009).
These previous approaches show promise for characterising
individual plant elements in controlled environments, but the

characterisation of fuels matrices over larger domains in natural
environments using TLS data has not been widely investigated.
Given considerable uncertainties in estimating specific fuels

attributes such as mass by size-class or surface area to volume
ratio, the potential near-term advantage of TLS for providing
improved fuels data is in mapping characteristics of the fuelbed

in terms of the height, shape, and arrangement of vegetation
across landscapes up to a few hectares in size with the purpose of
explicitly characterising some of the spatial variability in fuels
that may affect fire behaviour and effects.
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This paper describes methods for acquiring and processing
high resolution TLS data across 2 ha blocks of mixed grass and
shrub fuels in the southeastern United States as developed

through the Prescribed Fire Combustion and Atmospheric
Dynamics Research Experiment (RxCADRE) conducted at
Eglin Air Force Base, Florida. The objectives of the study are

to produce a single large dataset suitable for validation of fire
behaviour models. To meet this objective, data accuracy and
bias are quantified in the 2 ha blocks where scans were collected

from 10 perspectives per block (40 individual scans). We report
accuracies associated with the spatial fidelity (easting, northing,
and height accuracies) of the complex acquisitionmodes of TLS
data and hypothesise that the majority of the error within the

point clouds is introduced as a function of how the laser samples
objects at the farthest ranges from scan origin.We also speculate
that variability between height metrics from TLS and field

measurement are the result of characterisation modes and not
spatial incongruities that cascade from the processing stream.
This research shows how integration of large TLS point clouds

can be used to produce spatially explicit and continuous mea-
surements of fuelbed height over 2 ha areas at,2 cm resolution,
in conjunction with the other measurements of RxCADRE

described in this issue. We provide a simple analysis of height
comparisons from field validation and TLS-based estimations
to quantify errors and bias that will allow for further types
of analysis as biomass, percent cover, and fuel type and

arrangement.

Methods

Study area

Terrestrial laser scanning (TLS) data were acquired at Eglin Air
Force Base (AFB), Florida, in October 2012. Eglin AFB is
located in the panhandle of north-western Florida, USA, which
was originally a unit of the former Choctawhatchee National

Forest; Eglin is an important resource in the management of
longleaf pine ecosystems with 180 000 ha of longleaf pine
sandhills and flatwoods (for site map and details see Ottmar et al.

2015). Landscapes with dimensions of 100m� 200m (S blocks)
were established in two fuel types, grass and shrub-dominated,
and were subsequently burned with strip head fires.

Field data

Onemeter square clip plots weremeasured adjacent to each TLS
sampling area (Ottmar et al. 2015). For the six S-blocks, one

square meter pre-fire plots (n¼ 25 per block) were established
around the perimeter of each 2 ha area at 20 m intervals. Each
field plot was monumented with a metal pole on its south-east
corner. Plots on the eastern edge of each block were offset

eastward by one meter so they did not fall within the burn block
itself. Metal poles were wrapped with retro-reflective tape for
easy identification within the TLS point cloud. Field measure-

ments for all small field plots included maximum height, aver-
age ‘centre of mass’ height, canopy cover, and dry biomass
weight by lifeform (grass, forb, and shrub). Plots were also

photographed obliquely from the north to document pre-fire
spatial organisation of fuel elements. Blocks S3, S4, and S5were
mowed the previous spring and are generally grass dominated
with low shrubs and forbs that are primarily at the same height as

the grass clumps. Blocks S7 and S8 have a significant oak and
palmetto component and have not been treated mechanically
or chemically.

