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ABSTRACT 
The large territorial areas of Canada and Australia and the enormous associated information re-
quirements have facilitated the exploration of remote sensing technologies for the characterization 
of regional and national forest resources. In the spring of 2002 international workshops on light 
detection and ranging (lidar) remote sensing of forests were held in Victoria, Canada, and near 
Brisbane, Australia. These workshops were designed capture and communicate the present status 
of laser scanning of forests. Both workshops, while focused on science and operational applica-
tions, had many commercial operators in attendance. The interest and activities of the commercial 
operators is a testament to the operational utility of laser scanning of forests.  
Laser scanning in Australia is considered an operational technique capable of fulfilling specific 
information requirements. Examples are the use of laser scanning to meet national reporting 
needs, mapping regional watersheds, estimating carbon, and for forest inventory mapping. The 
integration of laser data with other complementary remotely sensed data sources has also been 
investigated.  
The collection of laser data for the characterization of forests has a long history in Canada. Early 
technological limitations have since been overcome and Canada now has strong research and 
development communities focussed on lidar instruments and related technologies. In Canada 
there are many companies offering lidar data products (such as canopy height models and digital 
elevation models) as well as researchers engaged in the development and improvement of forest 
characterization methods. A key trend emerging from Australia and Canada, where characteriza-
tion of large areas is common, is the use of lidar as a sampling tool.  
In this communication, a summary of the current state of laser scanning of forests in Canada and 
Australia is presented.  

INTRODUCTION 
Laser altimetry or light detection and ranging (lidar) is an active remote sensing technology that 
measures differences in time from the emission of a laser pulse from a sensor to the interception of 
the laser pulse by target objects in the path of the laser. Using the speed of light, these time 
measurements can be converted into distance or range (see Lim et al. 2003a for overview). Appli-
cations of scanning lidar systems have developed recently through parallel advances in global 
positioning systems and inertial navigation systems. The result being an opportunity to use lidar 
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systems to characterize forest structure and underlying terrain. Canopy height models are now 
routinely generated, providing valuable information on a range of vertical forest attributes (St-Onge 
et al. 2003). The generation of quality terrain models is required to ensure accurate vegetation 
height estimation. Realistic terrain models are also sought as an aid to forest engineering activities 
as well as management planning (such as exclusion of riparian areas). Lidar remote sensing of 
forests and terrain are applications areas that are benefiting from rapid advances in computing 
hardware and software, instrumentation, and the post-processing of lidar point data into useful 
information. Lidar data provides for rapid and accurate characterization of a range of forest charac-
teristics.  
The ability to use lidar data to accurately characterize both terrain and forest structure has led to a 
high commercial interest in the technology. Opportunities to augment or supplant existing ap-
proaches for generating similar information with lidar may be possible, resulting in an interest in 
lidar technology and applications from a wide range of groups. Technology developers have an 
interest in ensuring that applications exist to utilize their products. Value added geomatics compa-
nies have an interest in ensuring that applications and methods generate information in an accu-
rate manner. The research community plays a key role in the development of robust applications. 
Workshops are an ideal medium to facilitate communication amongst these groups. Since many of 
the algorithms for producing information on forest canopies are predicated on an accurate rendi-
tion of the underlying terrain surface. Therefore, the inclusion of terrain in workshops ostensibly 
designed for forest monitoring audiences is useful. Given that the majority of forest management 
agencies are mandated with both engineering and inventory responsibilities, the simultaneous ex-
traction information on terrain and canopies, enables inter- agency economies to be gained.  
Australia and Canada share many characteristics that have resulted in a similar evolution in the 
use of laser data for the characterization of forests. Both are large nations with correspondingly 
large reserves of natural resources. In the case of Canada, nearly half of the country is forested. In 
Australia, forests are less ubiquitous; nonetheless they are a coveted ecosystem. Australian for-
ests harbour a wide and unique range of flora and fauna and the climate enables highly productive 
plantation forestry. The responsibility for stewardship of natural resources is mandated at the pro-
vincial or state level in both countries.  
The development of lidar instruments and the applications of lidar data in Canada and Australia 
are difficult to encapsulate in a brief summary. The laser altimetry field is growing quickly, including 
an ever increasing number of researchers and practitioners. As a result, the goal of this communi-
cation is to attempt to summarize some of the emerging trends of lidar remote sensing in Canada 
and Australia. The material captured in this paper is based upon the results of an international col-
laboration between Australian and Canadian researchers and near concurrent workshops. Due to 
space limitations, not all presentations will be specifically mentioned; the communications items 
mentioned below provide access to source information from the workshops.  
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The international nature of the workshops, and of lidar research in general, has resulted in the in-
clusion of some activities occurring outside Canada and Australia in this overview. Specific topics 
addressed are: advances in lidar instrumentation; the commercialization of lidar technology and 
information; advances in terrain and forest applications; and the utility of lidar for both industrial 
forest management and as a sampling tool for regional characterization. In addition, indications of 
future directions resulting from the identified trends and workshop recommendations will also be 
discussed.  

