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Abstract 
High-resolution airborne laser scanner data offer the possibility 
to detect and measure individual trees. In this study, an al- 
gorithm which estimated position, height, and crown diameter 
of individual trees was validated with field measurements. 
Because all the trees in this study were measured on the ground 
with high accuracy, their positions could be linked with laser 
measurements, making validation on an individual tree basis 
possible. In total, 71 percent of the trees were correctly de- 
tected using laser scanner data. Because a large portion of the 
undetected trees had a small stem diameter, 91 percent of the 
total stem volume was detected. Height and crown diameter 
of detected trees could be estimated with a root-mean-square 
error (RMSE) of 0.63 m and 0.61 m, respectively. Stem diameter 
was estimated, using laser measured tree height and crown 
diameter, with an RMSE of 3.8 cm. Different laser beam diame- 
ters (0.26 to 3.68 m) were also tested, the smallest beam size 
showing a better detection rate in dense forest. However, esti- 
mates of tree height and crown diameter were not affected 
much by different beam size. 

Introduction 
Airborne laser scanning systems now offer the possibility to re- 
trieve three-dimensional information about individual trees. 
Airborne lidar systems were first used in profiling mode for es- 
timating tree height and crown closure (e.g., Aldred and 
Bonner, 1985). Lidar-generated canopy profiles were used to es- 
timate stem volume (Maclean and Krabill, 1986) with models 
similar to those earlier developed using aerial photographs 
mounted on a stereo plotter. Development of the Global Posi- 
tioning System (GPS) and inertial navigation systems (INS) made 
it possible to determine the position of each laser reflection 
point with high accuracy. Scanning systems were developed, 
and Nilsson (1996) used the distance between the first and last 
peak of the returning pulse and the area of the waveform from a 
scanning system to estimate the stem volume on field plots. 
The vertical distributions for squares (typically 15 by 15 m) 
were used to estimate mean tree height and stem volume for 
forest management in previously mapped stands (Naesset, 
1997a; Naesset, 1997b; Magnussen et al., 1999). 

As scanner technology has developed, the pulsing fre- 
quency of systems has increased rapidly. According to Acker- 
mann (1999), it is possible to obtain up to 20 points per mZ from 
an airplane at an altitude of 1000 m. Magnussen et al. (1999) 
states that six to ten laser hits per tree crown would be needed 
to detect individual trees. Samberg and HyyppB (1999) have 

shown that individual trees can be identified using airborne la- 
ser data. Brandtberg (1999) detected individual trees using la- 
ser data and validated the results by comparing with aerial pho- 
tographs. The ability to detect individual trees makes it possible 
to estimate the height and crown diameter of these trees. Using 
these estimates, the stem diameter and stem volume can be de- 
rived. The correlation between stem diameter and crown diam- 
eter was studied early in order to estimate stem diameter by 
measuring tree crown sizes in aerial photographs (e.g., Jakob- 
sons, 1970). 

Hyyppa et al. (2001) used laser-measured tree height and 
crown diameter to estimate the stem diameter of individual 
trees. Estimated stem diameter together with laser measured 
tree height was used as input to existing stem volume func- 
tions for individual trees, making it possible to estimate stem 
volumes for all detected trees in a stand. They evaluated the esti- 
mates using forest stands with a mean size of 1.2 ha and cor- 
rected for sampling error. Mean tree height and stem volume 
were estimated with a standard error of 9.9 percent and 10.5 
percent of the mean values, respectively. These estimates were 
better than a traditional field inventory of the stands. 