TLS data collection and processing

Laser scans were completed pre- and post-fire using an Optech

ILRISTM 36D-HD instrument scanning at 10 kHz. Data were
captured for the RxCADRE project for the six S-blocks repre-
senting relatively homogeneous and continuous grass fuels
interspersed with shrubs over 100 m� 200 m extents (block S9

is not included in these analyses as there were issues related to
acquisition of the data including too small of a viewwindow that
ultimately excluded the reflective poles used to tie scans

together.). Details of the RxCADRE sample design are reported
by Ottmar et al. (2015). In the S-blocks, the TLS instrument was
also positioned in the mobile boom lift at a height of 20 m above

the fuelbed. Laser scans were collected at six positions around
each burn block (Fig. 1) at 20 m horizontal distance from the
edge of the block. Post-fire scans were collected from the east
andwest positions only for a total of four per block. In each scan,

the laser was pointed downward at an angle of 238. The scanner
was operated from the ground using a tablet computer with a
wireless connection. Scanner settings were optimised to achieve

consistent point density across the block with the caveat that
point density necessarily declines as range increases. The ILRIS
laser allows point density to be set as a function of focal distance;

all S-block scans were set to collect 2 cm spot spacing at 90 m,
ranging from 8 mm at 20 m range to 56 mm at 300 m range. The
2 cm sampling resolution is based on constraints for sampling

in the field. Due to the data collection occurring on an active
bombing range at Eglin AFB, we had limited access to the range
between missions. Data collections were limited to 45 min per
scan location for an average scan time of 8 h per S-block

including moving the boom lift between each scan location. The
2 cm resolution at 90 m range allowed for relatively dense data
resolution within the block in a time frame that allowed for

completion of the data collection before the execution of the
prescribed fire. Time-of-flight scanners collect richer datasets
near the point of origin of the scan with less dense point spacing

as range increases. As the laser pulse moves away from the
ILRIS instrument, the point spacing increases linearly with
range at a rate of 16.8 mm per 100 m of range. Additionally, the
illuminated footprint of the scanner increases linearly with

range, becoming less sensitive to canopy gaps as spot size
increases (Seielstad et al. 2011). Spot size in the foreground of
each S-block was 16 mm, expanding to 29 mm at 100 m range.

Though we acknowledge that there is higher point densities on
the edges, point density within the burn unit itself is consistent
when all scan perspectives are combined.

TLS processing

Each scan was initially corrected to a GPS control dataset (as
collected in the RxCADRE experiment) around each block
using the Polyworks software suite (Innovmetric, Quebec,

Canada) by replacing corner post locations in the raw point
clouds with GPS locations. The ILRIS laser scanner collects
data in individual 408� 408 windows which then need to be
aligned with one another. Scan-to-scan corrections were
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completed by selecting identifiable points within the control
data (usuallymonument posts) and then further refining the scan

correction using the automated align algorithm within Poly-
works. The corner reference points were more easily identified
in post-fire scans; therefore these points were used to tie

adjacent scan scenes together to create a reference for the pre-
fire scans. All laser scans were collected from the same loca-

tions, pre- and post-fire. Pre-fire scans were aligned by using the
locations of the post-fire scan head as the initial control points.
Matching of scans was highly dependent on the auto-align
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Fig. 1. (a) An example of the fuelbed for block S3 from the boom lift, (b) TLS data clipped to the block boundary with scan locations, and

(c) a three-dimensional graph demonstrating height variability for a 10 m� 10 m subset of the TLS data.
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algorithm in Polyworks. The absence of hard targets in the pre-
fire scans made matching of scenes difficult. Polyworks uses a
proprietary meshing algorithm in the auto-align procedure. In

dispersed fuelbeds the meshing algorithm struggles to manifest
identifiable objects, such as the corner posts, in enough detail to
accurately merge scans. Therefore, an open-source point

alignment software package was employed to refine alignment
(CloudCompare 2014; www.cloudcompare.org) using indivi-
dual points rather than meshes. All scans from each scan head

location were merged together using code developed in the lead
author’s laboratory and written in Interactive Data Language
(IDL) (Excelis VIS, Boulder, CO), and adjacent scan groups
were aligned to the group showing the least variability in

alignment quality and encompassing the greatest number of
visible metal posts. Scan groups were aligned and merged by
selecting coincident points and applying an alignment matrix to

orient each group into a common projected space. All scan
groups were then merged into a single dataset for each burn
block and clipped to a 20 m buffer around each burn block.