WORKSHOPS 
Canada 
The “ Workshop on Three-Dimensional Analysis of Forest Structure and Terrain Using LiDAR 
Technology,”  was held on March 14th and 15th in Victoria, British Columbia, Canada. The goal of 
the workshop was to have experts in lidar remote sensing of forests share their knowledge and 
experiences with each other and with the user community. Participants included over 80 represen-
tatives from government research organizations, universities, and the forest industry. Also in at-
tendance were developers of lidar sensors. Canada is at the global forefront in lidar system devel-
opment (e.g. Optech) and associated hardware (e.g. Applanix). The workshop was chaired by Drs 
Benoît St-Onge, Paul Treitz, and Mike Wulder.  
Australia 
The “ Australian Workshop on Airborne Laser Altimetry for Forest and Woodland Inventory and 
Monitoring,”  was held April 18th and 19th , 2002, in Brisbane, Queensland, Australia. The two day 
workshop was generously supported by the Bureau of Resource Sciences, Queensland Depart-
ment of Natural Resources, and Queensland Environmental Protection Agency. Attended by over 
50 scientists, managers, and policy makers, it provided an excellent opportunity for integration be-
tween lidar technologists, applications developers, and end users. The workshop was chaired by 
Phil Norman and Christian Witte.  
Communications 
Each workshop selected differing information sharing mechanisms. The Canadian Workshop has a 
website where relevant materials, such as talk abstracts and links are collected1. The Australian 
Workshop produced a compact disk including presentation materials and synthesis documents. To 
combine the outcomes of both workshops, a special Issue of the Canadian Journal of Remote 
Sensing, was produced. With lidar remote sensing being a relatively nascent field, the subjection 
of lidar research to peer review is an important stage in the evolution of the field. The goal of the 
journal special issue is to capture the latest developments utilizing lidar remote sensing for the 
characterization of forests and terrain. An on-line edition of the special issue2 will be available in 
late September, 2003; with the regular issue being available in mid-October, 2003. This interna-
tionally gathered special issue captures the flavour of the Australian and Canadian workshops. In 
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order to attract state-of-the-art submissions, contributions were not limited to research presented at 
either workshop. The 12 papers selected for inclusion in the special issue represent a broad spec-
trum of the challenges faced when using lidar data to characterize forests and terrain.  

INSTRUMENTATION 
Airborne 
The plans for improving airborne lidar instruments include development of enhanced hardware that 
is smaller in size and consumes less power. The development of integrated flight management 
systems that include components such as real-time swath plotting are key to increasing the func-
tionality of lidar. Increasing potential flying altitudes is also a goal of hardware developers, as high 
flying altitudes enable wider swaths; however, problems emerge as more power is required and 
eye-safety issues may result. Having image swaths correspond to camera fields-of-view may en-
able a single overpass resulting in multiple data products that are then suitable for integration. The 
latest instrument available from Optech3, the global leader in laser instrument development, is the 
ALTM 30/70. It is capable of 70,000 (kHz) postings per second (at elevation up to 1200 m). The 
laser repetition rate can be adjusted to different rates (33, 50, and 70 kHz). It can also operate at 
altitudes of up to 3000 m, which enables a 2800m swath width, at a laser repetition rate of 33 kHz. 
The ALTM 30/70 can also operate in a waveform mode, and can come with an integrated 4000 x 
4000 pixel metric frame digital camera for geo-referenced (X,Y,Z) colour or colour-IR images with 
sub-pixel accuracy. Horizontal accuracy is reported as better than 1/2000 of flying altitude, vertical 
accuracy is reported as 15 cm at 1200 m and 35 cm at 3000 m.  
Several areas under development by sensor manufacturers include increases in repetition rates, 
and sensor integration with co-registered imagery (such as the new Optech instrument). As wave-
form capture is now available; related analysis techniques should be given higher research priority 
if this new information is to be capitalized upon. Improved methods for determining ground surface 
height beneath dense canopies are also required. Intensity information is currently not well under-
stood and is subsequently underutilized in the analysis of lidar data. Sensors with an option for 
user specification of beam divergence (e.g., wide or narrow) depending on application will also be 
useful. Increases in swath width have been made, allowing for improved matching with a co-
registered imager. Regarding processing of lidar data, improvements to block adjustment, classifi-
cation algorithms, and object identification, are all desired by the user community and require addi-
tional development. 
Lidar instrument developers also foresee software development needs. Efficiency is a goal, with 
the availability of x, y, z data within hours of landing being desired. Opportunities for software / 
hardware integration for specific applications are also being explored. To encourage software and 