Detection of trees has usually been evaluated by compari- 
son with aerial photographs, and estimates have been evalu- 
ated by summing values for all trees within delineated areas. In 
this study, evaluation of tree detection was possible because, at 
a test site in southern Sweden, the positions of all trees within 
delineated areas had been measured on the ground with high 
precision. An algorithm was first developed. The algorithm 
was evaluated over this area, and the ability to link field-meas- 
ured trees with laser-measured trees made it possible to study 
which trees were detected. No parameter settings were changed 
during the evaluation. The measurement of tree height and 
crown diameter of the detected trees could also be evaluated. 
The effect of the beam size on these estimates was also possible 
to investigate because a laser scanning system with a program- 
mable scanner was used. Furthermore, image processing meth- 
ods for removal of penetration into the crowns based on theo- 
ries of active contours (e.g., Cohen, 1991; Cohen and Cohen, 
1993; Kass et al., 1998) were evaluated for the first time. 

The objectives of this study were to (1) evaluate how well 
individual trees could be detected by segmenting a canopy 
model of the tree crowns; (2) evaluate the accuracy of the tree 
height estimates, the crown diameter estimates, and the stem 
diameter estimates of the detected trees; and, finally (31, inves- 
tigate the influence of the beam size on the ability to detect sin- 
gle trees and on the tree height and crown diameter measure- 
ments of individual trees. 
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Material 
Study Area 
The study area was located in southern Sweden (lat. 58' 30' N, 
long. 13" 40' E). The dominating tree species were Norway 
spruce (Picea abies L. Karst.), Scots pine (Pinus sylvestris L.) 
and birch (Betula spp.). The area was essentially flat with a 
variation in elevation ranging from 120 to 145 meters above sea 
level. 

Laser Data 
The laser data acquisition was performed on 13 September 
2000 using TopEye, an airborne laser scanning system oper- 
ated from a helicopter. The Laser Range Finder (w) measures 
the distance between the helicopter and the target up to 7000 
times per second (Sterner, 1997). By combining sensor position 
data from the GPS and the INS, the altitude of the scanner, and 
distance measurements from the LRF, the system produced up 
to two geo-referenced XYZ positions for each laser sounding 
with an absolute accuracy of 0.10 to 0.30 m (Sterner, 1997). The 
pulsed laser (1064-nm) beam moves across the helicopter track 
controlled by the scanner and along track through the forward 
motion of the helicopter. The resulting pattern on the ground is 
thus Z-shaped. The post-processing system calculates the posi- 
tion of the reflecting object, the slant range, and the scanning 
angle. The position of the reflecting object is derived from the 
first and last peak of the returning pulse. Kinematic GPS was 
used with a base station placed in an open area within the mea- 
suring area. Laser measurements were made from five parallel 
flight lines in a north-south direction with a length of 2000 to 
2500 m and a distance between the flight lines of 200 m. One 
flight was made for each flight line with each of the four beam 
divergences. The beam divergences were 1,2,4, and 8 mrad, 
giving a footprint diameter of 0.26 m, 0.52 m, 1.04 m, and 2.08 
m, respectively. Flight altitude above ground was approxi- 
mately 130 m, the speed 16 mls, the scan mirror frequency 
16.67 Hz, and the scanwidth 220". This gave a distance of 0.44 
m between the laser hits on ground within a scan line and 0.48 
m between scan lines in nadir. Data acquisition was also per- 
formed at a flight altitude of 230 m and with a beam divergence 
of 8 mrad to produce measurements with a footprint diameter 
of 3.68 m. All other settings were the same as for the lower alti- 
tude, giving a distance between the laser hits within a scan line 
of 0.79 m and distance between scan lines of 0.48 m. 

Field Data 
Twelve rectangular field plots (50 by 20 m) were placed along 
the flight lines. The forest consisted mainly of middle and old 
aged spruce and pine. The dominating species [greater than 80 
percent) were Norway spruce for six of the plots and Scots pine 
for six plots. Stem diameters of all trees (r 0.05 m stem diame- 
ter at 1.3 m above ground) within the plots were measured and 
the tree species were registered. The position of the center of 
these tree stems was measured (1.3 m above ground) relative to 
two reference points in the nearest open area for each plot using 
a total station. The outline of a plot within each stand was de- 
termined in the same way as the position of the individual 
trees. The positions of the reference points were measured us- 
ing kinematic GPS equipment. According to the specifications 
for the GPS equipment, accuracies of 5 to 10 cm were possible 
to achieve. The same place was used for the base station as dur- 
ing the laser measurements. For a random sample of trees (-15 
within each plot), the height and crown diameter were meas- 
ured. Tree heights were measured using an ultra-sound dis- 
tance measurement and electronic angle decoder. The pro- 
jected on-ground crown diameter was measured in the 
direction of the line of sight from the total station as specified 
by Jacobsons (1970). The position of the outermost part of the 
crown on both sides along the sightline was projected to the 
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ground using a plumb line, and the distance on ground be- 
tween these two points was then measured. 

