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SUMMARY 

 
Airborne laser scanning (LIDAR) and interferometric synthetic aperture radar (IFSAR) datasets, 
along with standard aerial photographs, were acquired over two forested sites in Washington 
State: second-growth Douglas-fir stands at Capitol Forest in moist western Washington, and 
mixed pine/fir stands at the Mission Creek Fire/Fire Surrogates site in dry eastern Washington.  
Forest inventory plots were measured and carefully geo-located on both sites. High resolution 
orthophotographs were generated for each site.  Canopy fuel variables were computed for each 
plot using these ground measurements.   
 
For each study site regression analysis was used to develop predictive models relating a variety 
of LIDAR- and IFSAR-based metrics to the canopy fuel parameters.  Strong relationships were 
found for virtually all parameters between remotely sensed metrics and field-based fuel estimates 
(R2 ranging from 0.74 to 0.98).    
 
Software and algorithms were developed for processing LIDAR data into a suite of vegetation 
metrics.  The Fusion data visualization system and LIDAR Data Visualization (LDV) system 
allow users to process, display, and fuse LIDAR data with other remote sensing and GIS spatial 
data.  Working with the Remote Sensing Applications Center (RSAC), software distribution and 
training materials were developed and are available through the RSAC website.   
 
Additionally, a software suite titled the “Canopy Fuel Estimator” (CFE) was developed that 
processes LIDAR data into spatially mapped GIS canopy fuel and vegetation structure metrics.  
This user-friendly package will be released Fall 2006.  A ½-day workshop on its use has been 
proposed for the 2nd Fire Behavior and Fuels Conference in March 2007, targeted for fuels 
managers and fire remote sensing specialists.   
 
Deliverables to date from the project include: 11 workshop presentations on LIDAR and IFSAR, 
12 proceedings papers, 6 peer-reviewed publications (3 additional in review or preparation), 2 
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web pages, and 2 software suites.  Appendix A includes a list of these deliverables and a CD 
containing publications and selected presentations is included with this final report.   
 
Deliverables Crosswalk Table 
 
Crosswalk between proposed and delivered research activities, as indicated in our proposal, 
dated August 24, 2001.  See Appendices A and B for detailed list of each output/product.   
Proposed Delivered Status 
Develop 
LIDAR/IFSAR 
canopy fuels 
estimators 

Regression models for canopy fuel variables were 
developed and published for both LIDAR and IFSAR, 
based on the Capitol Forest Study site.   
Regression models for the Mission Creek FFS site and 
combined Capitol Forest and Mission Creek site will be 
developed.  A publication will be submitted in Dec. 2006.   

Done 
 
 
Dec. 2006 

Develop 
LIDAR/IFSAR 
processing software 

The Fusion visualization system was developed to allow 
users to display LIDAR or IFSAR 3D data with tradition 
2D imagery (e.g., orthophotos, satellite images, maps).   
The LIDAR Data Visualization (LDV) suite was 
developed to allow display, ground and canopy surface 
generation, and direct 3D measurements from LIDAR 
(and IFSAR) datasets.   

Done 
 
 
Done 

LIDAR processing 
software 
distribution & 
training website 

In conjunction with RSAC a website was developed for 
distribution and training of the LIDAR processing and 
visualization software:  
http://www.fs.fed.us/eng/rsac/fusion/  
A project website is available at:  
http://www.cfr.washington.edu/research.pfc/research/jfsp/  
The Canopy Fuels Estimator (CFE) software suite will be 
completed and distributed in Fall 2006. 

Done 
 
 
 
Done 
 
Oct. 2006 

Workshops LIDAR/IFSAR results were presented at 11 workshops 
(see Appendix B for detailed list). 
A ½-day workshop on the LIDAR Canopy Fuel Estimator 
has been proposed for the 2nd Fire Behavior and Fuels 
Conference in March 2007, targeted for fuels managers 
and fire remote sensing specialists.   