algorithm development integration of data with 3rd party software, utilizing an open data format, is 
also sought after. There is also a trend emerging that has lidar data providers custom manufactur-
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ing instruments from component parts, for instance the ALMIS-350 of Mosaic Mapping, Ottawa, 
Ontario.  
Ground Based 
Besides the Riegl 3D scanning instruments, developed in Austria, Optech has developed the ILRIS 
system, and CSIRO has develop the ECHIDNA. Ground based laser instruments have shown 
promise in applications such as the measurement of tree height, DBH, and foliage amount. The 
ability to link the ground based measurements to airborne collected lidar data presents a range of 
possibilities, including calibration and validation of airborne lidar derived attributes. In addition to 
the collection of forest mensurational data, ground based laser instruments may be useful for pro-
viding simulation and model inputs.  
Satellite 
Large footprint airborne lidar instruments, such as SLICER and LVIS, have operated as a test-bed 
for future satellite based lidar. The Vegetation Canopy Lidar (VCL) was initially slated for launch in 
2000 (Dubayah et al. 1997). The VCL was intended to be a space-based large-footprint system. 
The launch of the sensor has experienced delays, with the rescheduled 2004 launch questionable. 
There is currently sufficient funding to get the lasers to work, with no additional funding currently 
identified by NASA.  
With the low probability of a VCL launch, the now orbiting Geoscience Laser Altimeter System 
(GLAS), aboard Ice, Cloud and land Elevation Satellite (ICESat), provides some potential for struc-
tural characterization of Australia and Canada. While the instrument was designed to measure ice-
sheet topography and associated temporal changes, operation of GLAS over land and water will 
provide along-track topography. GLAS is nadir viewing, and uses Nd:YAG laser with 1064 and 532 
nm output, with 40 pulses per second. The centres of the 70 m footprints are separated in the 
along track direction by 170 m from a 600 km altitude orbit. The cross track resolution is deter-
mined by the 183 day ground track repeat cycle which results in 15 km track spacing at the equa-
tor and 2.5 km at 80 degrees latitude. GLAS data may be used in conjunction with optically derived 
land cover or structural attributes such as LAI. Potential attributes are maximum height, height, 
depth, and relative plant area by three strata (under-, mid-, and over-storey). Vegetation applica-
tions are currently under investigation. For additional details on the mission, see Zwally et al. 
(2002). 

COMMERCIAL SECTOR 
Globally, there has been significant increase in lidar related activity since 1995. Currently, there 
are more than 75 companies and over 60 sensors. The market is dominated by small footprint, 
time-of-flight sensors. Additionally, it is estimated that 60% of commercial activity is DEM genera-
tion. In general, the commercial lidar market in Canada and Australia may be considered as imma-
ture, with great growth potential. Even though the markets are nascent and emerging, there are 
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multiple vendors with a range of systems available. The applications are also evolving. The lack of 
standards associated with lidar has been identified as an impediment to the widespread use of the 
technology. For example, purchasers are interested in buying products, i.e. a canopy height 
model, or DEM, without having to know the inner workings of lidar collection and processing. As a 
result, there is a need for industry to transfer its focus away from creating data and towards the 
creation of products. To facilitate the reduction of costs associated with lidar data and the creation 
of standardized products, several research priorities have been identified for the commercial sec-
tor: 

• Efficiency bottlenecks; 
• Automated sensor calibration; 
• Efficient automated feature extraction; 
• Development and integration of new techniques in sensor design; 
• Availability of software tools; and 
• Training. 

With costs often described as a factor limiting use of lidar data, efficiencies and improvements that 
result in improved products at a lower cost are highly desirable.  
 