Method 
Laser height data were used to create a surface, recovering the 
tree crown contour, with local maxima that should have the 
positions of treetops. The laser beam has the characteristic of 
being able to penetrate the canopy of trees, and, therefore, 
ground hits will be obtained even in dense forest. This makes it 
possible to estimate the ground surface in dense forest that 
later can be subtracted from the tree crown surface. However, 
penetration into the tree crowns causes large height variations 
within individual tree crowns, making it difficult to separate 
tree crowns from each other. Therefore, penetrations were re- 
moved by creating a surface following the outer part of the 
crowns. Height variation, left after penetration removal and 
caused by branches, was removed by smoothing. Because the 
tree size is not known in advance and varies within the forest, 
the smoothing scale cannot be determined a priori. Therefore, 
the fact that tree crowns are radially symmetric was used and a 
parabolic surface was fitted to the elevation data. The best fit 
determined an appropriate scale in different parts of the image. 

The method of identifying individual trees and estimating 
the height and crown diameter of these trees consisted of six 
parts: 

(1) first, a digital surface model (DSM) was created, 
(2) a digital terrain model (DTM) was created, 
(3) the canopy of the trees was modeled and a digital canopy 

model (DCM) was created, 
(4) the DCM was smoothed with different scales, 
(5) a parabolic surface was fitted to the elevation data to determine 

which scale to choose for different  arts of the imaee, and " 
finally 

(6) the height and crown diameter were estimated for the identi- 
fied trees (Persson, 2001). 

Creatlng a DSM from Laser Data 
The laser data covering the field plots were selected. The un- 
evenly distributed laser reflection points were converted into 
two raster layers with a cell size of 113 m. The first raster layer 
was assigned the height value of the lowest laser reflection 
point within each cell. This raster layer was referred to as 
DsMmin. The second raster layer was assigned the highest laser 
reflection point within each cell. This raster layer was referred 
to as DSM, (Figure la). If a cell contained no laser reflection 
point, the value of this cell was determined by averaging the 
height values found in the eight neighboring cells. 

Creatlng a DTM from Laser Data 
The D s M ~ ,  was used to estimate the ground level. The DTM was 
created using active contours implemented in an algorithm 
created by Elmqvist (2000) (Figure lb). The contour can be seen 
as a net being pushed upward from underneath the surface and 
attached to the laser measurement points. 

The shape of the active contour depends on the properties 
of the contour together with the surrounding image. Elmqvist 
(2000) made several simplifications compared with general ac- 
tive contours. The net was only allowed to move along the 
Z-axis. This makes it possible to describe the contour with an 
image matrix containing only height values. The internal en- 
ergy depends only on the elasticity of the contour. The internal 
energy in a node is a summation of the elasticity forces be- 
tween the node and its eight connected neighbors. The elastic- 
ity force between a node and a neighbor point is the arc tan 
function. The force field around one image point only exists on 
the Z-axis. The attraction force in an image point is a Gaussian 
function. The start position of the net is below the lowest laser 
point. To help the net raise towards the ground, an external force 
is applied in the initial stage. The forces are calculated in each 
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Figure 1. (a) Digital surface model (DSM,,,). (b) Digital ter- 
rain model (DTM). (c) Laser-measured and field-measured 
positions of trees. Black dots represent laser-measured po- 
sitions of treetops, white dots represent field-measured 
stem positions, black circles with white dots represent laser- 
measured and field-measured positions at the same pixel, 
and white crosses represent field-measured trees that were 
not detected by the laser. (d) Segmentation of tree crowns. 