These block datasets were then converted into lidar-specific.las
format files and an initial surface and ground separation was
performed within LASTools (rapidlasso GmbH, Gilching,

Germany) using the LASGround algorithm.
Initial assessment of the ground surface classification sug-

gested differential occlusion of ground points within the centre
of the burn blocks compared with edges (e.g. ‘ground’ returns

within the fuel height model [FHM] appear lifted in block
centres comparedwith areas at the edgeswhere ground is clearly
identified and separate from the FHM). We suggest that occlu-

sion as a function of oblique viewing angles preferentially
samples upper reaches of the fuels canopy with less representa-
tion of lower fuel objects and the ground. To correct for this

condition, airborne laser scanning (ALS) data (for methods see
Hudak et al. 2015) collected at the same time as the TLS data
were used to adjust the TLS data for geoid and normalised height
using the TLS Processor DTM Correct routine written in IDL.

This routine imports.las format laser data and interpolates the
ALS ground points into a bare earth digital terrain model
(DTM), in this case, at 0.5 m2 resolution. The bare earth TLS

data points were compared with the coincident ALS ground
points and differences between elevations were used to adjust
the TLS data to the proper geoid height for both ground and

FHM strata. Corrected geoid heights for the FHM were then
differenced from the digital elevation model (DEM) to produce
the normalised heights above ground.

TLS data accuracy assessment

Vertical and horizontal accuracy of TLS data were assessed on

three criteria. To assess accuracy, point clouds from each of the
small field plots were extracted by importing feature datasets of
the TLS point clouds into the ArcGIS environment (Environ-

mental Systems Research Institute, Redlands, CA) and identi-
fying highly reflective lidar points (intensity values .8000).
These reflective data points generally represent low gain returns

from the highly reflective retro-tape encasing the 1-m tall alu-
minium poles at each field plot corner. The points representing
monumented plot corners were isolated by selecting 1 m� 1 m
buffers around clusters of highly reflective points. At each

corner post, 1 m2 plot boundaries representing the field
plots were digitised using the plot corner as the south-east corner
of the field plot. Points from monumented plot corners

were cleaned to remove reflective artefacts such as ghosting
(Seielstad et al. 2011) and remaining points were spatially
joined with the field plot locations identified above. The result

was a cleaned FHM for each small field plot.
The first level of assessment regards the horizontal accuracy

of scan-to-scan representations of the corner posts. Plot corner

points from each scan station were compared with all coincident
corner points for each 2 ha block, with associated errors reported
as root mean square error (RMSE). Each plot corner was
assessed in the horizontal and vertical domain. The second level

of assessment regards vertical error from scan station to scan
station. For all combinations of scan stations for each 2 ha block,
0.5 m2 resolution bare earth DEMs were extracted using the

BLAST2DEM routine in LASTools lidar processing suite.
These DEMs were imported into the ArcGIS environment,
where raster calculations were conducted and zonal statistics

based on the clip plots extracted.Multiple DEMSwere generated
for each scan station to assess whether there was significant
difference between scans. Even when normalising heights to the

ALS DEM, there might be artefacts or surface lifting if there are
erroneous low points resulting from scattering of the laser beam.
Sowe compared every single scan swath from the TLS to ensure
there were no incongruities. The third level of assessment

regards spatial bias between plot corners as determined by the
comparison of TLS derived post locations with surveyed global
positioning system (GPS) points.