Data Costs 
Lidar data costs are based upon a combination of characteristics, including sensor availability, 
fixed costs for the data provider, cost control by the client, product definition, and subsequent price 
model. These characteristics are summarized below:.  

1. Sensor availability costs related to: 
a. Geographic location. 
b. Time of year. 
c. Scheduling (length of advance notice to data provider). 

1. Scheduling flexibility may allow for negotiation of a lower price. 
d. Survey size (length of time senor required). 

2. Fixed costs for data provider: 
a. Capital equipment (depreciation). 
b. Survey costs (≈ 10 to 20% of costs). 
c. Aircraft. 
d. Ferry time to acquisition area included. 
e. Fuel. 
f. Field crew. 
g. Overhead (i.e. insurance, warranty on sensor, profit). 

3. Cost control for client: 
a. Optimize use of capital asset (partners, purchase in volume). 
b. Match data requirements to data specifications (do not purchase unnecessarily high postings). 
c. Provide own ground support. 
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d. Do data processing in-house. 
e. Product definition. 
f. What is required, posting, survey area, data characteristics, ancillary data (intensity, GPS ob-

servable). 

g. Price models are often based upon a fixed base price, ferry time to site, acquisition time, and 
variable costs based upon requested survey parameters (Table 1). The resultant costs are 
closely tied to the nature of the data requested.  

Table 1. Expected costs for lidar data for a range of postings from 30 to 150 centimetres. The post-
ing is the interval of the spacing of lidar hits that is expected for a particular configuration of aircraft 
location and sensor specification. For larger postings or larger projects, pricing will decrease, for 
instance, with a large project and large postings, industry pricing may be as low as $115/sq. km.  

Posting (cm) Price / Ha (CDN$) Price / sq. km (CDN$) 

150 5.9 600 

90 9.8 1000 

30 19.3 1900 

Lidar Survey  
A successful collaboration with a commercial data provider is dependent upon attention to detail in 
project planning. Included in project planning is the management of scope and schedule. Scope is 
related to ensuring that there is a clear link between information needs and data collected. Cost 
control is linked to scope management and flexibility in acquisition. Additionally, partnering oppor-
tunities can result in cost sharing. Many different groups have needs for elevation data. These 
needs can be used to form a consortium. 
Consortia 
A means for reducing lidar costs, is to develop partnerships for data and cost sharing. There are 
examples in the US Pacific North West, with the Puget Sound Lidar Consortium4, and in Australia 
with the Southern Murray-Darling Basin LIDAR Project. The latter project is understood to be the 
largest lidar project in the southern hemisphere, at a total area of 1.8 million ha. The range of 
agencies that can be included are interested in, for instance, natural resource management, haz-
ard management, and utilities. In general, it is the shared interest in highly detailed elevation data 
that enables development of a data acquisition and processing partnership.  
CHARACTERIZING TERRAIN 
In the forest monitoring community, terrain is an attribute frequently required to meet a range of 
information needs. With road building being one of the highest cost activities in forest manage-
ment, terrain data is a valuable information source. Often, engineering needs will enable a lidar 
survey that can in turn be utilized for vegetation purposes.  
Example terrain needs in the forestry context include: 
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• Estimating area eligible for harvest (e.g. mask out ineligible areas, such as steep slopes); 
• Erosion monitoring; 
• Contractor payouts; 
• Environmental audit compliance; 
• Net harvested area audit; 
• Road layout (harvest planning); 
• Identification of rock outcrops, cliffs; 
• Road / stream update; 
• Field navigation; 
• Canopy attribute estimation; 
• Error in bare earth surface model leads to errors in canopy; 
• Image rectification; and 
• Ortho-photos, satellite images. 