Done 
 
March 2007 

Presentations  35 presentations to federal, state, local, academic, and 
professional groups were made, including 7 presentations 
at international meetings.   

Done 

Archived Database An archive of all ground and remote sensing data was 
created and is stored at the University of Washington. 

Done 

Published Outputs 5 journal articles and 1 book chapter were published. 
1 journal article is in review. 
2 additional journal articles are planned for submission. 
12 proceedings papers were published.   
PNW Science Update highlighting LIDAR for vegetation 
measurement was published for more general audiences.  

Done 
 
Dec. 2006 
Done 
Done 
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PROJECT OVERVIEW 
 
Fire researchers and managers are dependent upon accurate, reliable, and efficiently obtained 
data for the development and application of crown fire behavior models. In particular, reliable 
estimates of critical crown characteristics, including crown bulk density, canopy height, crown 
base height, and canopy closure are required to accurately map fuel loading and model fire 
behavior over at the landscape scale. The emergence of a new generation of high-resolution 
remote sensing systems in recent years, as well as the development of more accurate field 
measurement techniques, allow for more accurate and efficient estimation of crown fire behavior 
variables. With spatial resolutions often less then one meter, the spatial data provided by these 
sensors can support more detailed measurement of the forest canopy structure. Analytical 
techniques and associated software were developed to automatically and efficiently extract the 
required information from the enormous quantity of data provided by these high-resolution 
remote sensing systems.  
 
Project Objectives, Study Sites, and Datasets 
 
We carried out an extensive investigation of the utility of A) active infrared scanning (LIDAR) 
sensor data and B) active microwave (interferometric synthetic aperture radar, IFSAR) sensor 
data for this application, and C) compared remote sensing estimates with field-based techniques 
for the estimation of crown fire fuel density, type and condition.  Two sites were used:  1) mixed-
conifer [ponderosa pine (Pinus ponderosa), Douglas-fir, grand fir (Abies grandis)] stands in the 
Mission Creek Fire/Fire Surrogates study site in Wenatchee National Forest in the eastern 
Cascades of Washington State; and, 2) 70-yr-old second growth stands dominated by Douglas-fir 
(Pseudotsuga menziesii), western hemlock (Tsuga heterophylla), and western redcedar (Thuja 
plicata) in the Blue Ridge area of Capitol State Forest in western Washington State (Figure 1).  

 
Figure 1. Location of study areas. (Photo credits: Blue Ridge: Gordon Bradley (University of 
Washington), Mission Creek: http://www.fs.fed.us/ffs/slideshow.html). 
 
The Mission Creek site is one of thirteen (13) Fire and Fire Surrogates (FFS) sites distributed 
nationwide and designed to investigate the economic and ecological effects of fire and fire 
surrogate treatments in a number of different forest types and conditions in the United States 
(FFS Project Executive Summary). This site contains twelve (12) treatment units (3 thinned and 
burned, 3 thinned, 3 burned, and 3 control), where six (6) 20 m × 50 m vegetation plots were 
established within each unit (Figure 2). In this project, highly accurate (~ 1 m error) positions 
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were established for these plots using a differentially corrected GPS and laser surveying 
instruments in 2003 and 2004.   

 
Figure 2.  Mission Creek FFS study site (general location and individual orthophotographs of 

each treatment unit).   
 
The Blue Ridge area is the site for an ongoing silvicultural trial investigating the effects of 
several different harvest treatments designed to create a variety of different residual stand 
densities: clearcut [0 trees per ha(TPH)], heavily-thinned (40 TPH), lightly-thinned (175 TPH), 
and control (280 TPH).  A systematic grid of 101 inventory plots was established across a range 
of different stand types in this study area. These plots were georeferenced as part of a high-
accuracy topographic survey carried out in 1999 (Figure 3).  
 

 
 

Figure 3.  Orthophotograph of Blue Ridge study site.  White circles indicate ground plots.  
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Both study sites are mountainous, with elevations ranging from 150 to 400 meters at the Blue 
Ridge site and 650 to 1500 meters at the Mission Creek site. 
 