The location of the trees was estimated by searching for lo- 
cal height maxima in the smoothed images. Seeds were placed 
out in every pixel more than 2 m above the ground surface and 
allowed to climb in the direction having the largest slope. 
When a seed reached a position where all neighboring pixels 
had lower values, a local maximum was found. The crown cov- 
erage was estimated by grouping those pixels that climbed to 
the same maximum, and these pixels defined a segment. The 
smoothing of the coarsest scale (u  = 8/37) was chosen so that in 
general no tree had more than one maximum. The finest scale 
( u  = 4 1 ~ )  was chosen so that most trees were detected with the 
effect that some of the larger trees would have more than one 
maximum. 

ComMnath of Scales 
To determine which scale to choose in different parts of the im- 
age, a second-order parabolic surface (Equation 2) was fitted to 
the height data of the top 30 percent of the segment using the 
DCM: i.e., 

where x, y is the pixel location and xo, yo is the center of the 
surface. 

Three different cases could occur when comparing the seg- 
mented areas of trees from a coarser scale with the correspond- 
ing area from a finer scale: (1) the finer scale could also have 
only one maximum, (2) the finer scale had detected more than 
one maximum within a tree, and (3) the finer scales had de- 
tected more than one maximum because the coarser scale had 
merged trees. For case (I), the top was taken as correctly deter- 
mined. For cases (2) and (3), the problem was to determine if 

node in the net and the net is updated. This procedure is re- additional maxima at the finer scales should be judged as sepa- 
peated until the net converges towards a solution with a toler- rate trees or as belonging to the treetop detected with the 
ance that has been set. When the net has converged* the exter- coarser scale. The parabolic surface was used with the center 
nal force is turned off and iterations are continued until the net (xo, yo) placed at the maximum that was found in the coarser 
converges again. scale. Each additional maxima in the finer scale was tested 

Creating a Digltal Canopy Model (DCM) 
For lowpass filteringthe surface, one would like to use a surface 
describing the canopy of the trees and not include pixels where 
pulses have penetrated the foliage and hit the ground or within 
the tree. To remove the pulses that had penetrated the vegeta- 
tion, the same active contour algorithm that was used to esti- 
mate the ground level was applied from above so that the active 
contour surface (ACS) followed the outer part of the crowns 
(Figure 2a). The difference between the digital surface model 
(DSM-) and the digital terrain model (DTM) was then calcu- 
lated and the resulting image was thresholded at 2 m. To avoid 
that pixels that were close to a tree were assigned values of the 
ACS that were interpolated between the tree crown and the 
ground, the thresholded image was median filtered (5 by 5). 
Pixels that were zero after applying the median filter were as- 
sumed to belong to the ground with no tree coverage and the 
ACS was set to zero at these pixels. Pixel values where the 
height difference between the ACS and the original laser height 
was greater than 2 m were replaced by the value of the A c s  (Fig- 
ure 2b). Thus, pulses that hit below the canopy were removed, 
which resulted in less variation in height within single trees. 

Smoothing the Tree Canopy 
To smooth the surface and make it more likely that each tree has 
a single height maxima, a 2D Gaussian filter was used (Equation 
I), where x and y is the distance to the kernel center. The 
smoothing operation was performed with three different uset- 
tings, 4 / ~ ,  6/37, and 8 1 ~ .  

starting with the closest to (xo, yo). The surface was first fitted 
to the segment at the finer scale that belonged to the maximum 
(x,, yo) and the segment of the additional treetop being tested at 
the finer scale by minimizing the sum of residuals: i.e., 

min 8 = (zi - z ) ~  
i 

The surface was then fitted with the center placed at the 
same position but now using only the segment from the finer 
scale that belonged to the maximum that was detected in the 
coarser scale. If the sum of residuals decreased by more than a 
set threshold (8 percent) at the pixels where the parabolic sur- 
faces overlapped, the treetop only found in the finer scale was 
judged as a separate treetop. This procedure was first per- 
formed with the coarsest scale (u  = 81.~1.) and the middle scale 
(u=  6 1 ~ ) .  The resulting segments were then compared with the 
finest scale (u = 4 1 ~ ) .  Figure 1 shows estimated positions of 
trees (black marks) (Figure lc) and the crown coverage (Figure 
Id) when a combination of scales was used. 