To improve processing speed and consistency, surface generation techniques should be as auto-
mated as possible. There are a range of approaches that are generally applied in surface genera-
tion: block minimum algorithms, minimum-roughness algorithms, and no-multiple return algorithms. 
Block minimum algorithms are fast, but can be biased on low slopes. Minimum-roughness algo-
rithms require no horizontal surface assumption, but do need user definition of a spike tolerance. 
To improve DEM generation, the time stamp on the returns can be utilized, double coverage can 
be flown (or a greater pulse density). In instances where the terrain is primary attribute sought, the 
area can be flown in leaf-off condition. Much of the time in generating elevation data is still spent 
undertaking manual vetting and correction. As a result, fully automated classification is desirable to 
avoid unspecified biases and to also control costs. The use of spatial information is recommended 
to improve terrain elevation models (Haugerud and Harding 2001). Leaf area index can be used as 
an indicator of when a reduction in ground strikes may occur.  
Terrestrial ecosystem maps are another product of interest developed from terrain data. Currently, 
in Canada, terrestrial ecosystem maps are required to represent large areas. As a result, the use 
of lidar data has been limited due to the associated large volumes of lidar data and inherent high 
cost (in generating data with superfluous detail for this particular application). With terrestrial eco-
system mapping focussed on large areas, the detail inherent to lidar data is superfluous noise that 
may occlude the extraction of landscape level processes. Hierarchical mapping and analysis ap-
proaches may be required to mitigate these issues.  
Riparian mapping is also an important application enabled through the development of lidar terrain 
models. Riparian mapping is used to identify harvest exclusion zones and / or inventory of the 
species found in the riparian areas. The integration of lidar and multispectral video data can allow 
for vegetation of uniform heights but different species composition to be grouped appropriately 
(visually, using the video). Problems faced when assigning floristics to riparian species may be 
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related to within tree variations resulting in mapping of separate classes. Again, areas with dense 
canopies may not have sufficient ground returns to facilitate identification.  
Terrain models developed from lidar are generally more accurate than those from air photo inter-
pretation. Terrain is also somewhat invariant over time. The integration of photogrammetric and 
lidar data and techniques has been explored to investigate means for capitalizing upon the bene-
fits of both softcopy photogrammetry and lidar data. A comparison of softcopy photogrammetry 
and lidar can be found in Baltsavias (1999). The synthesis of softcopy photogrammetry and lidar 
allows for numerous uses of terrain information with historic and future aerial stereo photos. For 
instance, canopy surface elevation can be reconstructed from stereo aerial photos using softcopy 
photogrammetry, the lidar bare earth elevation can then be subtracted, and the result is the can-
opy surface height for any set of aerial photos (St-Onge and Achaichia 2001). Historic photo pairs 
may be processed to benchmark forest stand conditions. Benchmark survey conditions may be 
compared to current conditions to assess growth and yield, impacts of disturbances, and forest 
productivity.  

MEASURING FOREST ATTRIBUTES  
Forest inventory in both Canada and Australia are under the stewardship of non-federal jurisdic-
tions. Canadian provinces and Australian states have the responsibility for forest management. 
Special programs may exist for comprehensive national monitoring programs, but the management 
of forest resources remains a provincial / state responsibility.  
In general, consistently good results in estimating forest structural attributes (at stand level) using 
both large- and small-footprint systems, have been found. The following are example inventory 
attributes where lidar measurement success has been found: 

• Height and various height derivatives; 
• Canopy cover; 
• Above-ground biomass; 
• Volume; and  
• Stocking. 

