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ABSTRACT: 

 

The 3D measurement technique of terrestrial laser scanning (TLS) in forest inventories has shown great potential for improving the 

accuracy and efficiency of both individual tree and plot level data collection. However, the effect of wind has been poorly estimated 

in the error analysis of TLS tree measurements although it causes varying deformations to the trees. In this paper, we evaluated the 

effect of wind on tree stem parameter estimation at different heights using TLS. The data consists of one measured Scots pine captured 

from three different scanning directions with two different scanning resolutions, 6.3 mm and 3.1 mm at 10 m. The measurements were 

conducted under two different wind speeds, approximately 3 m/s and 9 m/s, as recorded by a nearby weather station of the Finnish 

Meteorological Institute. Our results show that the wind may cause both the underestimation and overestimation of tree diameter when 

using TLS. The duration of the scanning is found to have an impact for the measured shape of the tree stem under 9 m/s wind conditions. 

The results also indicate that a 9 m/s wind does not have a significant effect on the stem parameters of the lower part of a tree (<28% 

of the tree height). However, as the results imply, the wind conditions should be taken into account more comprehensively in analysis 

of TLS tree measurements, especially if multiple scans from different positions are registered together. In addition, TLS could 

potentially be applied to indirectly measure wind speed by observing the tree stem movement. 

 

 

1. INTRODUCTION 

 

Tree models and information on the various characteristics of 

trees and forests (Hyyppä et al., 2009; Hyyppä and Hyyppä, 

2001) are required for city models (Virtanen et al., 2015) and the 

management of assets in urban and natural environments (see e.g. 

Vanier, 2001). Single tree shapes are deformed under wind loads, 

especially in urban areas where the trees are not protected by 

surrounding forest. The wind-induced stem deformation perturbs 

the shape and orientation of these trees, which is relevant in most 

analyses and, for example, outdoor simultaneous localization and 

mapping applications.  

 

Terrestrial laser scanning (TLS) has proven to be a suitable 

method for obtaining very detailed data of tree geometry in a 

natural environment. From the dense point clouds obtained with 

laser scanning techniques, various analyses can be performed to 

extract tree parameters. Commonly these parameters include the 

diameter at breast height, location, tree height, biomass and stem 

curve (e.g. Hopkinson et al., 2004; Pfeifer and Winterhalder, 

2004; Watt and Donoghue, 2005; Tansey et al., 2009; Holopainen 

et al., 2011; Liang et al., 2011 and 2012; Kankare et al., 2013). 

Laser scanning point clouds also provide information on canopy-

related characteristics and more complicated analyses can also be 

performed, including detailed tree model reconstruction (e.g. 

Raumonen et al., 2013). Tree detection accuracies for TLS have 

been presented (e.g. by Maas et al., 2008; Liang et al., 2012). In 

a similar manner, mobile laser scanning (MLS) can be applied to 

cover larger areas more efficiently. The results of MLS’s 

application for the detection of trees or pole-like objects have 

been presented (e.g. by Jaakkola et al., 2010; Lehtomäki et al., 

2010; Rutzinger et al., 2010; Kaartinen et al., 2013; Liang et al., 

2014). Holopainen et al. (2013) compare the accuracy and 

efficiency of airborne laser scanning (ALS), TLS and MLS 

measurements in tree mapping in heterogeneous park forests. 

They concluded that the accuracies of TLS and ALS were 

applicable for operational urban tree mapping. 

 

The dynamic response of trees to wind load is an active topic of 

research, as it is related to predicting the impacts of storms and 

potentially estimating the amount of damage inflicted by winds 

on forest stands. Several parameters affect the wind-induced 

sway of a tree, related both to the properties of the individual tree 

and its interaction with other nearby trees (Schönborn et al., 

2009). The extent of forest damage caused by strong winds is 

dependent on several parameters, such as the density and 

openness of the stand, the terrain and external factors, such as 

snow loading (Pellikka and Järvenpää, 2003). Several vibrational 

modes can be found from trees when subject to wind load 

(Schindler et al., 2010). For monopodial coniferous trees, the 

dominant dynamic response to wind load is the bending of the 

entire stem (Mayer, 1987), which is the first mode of the tree’s 

vibration. In other words, the largest displacements caused by the 

wind occur in the form of the entire stem bending in the wind. 