On both sites high-resolution LIDAR and IFSAR datasets were acquired using commercially 
available sensors flown in fixed-wing aircraft.  Ground plot data were collected at both sites and 
these datasets were then analyzed to determine if a suite of remotely sensed variables were 
significantly correlated with ground measured canopy fuel variables at the plot level.   
 

RESULTS 
 
Accuracy of remotely sensed digital terrain models (DTMs) under forest canopy 
 
An important question that was 
investigated was the accuracy of 
ground surface models or DTMs 
generated from LIDAR and IFSAR 
data.  This DTM accuracy 
influences the estimation of any 
vertical vegetation structure 
variables.  To address this question, 
a network of three-hundred and 
forty-seven (347) high accuracy 
topographic check points (Figure 4) 
was established at the Blue Ridge 
study site by the Washington 
Department of Natural Resources, 
PNW Research Station, and the 
University of Washington under 
stands with varying forest canopy 
densities (clearcut (0 trees per 
hectare (TPH)), heavily-thinned (40 
TPH), lightly-thinned (175 TPH), 
and uncut (280 TPH)). After a 
least-squares adjustment of the 
survey network, the accuracy of the 
check points was 15 cm 

(horizontal) and 3 cm (vertical).  The accuracy of the 
LIDAR- and IFSAR-derived digital terrain models (Figure 
5) acquired at the Blue Ridge site was assessed via 
comparison to the topographic checkpoints (Reutebuch et 
al., 2003; Andersen et al. 2005a).  
 

 
Figure 4.  Orthophotograph, Blue Ridge site. Dots indicate 

the location of ground-surveyed elevation 
checkpoints. 

 
 
 
Accuracy of LIDAR-derived DTM under forest canopy 
The mean LIDAR DTM error over the entire site was 0.22 ± 0.24 m (mean ± SD), with a root-
mean-square-error (RMSE) of 0.32 m. The DTM error increased slightly with increased canopy 
density but the differences were strikingly small and of virtually no practical significance. In 
general, the LIDAR DTM was found to be extremely accurate even under very dense conifer 
stands that are characteristic of Pacific Northwest forests.  

 



6 

    

   

    
 

Figure 5. 1999 orthophotograph (a); 1999 LIDAR canopy surface model (b); 2002 IFSAR 
canopy surface model (c); USGS 10m resolution DTM (d); LIDAR 1m resolution 
DTM (e); IFSAR 1m resolution DTM (f), Blue Ridge site.   

 
Accuracy of IFSAR-derived DTM under forest canopy 
The accuracy of a P-band IFSAR-derived DTM was also assessed via comparison to these high-
accuracy topographic check points (Andersen et al, 2005a). Low-frequency P-band radar energy 
physically penetrates through the vegetation canopy and reflects from the underlying terrain 
surface (Andersen et al., 2006). The mean error of the P-band DTM was -0.28 ± 2.59 m (RMSE 
= 2.6 m), and the accuracy of the DTM did degrade in areas with higher canopy density. 
However, the accuracy of the P-band DTM was significantly higher than that of the standard 
USGS 10-meter DTM available for this area (RMSE = 8.8 m). It should be noted that the 
availability of P-band IFSAR data in the contiguous United States will be limited due to 
restrictions on frequencies imposed by the Federal Communication Commission (FCC).  
 
Estimating canopy fuels parameters using LIDAR data 
 
A methodology was developed to estimate several critical forest canopy fuel parameters using 
LIDAR data and ground vegetation plot data (Andersen et al., 2005b). At the Blue Ridge study 
site, canopy fuel parameters were measured at 101 fixed area field inventory plots established in 
1999 and 2003 over a range of stand conditions (Figure 6).  
 
Field-based estimates of canopy fuel parameters, including canopy height, canopy base height, 
canopy bulk density, and canopy fuel weight, were generated using the methodology developed 
for the Fire and  

a 

b 

c 

d

e

f
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   a          b 
Figure 6. Location of field plots (white circles) at Blue Ridge study site (a) and example of 

LIDAR point cloud within 1/5th acre plot (b).  
 