Estlmatlon of Tree Helght, Crown Diameter, Stem Dlameter, and Stem Volume 
For each segment, the maximum laser height value above the 
ground surface was chosen as the measure of the tree height 
(1aserAeight). The area of the segments was used to calculate 
the crown diameter (laser-diameter) as if the tree crown had 
the shape of a circle. The stem diameter (stem-diameter) was 
predicted using both the laser-height and laser-diameter: 
i.e., 
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Figure 2. (a) Cross-section of active contour surface applied from above. 
(b) Digital canopy model (DCM). 

stem-diameter = b, + b, x IaserAeight 

x laser-diameter + E .  141 

The stem volume was calculated for the trees using volume 
functions (Naslund, 1947) with the stem-diameter and 
laser-height as variables. 

Evaluation Method 
To evaluate the results, each detected tree was linked to the cor- 
responding field tree. For each segment, three different cases 
could occur: (1) no field tree was within the segment, (2) one 
field tree was within the segment, and (3) more than one field 
tree were within the segment. For case (I), the segment was 
judged as a segment that had no field tree. For case (2), the field 
tree was linked to the laser-detected tree. For case (3), the field 
tree that was closest to the position of laser-detected tree was 
linked to the tree. When the laser trees and the field trees had 
been linked with the rules above, each field tree that had not 
been linked was examined. For each of these trees, a search was 
done at a maximum distance of two pixels in all directions. If a 
segment was found that had not been linked and it was within 
the field plot, the field tree was linked to this segment. If a tree 
was not detected in the laser data, typically a small tree next to 
a large tree, this smaller field-measured tree was sometimes 
linked to a detected tree if positioned closer than the correct 
taller field-measured tree. This error in linking could be found 
by comparing the field-measured and laser-measured tree 
height of linked sample trees. In order to remove incorrectly 
linked trees, trees where the laser-measured height was twice 
the field-measured height (seven trees) were excluded from the 
dataset. The ability to link the trees made it possible to study 
how well individual trees can be detected. Furthermore, the la- 
ser-estimated height, crown diameter, stem diameter, and stem 
volume of the detected trees were compared with the field 
measurements. Also, because different beam sizes were used, 
their effect on the ability to detect individual trees and on the 
estimates was studied. 

Results 
Number of Detected Trees 
The automatically extracted trees using the smallest beam size 
were compared with the field-measured trees. In Figure lc, the 
white marks show the positions of the field trees (a white dot 
indicates that the tree has been detected and linked, and a 

white x-mark that the tree has not been identified). Out of the 
795 trees, 562 (71 percent) were detected (Table 1). Two false de- 
tections were found. Small trees in between tall trees are not 
likely to be detected (Figure 3). Most of the large trees were de- 
tected (Table 1). 

This is also illustrated in Figure 4 where the distribution of 
stem diameters for the trees on the different plots is shown. 
The trees are sorted in ascending order according to the stem 
diameter. Trees that were not detected have been marked with 
a black circle. Four types of forests are represented; (1) low and 
dense pine forest (plot 6), (2) two-layered pine forest (plots 2, 
4, and 5), (3) one-layered pine forest (plots 1 and 3), and (4) 
spruce forest (plots 7, 8,9,10,11, and 12). A large portion of 
the undetected trees had a small stem diameter. 