Spatial bias

To assess variability of height metrics as a function of distance
from scan station, height-normalised laser data were clipped to
block boundaries and examined as a function of distance from

block centroids.We hypothesised that as scan distance increases
towards the centre of the block, the increasingly oblique nature
of the scan could result in differential occlusion of ground, thus

skewing the fuel height model higher in the centre of the plot. In
effect, viewing vertically oriented grass fuels from above may
reduce the probability of detecting foliage, particularly at top of
canopy, compared with viewing them obliquely. A smaller laser

spot size may produce a similar effect. Testing this hypothesis
we examined height metrics in 10 m wide concentric rings
centred on block centroids out to 50 m distance (block edges on

east and west sides). There are two centroids per block that
represent the centre of all scan groups. As we are unable to
measure the interior of the block due to altering the fuelbed that

may influence fire behaviour during the prescribed fire, we
sought to assess point density and potential bias within the block
compared with the validation plots that occur closest to the scan
station and have the highest point densities.

TLS-based height metrics

Height metrics were extracted from the height distribution of

each 1 m2 field plot including mean height, standard deviation
height, inflection height, and the first and second peak of the
distribution (Fig. 2). The first peak of the height distribution is
the highest frequency height bin (from bottom).1 cm in height.
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The second peak is the second highest frequency after the first

peak. Two mean height metrics were calculated; the first mean
height uses all points in the plot subset and the second mean
excludes all points that are#1 cm to reduce the influence of the

ground points on the average. The inflection point is calculated
by using a derivative function on the frequency values of the
histogram. The function outputs signed values of the slope of the

histogram and looks for a sign change to positive for heights
5 cm greater than the height of the first peak. This inflection
point is hypothesised to represent the transition from grass

clumps, low forbs, and shrubs to grass seed heads and taller
shrubs. In previous work, the inflection height of grass fuel
matrices was systematically lower than inflection heights
associated with shrub fuels (Rowell and Seielstad 2012). Aside

from vector based height metrics, raster based height metrics
were generated across each S-block using LASCanopy in the
LASTools suite at a one meter spatial scale. These metrics

included maximum, mean, minimum, standard deviation, first,
fifth, tenth, twenty fifth, fiftieth, seventy fifth, ninetieth, ninety
fifth, and ninety ninth percentile heights.

Results

Horizontal and vertical accuracy

For these results, accuracies are derived through comparison of

highly reflective points around plot corners. The horizontal
accuracy assessment (Table 1) produces average between-scan
easting and northing errors for all posts of 10.75 mm and

9.94 mm. For individual blocks, S5 contained that largest
northing error (13.97 mm) and S4 had the largest easting error
(11.43 mm). The vertical accuracy assessment results in

between-scan errors ranging from 40–120 mm. Assessment of
the vertical accuracy of the segmented plot corners indicated
better alignment between adjacent scans in blocks S3, S4, and

S5. Blocks S7 and S8 exhibited larger error indicating less
certainty regarding alignment of some adjacent scan stations.
The latter blocks exhibited larger magnitude vertical error

suggesting less certainty in definition of ground between some
scan stations, effectively resulting from the more heterogeneous
fuelbed that might occlude tops of the poles from being accu-

rately sampled from all directions due to tall shrubs.
These results summarise the vertical accuracies in regards to

scan-to-scan comparisons of bare earth interpolated surfaces.

The vertical offsets derived from scan-to-scan comparison of
bare earth interpolated surfaces (Table 1) produced average
error of 8.83 mm across all S-blocks. The lowest vertical errors
were associated with block S3 (5.41 mm) and highest vertical

errors were associated with block S8 (15.84 mm). Given the
between-scan consistency of bare earth surfaces, the differences
in vertical accuracy obtained from bare earth points versus plot
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Fig. 2. (a) An example of a normalised histogramof the TLS fuel height distributionwith the peak frequency,mean height, inflection point,

and second peak frequency for plot 18 in block S4, and (b) the plot photo of the same area.

Table 1. Scan to scan errors associated with the merging of opposing

scans into a single dataset

Errors are reported as root mean square error (RMSE) for horizontal and

vertical domains representing identified plot corners in the point cloud. The

vertical RMSE for the bare earth is the RMSE of the difference for each scan

direction compared with all other scans in a block

Block ID Plot posts error (cm) Bare earth vertical error (mm)

X Y Z

S3 0.1 0.1 5.9 5.4

S4 0.1 0.1 5.3 6.8

S5 0.1 0.9 3.9 6.8

S7 3.0 2.0 11.0 6.1

S8 3.0 4.0 12.1 15.0
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corner posts (from above) are likely attributable to the difficulty
in characterising post heights consistently at long scan distances.