Fuels Extension to the Forest Vegetation Simulator (FFE-FVS). Multiple regression analysis was 
used to develop the mathematical relationships between the plot-level fuel parameters and a 
number of LIDAR-derived structural metrics. A leave-one-out cross validation procedure was 
used to assess the predictive value of each regression model.  
 
Strong relationships between LIDAR-derived metrics and field-based fuel estimates were found 
for all parameters [sqrt(canopy fuel weight): R2=0.86; ln(crown bulk density): R2=0.84; canopy 
base height: R2=0.77; canopy height: R2=0.98]. Figure 7 illustrates correlations between LIDAR-
derived and ground measured canopy fuel variables at Blue Ridge.  In another study, this same 
methodology was used to estimate several important inventory parameters at the plot level at the 
Blue Ridge site [sqrt(basal area): R2=0.91; sqrt(stem volume): R2=0.92; dominant height: 
R2=0.96; sqrt(biomass): R2=0.91] (Andersen et al., 2005).  
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Figure 7. Scatter plots showing correlations between field- and LIDAR-based estimates of 

canopy fuel variables at Blue Ridge site. Lines represent 1:1 relationship.  
 
A similar approach has been used to estimate canopy fuel parameters at the Mission Creek (FFS) 
site. The results of an analysis comparing the results obtained at the Blue Ridge and Mission 
Creek sites will be reported in a future paper (Andersen et al., in prep). The predictive models 
developed in these analyses will be provided in the equation library of the Canopy Fuels 
Estimator tool (described below in the LIDAR & IFSAR Tools of this report).  
 
Estimating canopy fuel parameters using IFSAR data 
 
A similar approach was used to estimate inventory and fuel parameters using dual-frequency X-
/P-band IFSAR data acquired over the Blue Ridge site in 2002 (Andersen et al., 2004a). Multiple 
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regression was used to develop mathematical models relating a number of IFSAR-derived 
variables [canopy height (X-band canopy surface elevation minus P-band ground surface 
elevation), X-band coherence, X-band backscatter, P-band VV backscatter, P-band VH 
backscatter, P-band HH backscatter, P-band coherence, and IFSAR-derived canopy density] and 
plot-level canopy fuel estimates. The correlations between IFSAR observables and canopy fuel 
variables were generally quite high (canopy height: R2=0.89; canopy base height: R2=0.85; 
canopy bulk density: R2=0.74; canopy fuel weight: R2=0.77).  
 
Due to the FCC restrictions on radar frequencies, we were not able to collect dual-frequency (X-
/P-band) IFSAR data over the Mission Creek site. However, high resolution X-band data were 
collected over Mission Creek in 2005.  
 
In order to evaluate the influence of interferometric processing and flying height on the quality 
of the canopy height information provided by X-band IFSAR, the vendor (Intermap 
Technologies Inc.) delivered elevation data acquired at two different flying heights and 
processed the data using four different levels of interferogram filtering. A subsequent analysis of 
these data and comparison to high resolution LIDAR data found that differences in flying heights 
and levels of interferogram filtering had little effect on the accuracy of canopy height 
measurements, while sensing geometry can have a significant effect on the quality of IFSAR-
derived canopy measurements (Andersen et al., 2006; Andersen et al., in prep). These results 
suggest that the typical mission parameters used for high resolution IFSAR topographic survey 
may also be adequate for forest monitoring applications, and also support the conclusion that 
acquiring data from multiple look directions may be the most important consideration in the 
planning of IFSAR flights for forest mapping applications.  
 

LIDAR & IFSAR TOOLS 
 
A major component of this project was the development of specialized remote sensing software 
systems that could efficiently process, analyze, and display the extremely large LIDAR and 
IFSAR datasets that were acquired over the study sites.  For instance, there are 40 million data 
points in the LIDAR dataset covering the 2 square mile Blue Ridge study site and approximately 
10 times this amount of data covering the Mission Creek site.  Commercial remote sensing 
packages did not have the capacity to handle such large datasets. 
 