Because most of the undetected trees were small, they did 
not contribute much to the total stem volume. The stem vol- 
ume of the detected portion of the trees was compared with the 
stem volume of all trees. The stem volume of each tree was cal- 
culated using the stem diameter and tree height (Naslund, 
1947). For the detected portion of trees, both the laser-esti- 
mated and the field-measured stem diameter and tree height 
were used to calculate the stem volume. These volumes were 
compared with the volume of all trees calculated using field 
measurements. Over all plots, the laser-estimated volume of 
the detected trees was 89 percent of the total volume and the 
field-estimated volume was 91 percent of the total volume 
(Table 1). 

The positional differences between linked laser-measured 
and field-measured trees are shown in Figure 5. The center of 
the pixel was defined as the position of the detected trees. The 
average positional difference of the stem positions was 0.51 m. 
The position of the center of the stem 1.3 m above ground was 
measured in the field and the position of the treetop was meas- 
ured by the laser scanning. 

Estimation of Tree Height 
In Figure 6, laser-estimated tree height is plotted against field- 
measured tree height for sample trees. The line fitted to the 
data using the least-squares method had an intercept of 1.13 m, 
a slope of 1.00, and an RMSE of 0.63 m. The correlation coeffi- 
cient was 0.99. 

Estlmation of Cmwn Diameter 
Figure 7 shows laser-estimated crown diameter plotted against 
field-measured crown diameter for sample trees. The line 
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TABLE 1. PORTION OF DETECTED TREES FOR DIFFERENT STEM DIAMETERS AND THE TOTAL STEM VOLUME CALCULATED USING THE FIELD DATA (TOTAL VOLUME), 
THE VOLUME OFTHE DETECTED TREES CALCULATED USING THE FIELD DATA (DETECTED VOLUME), AND THE VOLUME OFTHE TREES DETECTED CALCULATED 

USING THE LASER MEASUREMENTS (ESTIMATED VOLUME) ARE SHOWN 

Stem Volume (m3) 
Detected Wes with a Stem Diameter 

Number of 'lkees Estimated Detected 
Plot (r 5.0cm) 2 5.ocm z10.0cm >15.0cm >20.0cm 

Total 
Volume Volume Volume 

1 28 96% 96% 96% 96% 46 
2 63 

39 39 
49% 50% 61% 69% 40 

3 
42 

31 
55 

87% 96% 96% 96% 24 
4 

25 
73 

25 
62% 93% 93% 93% 28 

5 
24 

64 
26 

67% 89% 93% 93% 31 2 7 29 
6 143 41% 54% 70% 89% 10 12 
7 

19 
55 76% 78% 82% 89% 45 5 1 

8 
5 7 

48 77% 77% 78% 85% 41 
9 

43 46 
61 85% 85% 87% 86% 58 54 

10 101 85% 86% 89% 98% 34 
59 

11 
34 3 7 

66 83% 83% 85% 87% 43 59 
12 62 95% 95% 95% 97% 51 

64 
5 1 

total 
52 

795 562 (71%) 5491694 (79%) 5311621 (86%) 4711522 (90%) 451 (89%) 461 (91%) 508 

'0 20 40 60 80 100 120 140 160 180 
angle (degrees) 

Figure 3. Characteristics of detected and undetected trees. 
The distance (m) is the distance to the closest detected tree 
and angle (degrees) is the vertical angle from the treetop 
between zenith and the treetop of the closest detected tree. 

fitted to the data using the least-squares method had an inter- 
cept of 1.40 m, a slope of 0.74, and an RMSE of 0.61 m. The cor- 
relation coefficient was 0.76. 

Estimation of Stem Diameter and Stem Volume 
The field-measured stem diameter was compared with the 
product of the laser-measured crown diameter and laser-meas- 
wed tree height (Figure 8) for sample trees. The linear model 
gave an RMsE of 3.8 cm, corresponding to 10 percent of the 
mean value. Also, the stem volume of each sample tree, calcu- 
lated using the laser-estimated tree height and stem diameter, 
was plotted against the stem volume calculated using the field- 
measured tree height and stem diameter (Figure 9). The WSE 
of the volume estimates was 0.21 m3, corresponding to 22 per- 
cent of the mean value. 