Comparison with GPS control points

Comparison of 35 GPS surveyed points (6–8 per block) with the
predicted points from the TLS data showed offsets for all blocks

(Table 2) ranging from75–185 cm.Errorswere similar andminor
in S3 and S4 (easting RMSE ¼ 1 mm, northing RMSE ¼ 1 mm,
height RMSE¼ 5.3 mm and 5.9 mm respectively). Co-location

errors were evident in 1–2 individual scan stations in each block
for S4–S8, specifically the vertical offset. After a second-order
polynomial transformation, RMSE was reduced to ,1 mm for
S3 and S4, and to 14–19 cm for S5–S8. The internal consistency

of the untransformed point clouds was high as evidenced by
coincidence of posts in the aligned scans. The observed offsets
from the GPS survey points show that the internal alignments of

the point clouds did not perfectly align with the surveyed
geometry. It is probably not coincidental that the largest error
occurs in shrub-dominated plots where identification of posts in

the point clouds is more difficult.

Height of vegetation

Maximum heights of field collected and TLS derived data were
compared with assess the ability to predict heights of fuel ele-
ments. These results show a reasonable relationship between
maximum heights of both datasets (r2¼ 0.70, adjusted r2¼ 0.70,

P, 0.0001) (Fig. 3). The scatter plot of maximum heights
reveals general agreement between the dependent and inde-
pendent observations at heights of$50 cm; below this threshold

there is more variability in the estimated maximum height and
the laser tends to over predict (bias of 9.6 cm). For instances of
over prediction, these results appear to be caused by contami-

nation of the plot point clouds due to ghosting from the reflective
corner posts and subtle misalignment of plot boundaries due to
uncertainty of the corner point used to anchor each 1 m2 plot
polygon. Ghosting occurs when areas of high reflectance are

averaged with a background of lower reflectance objects cre-
ating a trailing cloud from the highly reflective surface towards
the background. Where TLS derived maximum height is

underestimating the maximum height substantially (4 cases),
plot misalignment is the primary culprit.

Very weak relationships were observed between TLS mean

height and field-estimated centre ofmass height (not shown) and
it is not evident that relationships should exist given how field
estimation was executed (a measurement based on the ocular

assessment of the mean height of each life form). However,
variability in scan anglemight be expected to produce variations
in characterisations of central tendency, particularly in verti-
cally oriented fuels such as grasses. However, no consistent

spatial bias is evident for maximum ormean heights (Table 3) as
characterised by trends in means from centre of blocks to edges.
In grass-dominated S4 and S5, heights declined by 4 cm on

average from centroid to edge, but this effect is not apparent in
grass-dominated S3. In shrub-dominated S7 and S8, small
changes between distance rings from centroid are random.

Overall, the average absolute difference in maximum heights
between rings is 4.8 cm with negative and positive values
equally represented. Variability as characterised by standard
deviation of heights is very consistent across all blocks.

While these data don’t absolutely resolve the question

of spatial bias, they suggest that bias, if present, is small.
Additional evidence supporting the conclusion of no bias can
be found in comparison of maximum height data from coinci-

dent field and TLSmeasurements and from all maximum height
data from each block (Table 4). As noted above, TLS and field
heights track consistently for the small field plots with overesti-
mation by TLS. Comparison of these results with TLS-derived

maximum heights for entire blocks suggests that fuels are
consistently taller on average across the blocks than indicated
by either field or TLS measurements from the small field plots.