FUSION LIDAR/IFSAR data conversion, processing, and display software suite 
 
To address this need, a LIDAR/IFSAR data conversion, analysis, and display software suite, 
known as FUSION was developed (McGaughey and Carson, 2003). FUSION allows 3-
dimensional terrain and canopy surface models and LIDAR/IFSAR data to be fused with more 
traditional 2-dimensional imagery (e.g., orthophotographs, topographic maps, satellite imagery, 
GIS shapefiles).   
 
FUSION processes raw LIDAR data into a number of vegetation metrics.  Canopy- and ground-
level surface models can be produced; and then, by simple differing, canopy height models can 
be generated (Figure 8) FUSION includes algorithms that allow the user to manually measure 



10 

individual tree attributes or use automated capabilities to characterize individual tree attributes 
over large areas (McGaughey et al., 2004).  
 

 
Figure 8. Raw LIDAR point cloud (a); LIDAR-derived terrain model (b); LIDAR-derived 

canopy surface model (c), Blue Ridge site.  
 
FUSION technology transfer 
 
Through several workshops and presentations, the FUSION software was refined and enhanced 
to make it useful and accessible to forest managers (see Appendix B).  In 2006, working in 
conjunction with the USDA Forest Service, Remote Sensing Applications Center (RSAC), a 
FUSION tutorial, installation guide, and example datasets were generated and are now available 
over the internet through RSAC (http://www.fs.fed.us/eng/rsac/fusion/).  A FUSION installation 
CD was distributed to over 150 attendees of the 2006 RSAC Remote Sensing Workshop and a 

a 

c 

b 
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FUSION demonstration booth was included at the Salt Lake City 2006 workshop.  FUSION is 
publicly available worldwide through the internet.   
 
Canopy Fuel Estimator—CFE Fuel characterization using airborne laser scan data 
 
To assist resource managers in the use of LIDAR to characterize canopy fuels over the 
landscape, a LIDAR processing tool titled the Canopy Fuel Estimator (CFE) is under 
development and scheduled from release in Fall 2006.   
 
The overall objective of the Canopy Fuel Estimator (CFE) is to use data from airborne laser 
scanner (small-footprint LIDAR) systems to characterize fuel conditions over extensive land 
areas. The primary reference for the methodology is Andersen et al. (2005b).  Processing is 
accomplished in a raster environment using input layers and ground surface models derived from 
LIDAR point data. While the CFE is primarily designed to estimate canopy fuel parameters, its 
design is flexible enough to support a variety of analysis tasks that involve LIDAR point data, 
production of data layers derived from the point data, and, optionally, application of a “model” to 
predict a variable of interest.  
 
CFE overview 
CFE computes LIDAR-derived variables for the maximum, mean, and coefficient of variation of 
the LIDAR canopy heights, several quantile-based metrics describing the LIDAR canopy height 
distribution, and a canopy density metric. The CFE includes models that use these LIDAR-
derived variables to predict canopy fuel weight, crown bulk density, canopy base height, and 
canopy height over the landscape. Models included with the CFE are applicable to forests in 
western and eastern Washington. Additional models can be defined using a combination of 
LIDAR-derived metrics and either pre-defined or user-supplied model forms. The CFE reads 
industry-standard LAS LIDAR data files and produces raster output that is compatible with most 
Geographic Information System (GIS) environments. 
 