Influence of the Beam Size 
In Table 2, the effect of the beam size on the ability to detect in- 
dividual trees is illustrated. The smallest beam size was slightly 
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more efficient for finding individual trees (66 percent com- 
pared to 71 percent). The laser measurements of the trees that 
were detected with all laser beam sizes were compared. The 
measurements of the height and the crown diameter were not 
affected much by the beam size (Table 3). The largest beam size 
gave more underestimation of the tree height. 

The results demonstrate the ability to detect individual trees 
using laser scanner data of high resolution with an algorithm 
that recovers the outer contour of the tree crowns. Four types of 
forests were represented in the validation data set: (1) low and 
dense pine forest, (2) two-layered pine forest, (3) one-layered 
pine forest, and (4) spruce forest. The highest detection rate 
was found in type 3 forests, where almost all trees were de- 
tected. The second highest detection rate was found in type 4 
forests, with most undetected trees with small diameters. The 
third highest detection rate was found in type 2 forests, with 
almost all undetected trees in the lower tree layer consisting of 
small deciduous trees together with small and suppressed 
spruce trees. The lowest detection rate was found in the dense 
and low pine forest (type 1). For optimization of forest opera- 
tions, the portion that was detected is the most important. This 
portion contains most of the valuable timber and is subject to 
decisions about thinning or final felling. 

Undetected treetops usually havea small vertical angle 
from zenith to the nearest detected treetop and a short horizon- 
tal distance to the nearest detected tree. For example, plot 6 
consisted of low and dense pine forest where many trees had 
less than a meter between the stems and were thus not visible 
from the height data and not detected. Small trees that were not 
linked correctly can explain the fact that some of the unde- 
tected trees in Figure 3 have an angle close to 180 degrees. A 
much taller tree that should have been linked instead of a small 
tree will result in a large angle. 

The accuracy of the tree height estimates (RMSE = 0.63 m) 
is comparable to the accuracy of the measurements achieved 
from the ground. The standard error for Suunto hypsometer 
measurements varies from 0.4 to 0.8 m (Lindgren, 1984). If one 
assumes that measurements with the electronic hypsometer 
used in this study had the same standard error, a significant 
portion of the RMSE could be caused by the error in field data. 
Hyyptia et al. (2000) validated tree height measurements from 
a high resolution airborne laser scanning system in Finland. 
The linear regression for deriving field-measured height from 
laser-measured height (89 trees) gave a standard error of 0.97 m, 

September 2002 929 



number of trees 

Figure 4. Cumulative distribution functions of tree sizes (stem diameter (mm)) of laser-detected trees (open circles) and non- 
detected trees (filled circles). 
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Figure 6. Estimated height of sample trees plotted against 
field measurements, 135 trees. X-marks show the incor- 
rectly linked trees. 
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Figure 5. Positional differences of estimated stem posi- 
tions relative to field-measured stem positions. 
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Figure 8. Field-measured stem diameter of the sample 
trees plotted against laser-measured crown diameter times 
laser-measured tree height, 135 trees. 
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Figure 9. Field-measured stem volume plotted against la- 
ser-measured stem volume of the sample trees, 135 trees. 
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TABLE 2. NUMBER OF DETECTED TREES FOR DIFFERENT BEAM SIZES 

- 

Footprint Diameter (m) Actual 
Number 

Plot 0.26 0.52 1.04 2.08 3.68 of Trees 

0 
0 2 3 4 5 6 7 8 9 1 0  

laser measured crown diameter (m) 

Figure 7. Estimated crown diameter of sample trees plotted 
against field measurements, 135 trees. 

1 27 
2 31 
3 27 
4 45 
5 43 
6 58 
7 42 
8 37 
9 52 

10 86 
11 55 
12 59 

Total 562 
(71%) 

similar to that which was achieved in this study, but bias was 
much lower (0.14 m). The low bias in the Finnish study could 
be caused by the extremely high resolution (24 measurements1 
m2), making it more likely that the uppermost part of the treetop 
was hit. 