Inventory 
The accurate estimation of terrain and canopy characteristics has led to operational agencies at-
tempting to develop comprehensive monitoring systems based upon lidar data. For instance, a 
forest inventory system has been developed by the Alberta Research Council (ARC). The goal of 
the forest management system is to undertake image and lidar pre-processing, object segmenta-
tion, and attribute assignment to the objects generated. High quality DEM are envisioned to pro-
vide for landform/soil mapping, landslide hazard assessment, stream/riparian area identification, 
forest engineering applications, and terrain visualization. The forest management system is being 
developed to deal with issues such as an extensive land base, natural stand variability, variability 
in managed stand density, and variability in forest productivity. In order to address these issues, a 
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number of challenges are faced, from instrumentation through to processing. These issues include 
sensor alignment, accuracy of sensors and calibration, minimizing ground control (direct georefer-
encing), and fully automated processing. The end result is a synergy of lidar and image data for 
developing automated forest inventory. The ARC system parameters of interest include tree type, 
tree height, crown diameter, wood volume, and tree age class.  
Forest structural characteristics with small-footprint lidar may be measured at the stand and plot 
level. Efforts are on-going to develop the capability using lidar data to estimate plot features, such 
as: height, canopy cover, basal area, cubic volume and tree biomass (Means et al. 2000). 
Using a regression based approach, additional models were developed for stocking density and a 
stand density index. This estimation approach requires training using ground truth data and may 
not be transportable (empirical). In addition, there is a risk of model over-fitting.  
Data Integration 
Individual tree isolation techniques are well established in Canada (Gougeon 1995; Hill and Leckie 
1999) and Australia (Culvenor 2002). The integration of lidar with multispectral data is a logical 
next step in the evolution of using individual tree isolation to characterize forests (Leckie 1990). 
The characterization of vertical structure using lidar is unique information that is not well captured 
by multispectral data. When combining individual tree isolation with lidar data, either data source 
may be considered as the primary input. For instance, lidar attributes can be assigned to objects 
developed from the multispectral data, multispectral attributes may be assigned to the objects 
generated from the lidar, or the data analysis can combine the two, such as using the height infor-
mation to guide the multispectral analysis (by creating a minimum elevation mask (Gougeon et al. 
2001)).  
Various studies investigating the integration of lidar and multispectral data have been undertaken. 
These studies generally illustrate that data acquisition parameters for both the imagery and laser 
data need to be customized for the purpose of integration. In addition, pre-processing to eliminate 
holes in the canopy without altering the ground hits at the edge of trees needs additional develop-
ment. Furthermore, standard DEM generation techniques need improvement for this application 
and perhaps specialized methods developed that take into account the 3D shapes expected in a 
forest canopy. For instance, Leckie et al. (2003), have shown that with existing sensor and proc-
essing systems, a high density combined multispectral and lidar data set suitable for individual tree 
crown isolation and tree height measurement can be created. In this study, isolations were done 
using the orthorectified individual digital camera image frame resampled to 50 cm resolution, and 
the 25 cm Canopy Height Model was resampled to 50 cm and a 3x3 average filtering applied 
(Figure 1). Data integration may also confer unique attributes. Lidar or multispectral data may be 
used to isolate individual trees. Each of these isolated tree objects may have a range of vertical or 
spectral attributes assigned. For instance, the mean spectral characteristics at differing vertical 
locations in a stand may be identified (Figure 2). Refined mapping of species, including by strata, 
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may be aided by such analyses (Coops et al. in review). When integrating lidar and multispectral 
data, the nature of the data types must be considered. Lidar, as an active senor, will consistently 
characterize an area, irregardless of illumination conditions (that can impact passive optical data). 

Figure 1. A. Ground referenced delineations in plot 18 over canopy height model (CHM) image 
resampled to 50 cm/pixel; B. Individual Tree Crowns or in bitmap format added to Figure 5A; C. 
Resulting automatically delineated individual tree objects (polygons) after the application of height 
and size filters (From Leckie et al. 2003). 

 
An additional area of research in Canada pertains to the characterization of deciduous stands. 
While the majority of Canada’ s forests are conifer, some areas are dominated by deciduous and 
mixed conifer / deciduous stands. Lim et al. (2003b) have been exploring the use of lidar to char-
acterize deciduous forests. The large overlapping crowns of deciduous stands have similarities to 
the broad leaf evergreen trees that are prevalent in Australia. 

Figure 2. Mean near infrared digital number height classification based upon LIDAR height esti-
mates (From Coops et al. 2003).  
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Biophysical 
The use of lidar to characterize biophysical attributes is common with waveform recording lidar 
(Lefsky et al. 1999); the use of discrete return time of flight lidar to characterize forest structure is 
nascent in comparison. The use of small footprint lidar to characterize biomass is often based 
upon relationships between height and volume (then to biomass). With waveform-recording lidar 
forest canopy and stand structure is well documented (Lefsky et al. 2002). Biomass has been 
found to be non-asymptotic to 1200 mg/ha. Interest has been directed towards determination of 
how generalizable above ground biomass estimates are. Lefsky et al. (2001), compared above 
ground biomass in three biomes. The result of this research was a single robust biomass equation. 
The conclusion derived from this research is that indices of forest structure can be predicted from 
lidar generated canopy indices. Additional attributes that are estimated with lidar are LAI and gap 
fraction.  
Gap fraction may be estimated at the stand or regional level. Regional level gap fraction estimates 
using large footprint waveform lidar may be used to calibrate models of LAI. Comparisons of fine 
(2m) and coarse (30m to 500m) spatial resolution estimates of leaf area index over BOREAS tower 
flux sites suggests that coarse resolution estimates typically overestimate LAI in stands with sub-
stantial clumping at crown and stand scales. A theoretical formulation for crown and stand scale 
clumping is developed based on existing approaches to estimating within stand clumping using in-
situ gap fraction instruments. A stand scale-clumping index is estimated using SLICER data over 
BOREAS tower flux sites and applied to correct scaling errors coarse resolution LAI estimates 
(Fernandes et al. presentation). 
Gap-fraction is usually determined by radiation instrumentation (e.g., hemispherical photographs, 
light-sensors) either at particular locations or along transects. While biomass estimates and gap-
fraction are two essential pieces of forest structural information, they are usually incompatible with 
each other: the high density and fine spatial resolution of small footprint time of flight lidar esti-
mates of gap fraction, lidar data makes it possible to derive top-of-canopy and gap-fraction as sur-
faces (Todd et al. 2003). Three-dimensional maps of foliage distribution were computed as stacks 
of the percentile probability surfaces (i.e., probability of a lidar pulse being returned from foliage at 
a given height within the canopy). These probability surfaces showed good correspondence with 
individual tree-based observations and provide a much more detailed characterization of quasi-
continuous foliage distribution. These results suggest that discrete-return lidar provides a promis-
ing technology to capture variations of foliage characteristics in forests, providing functional link-
ages between biophysical and ecological studies.  