The CFE is designed as a stand-alone program that uses a graphical interface to guide the user 
through data processing and analysis.  CFE is designed in such a way that it can be “connected” 
to ArcMap at a later date. This connection will most likely consist of adding a menu option or 
button to ArcMap that launches the CFE and providing the ability to create an ArcMap project 
that includes the input data, intermediate data products, and final outputs as layers in the project. 
The CFE will perform its own processing without relying on ArcObjects but will interact with 
ArcObjects to access and manage the ArcMap project. Output from the CFE is a series of new 
spatial data layers that describe fuel characteristics and the distribution of forest canopy over the 
project area (Figure 9). 
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     a) Canopy cover (Blue: 0% cover, Red: 100% cover)           b) Canopy height (Blue: 0 m, Red: 60 m) 
 

       
      c) Canopy fuel weight (Blue: 0, Red: 27,000 kg/ha)            d) Canopy bulk density (Blue: 0.00, Red: 0.28 kg/m3) 
 
Figure 9. Canopy fuel maps (30 m resolution), Blue Ridge site.  
 
LIDAR-derived canopy metrics and canopy fuel layers  
The LIDAR points used for all derived canopy metrics is the set of LIDAR returns that are 2 
meters (user defines this canopy threshold height) or more above the LIDAR bare-ground 
surface. This subset of LIDAR returns represents “vegetation points”.  The following variables 
are computed from the raw LIDAR point data and the bare-ground surface model. 
 
LIDAR-derived 
metric 

Description 

hmax Maximum height for the vegetation points within a grid cell 
hmean Mean height for all vegetation points within a grid cell 
hCV Coefficient of variation of the vegetation point heights 
h10 10th percentile height of the vegetation points 
h25 25th percentile height of the vegetation points 
h50 50th percentile height of the vegetation points 
h75 75th percentile height of the vegetation points 
h90 90th percentile height of the vegetation points 
D Canopy density metric defined as the proportion of first returns whose 

height is 2 meters or greater divided by the total number first returns (0.0 
to 1.0). 
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The following spatially explicit canopy fuel layers are generated from the LIDAR-derived 
canopy metrics in a GIS-compatible raster format.   
 
Canopy fuel layer Description 
Fuel weight Total canopy fuel (kg per ha) 
Crown bulk density Density of canopy fuels (kg per m3) 
Base height Lowest height where crown bulk density exceeds 0.011 kg/ m3 
Canopy height Highest height where crown bulk density exceeds 0.011 kg/ m3 
 
CFE metadata 
Output from the CFE consists of a plain text report and an HTML report. The plain text report 
documents the input data, model set, and output layers. It contains enough information for a user 
could re-create the run if necessary. The HTML report contains all of the information from the 
plain text report but also provides links to images representing the input data and output layers. 
FUSION is used to automatically generate the images and image legends. 
 
CFE technology transfer 
CFE is currently under development and planned for release in Fall 2006.  In addition, a 
workshop has been proposed for the 2nd Fire Behavior and Fuels Conference in March 2007, 
targeted for fuels managers and fire remote sensing specialists.  A tutorial, installation package, 
and example dataset will be developed and distributed over the internet.   
 

MANAGEMENT IMPLICATIONS 
 
Results of this project demonstrate that canopy fuel variables can be estimated and mapped over 
the landscape using LIDAR and IFSAR at a cost of approximately $1-2 per acre in mature 
conifer forests of Washington.  Additional testing in other forest types is needed to 
geographically extend the methodology; however, it is expected that similar results would be 
achievable in most conifer forests with canopy heights greater than 10 m. Remotely sensed GIS 
layers of key canopy fuel variables can be generated and used in fire spread and fire behavior 
models to help prioritize fuel treatment planning at the landscape level.   
 
LIDAR/IFSAR can provide baseline data on the terrain surface and vegetation structure for a 
host of resource monitoring, measurement, and inventory activities.  LIDAR/IFSAR metrics can 
be used in many other resource areas that need objective, landscape level estimates of key 
vegetation cover such as inventory, wildlife habitat, slope stability analysis, geologic mapping, 
stream channel mapping, and road design.   
 
LIDAR data collected at approximately 4 returns per square meter is sufficient to generate 
vegetation structure metrics that are adequate for most analysis.  Specialized software that can 
handle the immense volume of data typically collected with such high-resolution LIDAR/IFSAR 
missions has been developed and is being distributed as freeware through the USDA Forest 
Service, Remote Sensing Application Center.   
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