Some portion of the error of the crown diameter could be 
explained by the sampling error given due to only measuring 
from one side. Because the segmentation technique does not 
allow segments to overlap, the method will assign too small a 
diameter for trees with intersecting tree crowns. Areas of non- 
detected trees will be added to surrounding trees, resulting in 
too large a diameter for some trees. 

TABLE 3. RELATION BETWEEN FIELDMEASURED AND LASER-MEASURED TREE 
HEIGHT AND CROWN DIAMETER FOR DIFFERENT BEAM SIZES 

Footprint Height (m) Crown Diameter (m) 
Diameter 

(m) Intercept Slope RMSE Intercept Slope RMSE 

0.26 1.11 1.00 0.65 1.30 0.76 0.78 
0.52 1.20 1.00 0.72 1.10 0.79 0.77 
1.04 1.42 0.99 0.64 1.20 0.78 0.75 
2.08 1.13 1.01 0.64 1.55 0.70 0.77 
3.68 1.66 1.00 0.76 1.74 0.68 0.82 

The same type of sampling error as for the field measure- 
ments of the crown diameter is introduced when measuring 
stem diameters from only one direction because the stem not is 
absolutely circular. Stem diameter cannot be measured di- 
rectly from laser scanner data, but the correlation between stem 
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diameter and crown diameter multiplied by tree height can be 
used for stem diameter estimates. Thus, stem diameter and tree 
height can be determined for all detected trees in a forest. The 
possibility to retrieve this information in an effective way 
makes it possible to optimize forest operation to a degree that 
earlier has not been possible. Only a set of field-measured trees 
to calibrate the laser measurements is needed, and then the la- 
ser measurement of all trees covered by the laser scanner can be 
used. The results in this study indicated that this calibration is 
not much affected by the beam divergence. 

The techniques for estimation of forest variables that were 
developed before the resolution of laser data was high enough 
to detect individual trees are still of interest even if high-resolu- 
tion data can be colIected. All trees cannot be detected, espe- 
cially in young dense forests where trees grow extremely close 
together (e.g., 0.1 m) or in multi-layered parts of forests. Indi- 
vidual tree crowns cannot be recovered for these trees but the 
laser data still reveals the vertical distribution of vegetation. 
Therefore, techniques to detect and measure single trees need 
to be combined with other techniques that do not rely on indi- 
vidual tree detection. 

Conclusions 
Using airborne laser scanner data, single trees can be detected 
and forest parameters on an individual tree basis can be de- 
rived. The probability that a tree is detected depends on its dis- 
tance to the closest tree and the relative height of this tree. The 
detection rate was 71 percent of all trees (r 5 cm stem diameter) 
in the plots. Because most large trees were detected, 91 percent 
of the stem volume was found. Tall trees are more valuable than 
small trees, so it is likely that the detected portion contains 90 
to 100 percent of the timber value. The error of tree height meas- 
urements of the detected sample trees (0.63 m) and crown di- 
ameter (0.61 m) is comparable with the measurement error 
achieved by manual field measurements but can be done much 
more efficiently with regard to time. Stem diameter of the de- 
tected trees can be estimated using the laser-measured tree 
height and crown diameter. The error is of course higher com- 
pared to manual measurements but is still only 10 percent of 
the mean value. The smallest laser beam diameter (0.26 m) was 
more effective for detecting trees when there was a short dis- 
tance between the trees. Measurements of tree height and 
crown diameter were not affected much by different beam 
sizes of the laser. All laser measurements were done with a low 
scanning angle (0 to 5 degrees). The effect of the scanning angle 
needs to be studied if higher scanning angles are to be used. 
Only the height data was used in this study. More information is 
delivered from the laser scanning system. Use of intensity data 
and type of return pulse (single or multiple) might be useful for 
deriving information of the trees. Results in this study demon- 
strate the usefulness of airborne laser scanning data for forest 
monitoring and management. 
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