LIDAR IN INDUSTRIAL FOREST MANAGEMENT 
Some operational foresters have identified the potential of lidar as a data collection tool in indus-
trial forest management. The information generated from lidar is desired for assisting in harvest 
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planning, and landscape level management. Industrial forest management agencies have existing 
inventory protocols based upon the interpretation of air photos and field checks.  
The interest in lidar is also linked to increased user demand for high quality DEM for logging 
operations. Over many jurisdictions, new regulations require an efficient collection of forest inven-
tory data, including for riparian buffer zone management. While the potential for lidar in operational 
forest management is clear. Operators often focus on the limits of lidar, which in their context in-
clude: 

1. Cost of lidar data and processing. 
• If spending constant, what will not be collected? 

2. Engineering versus inventory. 
• What organizational unit should pursue the lidar data? 
• Can internal co-ordination enable the collection of lidar for terrain and inventory purposes? 

3. Need for commercial provision of lidar products. 
• Forest management agencies do not wish to employ lidar experts (already use contractors 

for many aspects of forest inventory generation) 
• Want consistent products. 
• Protocols can be built upon consistent products and pricing. 

LIDAR IN REGIONAL CHARACTERIZATION THROUGH SAMPLING 
As mentioned previously, both Canada and Australia (and the United States) have large areas of 
land that need to be characterized (at various levels of detail). To meet the objectives of large area 
characterization and high detail, lidar has been explored as a sampling tool. Lidar can provide for 
calibration and validation data for the characterization of larger areas. Field sampling in remote 
areas can be costly, making lidar a viable alternative. Additionally, as was previously mentioned, 
lidar can be used in conjunction with forest inventory data or satellite imagery. Lidar data provide 
accurate measurements of forest canopy structure in the vertical dimensions, yet current lidar sen-
sors have limited coverage in the horizontal dimension. Existing and planned satellite missions are 
also envisioned to make sparse measurements in widely spaced transects. Landsat satellite data 
provide extensive coverage of generalized forest structural classes in the horizontal dimension but 
are generally insensitive to variations in forest canopy height. Forest inventory update cycles in 
Canada are often on the order of 10 years. The update of the forest inventory is often also done 
incrementally over a particular land base. As a result, lidar data can be used as a data source for 
the update of forest inventory maps. Estimates of stand height are an integral component of forest 
inventories. Lidar has been demonstrated as a tool for remotely sensing information on the vertical 
structure of forests, such as height. The ability to remotely sense height information for forest in-
ventory purposes may allow for procedures such as up-date, audit, calibration, and validation 
(Wulder and Seemann 2003). The ability to use a regression model to spatially extend a lidar sur-
vey from a sample to a larger area would act to decrease costs while allowing for the characterisa-
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tion of a larger area (Figure 3). Object based segmentation is used to partition the image into spec-
trally/ structurally similar units. Relationships are built between segments and co-registered lidar 
heights. The segment / lidar estimates of height generally form a range centred on zero (no differ-
ence) to +/- 6m of the ground measured height for over 80 % of the available validation plots, with 
a r2 of 0.67 and a SE of 3.30 m. A reasonable SE, in locations such as this study area, where for-
est inventory heights are recorded in 5 m classes.  
The extension of lidar estimates over image data may also be aided using spatial analysis proce-
dures. Using an airborne discrete-return lidar system Hudak et al. (2002), tested five aspatial and 
spatial methods for predicting canopy height from Landsat ETM+ data. Integrated models that 
kriged or cokriged regression residuals were preferable to either the aspatial or spatial models 
alone, because they preserved the vegetation pattern like regression yet improved estimation ac-
curacies above those predicted from the regression models alone. A 250 m point sampling strat-
egy proved most optimal, as it over sampled the landscape relative to the geostatistical range of 
actual spatial variation as indicated by the sample semivariograms, while making the sample data 
volume more manageable. An integrated modeling strategy is most suitable for estimating and 
mapping canopy height at locations unsampled by lidar, and that a 250 m point sampling strategy 
would be more useful for lidar-Landsat ETM+ integration than sparser transect sampling strategies 
planned for satellite missions. The use of lidar data to calibrate Landsat-based forest structure 
maps has also been undertaken (Scarth et al. presentation). The lidar data was used to generate 
locationally specific inputs to a regional scale application of a geometrical optical model. The lidar 
data provided for stand level model calibration.  