Though there was significant trampling of the fuelbeds outside
of the clip plots, care was given to not disturb the clip plots
before TLS scanning. To further examine whether proximity of

the small plots to scan stations (overhead perspectives, small
spot sizes) contributed to these differences, block boundaries
were buffered by 10m inward and thenmaximumheightmetrics
were recomputed for these areas. Maximum heights were no

different along block edges than across entire blocks, suggesting
consistent height characterisation across the blocks and

Table 2. Differences between terrestrial laser scanning (TLS) post

locations and GPS survey points before and after second-order

polynomial transformation

Root mean square error for TLS and GPS data pre and post second-order

polynomial transformation

Block ID Root mean square error

Pre-transform (cm) Post-transform (cm)

S3 74.9 ,0.01

S4 97.8 ,0.01

S5 147.0 14.5

S7 74.0 18.5

S8 185.0 19.3
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supporting the conclusion that the field plots are not representa-
tive of the blocks with respect to canopy top.

Further assessment of the fuel height model for 1-m wide
transects at the 100mor halfway north–southmark on 2 ha blocks
(S4, S5, S7) shows mean height trending lower for the grass

dominated blocks (S4 and S5) and higher for the shrub dominated
blocks (S7) (Figs 4a, 4b). Data suggest a more rapid reduction in
sampling frequency for shrub and oak dominatedblocks (S7)with
point counts dropping over 50% within 15 m of the scan origin.

The latter effect is almost certainly attributable to occlusion.

Discussion

Before this study, it was not evident that consistent measure-
ments of fuel heights across domains.1 ha were practical from

TLS. Potential error associated with stitching together many
scenes of diffuse vegetation combined with instability of the
scanning platform was unknown. Further, the inherent vari-
ability in scan angle, spot size, and density across the blocks

raised questions of data consistency. Intuitively, one might
anticipate that as scan angle becomes more oblique, the laser
may tend to sample higher in the fuelbed especially in vertically

oriented fuels such as grasses and taller shrubs. As spot size
increases, the ability of the laser pulse to penetrate through gaps

in the canopy is decreased as the larger footprint has a higher
probability of being intercepted by objects, effectively reducing
the potential for the laser to characterise lower strata of the

fuelbed. It is more difficult to speculate on the impacts of var-
iations in data density because data density varied by a factor of
five across the S-blocks.

Despite these uncertainties, the geometric consistency of

scans from the S-blocks appears high and there is little evidence
for spatial bias, perhaps because scan angles and spot sizes are
effectively mixed at any point on the landscape. Canopy top

(maximum height) is measured consistently as evidenced by
comparisons with field data and by examining heights as a
function of distance from block centres. The TLS does over

predict height in the small field plots, but the measurements also
suggest that the fuelbeds are consistently taller across the blocks
than the field measurements. Vierling et al. (2013) were suc-
cessful in capturing accurate shrub heights in sage-brush steppe

using TLS data at moderate distances (40 m) and also found an
underestimation of height by ,10%. In short, the TLS data
appears to provide an improved spatially explicit representation

Table 3. Reportedmaximum,mean, and standard deviation height for concentric rings of terrestrial laser scanning (TLS) normalised height data at