Figure 3. Illustration of segments with lidar data (dark blue), segments with no lidar data (light 
blue), a SLICER flight line (red), and some field plots (green/black circles). Both figures show the 
same segment information, but the right hand window has the Landsat-5 TM (G, R, IR) data as a 
backdrop to illustrate the segmentation results (From Wulder and Seemann 2003). 
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In Australia, various large area projects utilizing samples of lidar data have been undertaken, in-
cluding the Bureau of Rural Sciences (Lee presentation) and the Queensland Department of Natu-
ral Resources and Mines (Weller et al. 2003). As an example, a multi-agency consortium including 
Raytheon, multiple layers of government, and universities, used airborne scanning lidar and large 
scale photography for providing stand-based and local to regional estimates of woodland biomass 
and structure near Injune, Queensland, Australia. The study focused on a 60 x 40 km (220,000 
km2) area of woodland. Estimates of vegetation height, tree density, structural attributes and bio-
mass were derived using lidar. This study demonstrated the advantages and cost-effectiveness of 
using large scale photography for land and forest assessment, and identified significant improve-
ments that can be made using lidar technology. This work also demonstrated the potential of using 
airborne lidar for operational monitoring of the structure and biomass of Australia’ s diverse multi-
aged forests and woodlands more accurately and cost-effectively than traditional field surveys 
alone (Tickle et al. presentation). 

WORKSHOP RECOMMENDATIONS AND GENERAL CONCLUSIONS  
Gathering government, university, and industry participants to the lidar workshops was of great 
benefit. The range of participants ensures that there is a link between the research undertaken and 
needs of industry. A variety of recommendations and observations can be made regarding the 
workshops and the general state of lidar remote sensing of forests and terrain in Canada and Aus-
tralia. The forest management industry voiced interest in the pursuit of demonstration case studies 
in areas where there are established applications, and also development of standard products, 
definitions, and algorithms. Ultimately, the forest management industry wants to know that lidar 
products will be delivered to consistent standards and costs. The cost effectiveness of lidar 
emerges as a concern of the forest industry, resulting in an interest in a clear cost-benefit analysis 
comparing lidar to standard operations. Consortiums have been developed as a pragmatic means 
to alleviate costs to an individual organization. From the value-added lidar processing community, 
there is interest in the development of a user-friendly toolbox of lidar algorithms, developed to 
generate information on a range of attributes, including robust terrain and canopy height models. 
The current suite of attributes that may be discerned with the aid of lidar data are useful informa-
tion inputs to traditional forest management. Development of new algorithms that take advantage 
of the lidar information content are also desired. New algorithms may improve the characterization 
of forest structure, habitat, and forest health. Additional advances in data integration between lidar 
and other remotely sensed and spatial data sources will further efforts in this regard. Effort in-
vested in researching and developing applications for lidar as a sampling tool for characterizing 
large areas is appropriate to Australian and Canadian geographic and political conditions.  
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ENDNOTES 
 
 
1 Canadian Lidar workshop: 

http://larsees.geog.queensu.ca/lidar/LiDAR_Workshop/lidar_workshop.html 

2 CJRS Special Issue: http://pubs.nrc-cnrc.gc.ca/cjrs/cjrs.html 

3 Optech: http://www.optech.on.ca/ 

4 Puget Sound Lidar Consortium: http://duff.geology.washington.edu/data/raster/lidar/ 

 