10-m increments from the centroid of each S-block

Block ID Height Distance from plot centroid

(cm) 0–10 m 10–20 m 20–30 m 30–40 m 40–50 m

S3 max 0.89� 0.17 0.91� 0.17 0.96� 0.17 0.96� 0.18 0.94� 0.19

mean 0.39� 0.07 0.40� 0.08 0.42� 0.08 0.43� 0.08 0.41� 0.10

stddev 0.17� 0.04 0.18� 0.04 0.20� 0.04 0.20� 0.04 0.20� 0.04

S4 max 0.89� 0.21 0.99� 0.20 0.95� 0.21 0.92� 0.23 0.89� 0.23

mean 0.36� 0.11 0.40� 0.13 0.38� 0.12 0.35� 0.13 0.29� 0.12

stddev 0.21� 0.05 0.22� 0.04 0.22� 0.05 0.22� 0.06 0.22� 0.07

S5 max 0.96� 0.18 0.98� 0.21 0.98� 0.20 0.95� 0.20 0.87� 0.20

mean 0.38� 0.09 0.41� 0.12 0.41� 0.13 0.38� 0.11 0.31� 0.10

stddev 0.21� 0.04 0.22� 0.05 0.22� 0.05 0.22� 0.05 0.20� 0.05

S7 max 1.20� 0.23 1.12� 0.26 1.04� 0.26 1.06� 0.27 1.09� 0.25

mean 0.53� 0.15 0.48� 0.16 0.43� 0.15 0.43� 0.16 0.43� 0.16

stddev 0.28� 0.07 0.26� 0.07 0.24� 0.07 0.25� 0.08 0.26� 0.08

S8 max 0.95� 0.23 0.92� 0.25 0.96� 0.23 0.96� 0.26 0.97� 0.25

mean 0.33� 0.11 0.30� 0.12 0.31� 0.11 0.30� 0.13 0.30� 0.12

stddev 0.22� 0.06 0.22� 0.07 0.23� 0.07 0.23� 0.07 0.24� 0.07

Table 4. Reportedmeanmaximum, and standard deviation (s.d.) height for clip plots collected around the block for terrestrial laser scanning (TLS)

normalised height data and the mean maximum height for each block

Block Field plot height (cm) TLS plot height (cm) Block total TLS height (cm)

Max s.d. Max s.d. Max s.d.

S3 74.72 21.63 80.24 24.10 93.0 20.0

S4 76.32 24.97 77.84 24.64 91.0 22.0

S5 68.36 25.89 72.48 20.80 92.0 21.0

S7 79.40 26.50 89.00 18.52 1.07 26.0

S8 86.64 30.01 96.01 18.13 97.0 28.0
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of fuel height within the blocks, which is difficult to obtain using
field data collection. Additionally, given the mode of data
collection and the understanding of bias we can adjust across

the block to improve characterisations of fuel height used for fire
behaviour modelling.

The validity of other TLS height metrics such as mean and
standard deviation is unknown due to the absence of similar field

measurements, although each of the TLS metrics appears
spatially consistent across the blocks. The inability to directly
match laser height distributions with similar fieldmeasurements

is a chronic problem in lidar remote sensing (Popescu et al.

2002; Hopkinson et al. 2005; Streutker and Glenn 2006; Riaño
et al. 2007; Glenn et al. 2011). In this study, 99th percentile
height is the only viable field validation metric obtained.
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Fig. 4. A sample of three 1-m wide transects from the origin of a scan across to the origin of the opposing scan with the running
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Developing models to translate lidar height metrics to specific
fuels metrics will be necessary. A useful initiation for modelling
is biomass prediction, as field plot measurements of biomass are

more objective compared with the height measurements collec-
ted in this study. Others have utilised both convex hulls and
voxel volumes to tease out biomass in sage steppe systems

(Olsoy et al. 2014) and Arctic shrubs (Greaves et al. 2015) from
relatively short ranges of �5 m with generally good success.
However, given the typical importance of a canopy cover metric

in lidar biomass prediction combined with the difficulty in
producing consistent cover metrics from oblique TLS scans,
there remains considerable uncertainty for using TLS to predict
attributes such as fuel load over larger areas. Initial investigation

with scan data from the more richly sampled HIPs plots showed
that the surface area of meshed point clouds correlated well with
pre-fire fuel mass, although the approach did not work well in

the S-blocks. In the latter areas, reduced data density produced
mesh volumes with artificially inflated surface areas due to
excessively large triangulated facets. The application of convex

hulls (after Olsoy et al. 2014) andmesh surface areas to fuel load
estimation is the subject of ongoing research.

Perhaps themost promising area of futurework is developing

fuel type classifications from laser height metrics (e.g. shrub,
grass, bare). Preliminary application of unsupervised classifi-
cation techniques (ISODATA; Principal Components) reveals
coherent spatial pattern that is difficult to interpret with

available field data due to the mixture of vegetation types
within validation plots. It may be that comparisons of pre- and
post-fire laser height metrics with spatially explicit fire energy

measurements from airborne and ground-based thermal radio-
meters (Hiers et al. 2009) will aid in understanding some of the
observed variations in TLS height metrics in mixed fuels.

With respect to field sampling and processing techniques,
this research identified useful protocols as well as shortcom-
ings. Extensive monumenting with retro-reflective tape (used
on highway signs) was critical for establishing geometry and

for closely identifying locations of field plots. Conversely, the
50-cm aluminium boxes used to monument block corners were
not useful for stitching scans together because they were not

resolved in enough detail from the farthest scan stations to
provide consistent tie points. A consideration when using the
reflective tape was the contamination of plots with ghost points

as described in Seielstad et al. (2011), which contributes
strongly to the TLS height bias observed in the field plots.
These erroneous data weremostly removed from the validation

datasets by thresholding intensity although residual points
remained which artificially inflated maximum height estima-
ted from the TLS data, specifically in sites dominated by taller
grasses. The prevalence of mixed fuelbeds combined with

imperfect field plot identification in the scans also resulted in
sloppy height comparisons where tall fuels occurred along
field plot edges. Scanning from the boom lift provided a sta-

ble platform except when winds exceeded ,6 m sec�1, but
controlling the scanner remotely was also very important in
maximising stability. For processing TLS data from natural

landscapes, software that renders individual points rather than
meshes is important for identifying specific targets such as
monument poles. For validation purposes, future projects
would benefit from field plots distributed within the burn units,

at least some plots established in homogenous fuels, and direct
field measurements of monumented pole heights. Potentially
laboratory based experiments with synthetic or truly homo-

genous fuel beds (Hosoi and Omasa 2007, 2009) would also
enable better understanding of the potential use of TLS for
fuelbed characterisation.

Without the DEM corrections derived from the airborne
laser altimeter, vegetation in the centre of the blocks would be
biased downward in height because the ground surface is not as

well characterised when all scan angles are highly oblique and
data density is relatively low. Further, the availability of high
quality GPS ground control allowed precise spatial reconcilia-
tion of the lidar data with other data collected. These caveats

highlight the uniqueness of the multidisciplinary approach
afforded by RxCADRE, and point to the difficulties (and cost)
in obtaining quality datasets. All of the TLS scans for

RxCADRE were completed in four full-time weeks of effort
by a field crew of three, and processing of data to the point
reported in this paper was completed in about six months of

full-time work and much trial and error by two analysts.
Although efficiencies have been gained that can be applied
to future acquisitions, it should be acknowledged that TLS is

not necessarily an alternative to field measurements of fuels in
terms of time savings.

Finally, although the height data produced in this study are
not yet widely applicable to fire modelling, it is worth consider-

ing how they might be used for that purpose. The canopy top
metric (99th percentile height) defines the volume occupied by
fuel at one meter spatial resolution. Canopy top alone does not

address how much fuel resides in the volume, where it is
concentrated, or what its characteristics are. However, we
anticipate that height of maximum amplitude, inflection points,

or central tendency metrics will address where biomass is
concentrated in the vertical domain. The big unknown is how
much fuel exists in a given cell. Fuel loading will need to be
modelled from the height distributions or fuel types will have to

be classified so that fuel characteristics can be inferred from
field measurements. In the meantime, it would be worth investi-
gating model sensitivity to fuels variability to determine how

accurate the fuels data need to be.

Conclusion

This study marks an approach in which surface fuels heights are

characterised across 2 ha burn blocks that are relatively big by
TLS standards. The resultant fuel height data correspond with
field measurements of height and are spatially accurate. They
represent a first step towards spatially explicit and continuous

fuels data for firemodelling. They can be represented atmultiple
scales and resolutions and are potentially useable for many types
of modelling. The translation of height data to fuel attributes is

the subject of current and future research.
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