The frequencies of this first order vibration for three individual 

Scots pines (Pinus sylvestris) were found to be in the range of 

0.29 Hz to 0.34 Hz (Schindler et al., 2010). 

 

When measuring in a natural setting, the conditions of the 

environment can affect the measuring situation and introduce 

inaccuracies to the results. Commonly, rain or cold temperatures 

can prevent the use of TLS altogether (this is dependent on the 

instrument used). Wind conditions, however, do not prevent the 
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use of TLS but may cause temporary and varying deformations 

to the trees being scanned. In particular, slight winds may be 

difficult to notice in dense forest environments. Nevertheless, 

they may affect the tallest trees. The movement of the trees 

during the scanning has been mentioned in error analysis (e.g. 

Krooks et al., 2014) but the movement of the tree stem under 

different wind conditions during TLS measurements has not been 

estimated before.  

 

In this article, we present the first results of studying the effect of 

varying wind conditions on tree stem estimation performed from 

TLS point clouds. Our analysis includes the estimation of the tree 

stem diameter, the distance distribution of points from the centre 

point of a fitted circle and the location distribution of the centre 

point of the fitted circle for a multi-scan based on three different 

scans. These three parameters were calculated along the tree stem 

in 0.5 m increments.  

 

2. MATERIAL AND METHODS 

2.1 The Laser Scanning of Trees Under Different Wind 

Conditions 

The selected test site was located in Otaniemi, Espoo, Finland, in 

a semi-urban setting next to a parking facility. The tree used for 

the experiments was a pine (Pinus sylvestris) set in a small group 

of pines with a height of approximately 18 m (see figure 1 and 

2). The group of pines was scanned under two different wind 

conditions, with the wind speeds being approximately 3 m/s with 

4 m/s gusts and 9 m/s, with 14 m/s gusts, as recorded by a nearby 

weather station of the Finnish Meteorological Institute. A Faro 

Focus 3D terrestrial laser scanner was used as the measuring 

instrument. It is a 905 nm phase-based continuous-wave laser 

scanner with a 360° × 305° field of view. The circular beam 

diameter at the exit is 3 mm. The distance measurement accuracy 

is ±2 mm at a distance of 25 m (Chow et al., 2012).  

 

 
 

Figure 1. A photo from the site showing the pines and the 

measuring instrument used. The pine used in the 

analysis was the one on the right. 

 

Three measurement approaches have been reported for TLS-

based forest inventories: the single-scan approach, the multi-scan 

approach and the multi-single-scan approach (Liang et al., 2016). 

In the single-scan mode, the laser scanner is placed at the plot 

centre, creating one full field-of-view scan, and the trees are then 

mapped from this single-scan point cloud. In the multi-scan 

mode, several scans are made simultaneously inside and outside 

the plot covering the same trees, these scans are then accurately 

co-registered and the trees are mapped from this merged multi-

scan point cloud. 

 

Under both wind conditions, the pines were measured from three 

measuring positions using two different scan resolutions with 

point spacing at a range of 10 m being 6.3 mm and 3.1 mm. The 

distances between scanning stations and the measured tree varied 

between 12 and 18 m. The scanner measures the environment 

with vertical profiles when the scanning time affected the shape 

of the scanned stem, in particular, under 9 m/s wind conditions. 

For the lower resolution (6.3 mm at 10 m range) the scanning 

time of the measured pine stem at breast height was 0.3–0.5 s and 

for the higher resolution (3.1 mm at 10 m range) it was 0.8–1.2 s. 

Spherical reference targets were used to co-register the scans. 

Features identified from the environment, such as fence posts, 

were used to co-register the data sets from different wind speeds 

(obtained on separate occasions) in the multi-scan. Data from one 

of the trees was used in further analysis. In addition to the TLS, 

the trees were photographed with a Nikon D-SRL camera D7200 

(figure 2). 

 

 
 

Figure 2. A separation of two images taken a minute apart under 

9 m/s wind conditions, showing the increase in 

deformation towards top of the tree crown.  
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2.2 Analysis of the Tree Stem at Different Height Segments 

For the analysis, segments of point clouds from different heights 

along the stem were obtained from the tree stem. The segments 

were positioned at 1.5 to 17 m heights above the ground surface 

along the tree stem in 0.5 m increments (figure 3). A segment 

height of 5 cm was used. The segments were manually cleaned 

to only contain points belonging to the tree stem. If the stem 

could not be found (e.g. in top of the crown) the segment was 

omitted from analyses. After this, a two-dimensional circle 

fitting, using the Kasa method implemented by Bucher (Kåsa, 

1976; Bucher, 2004) from orthographic top projection, was 

performed on the segments. The found centre point, radius and 

distance distribution of points from the centre point were 

recorded for each segment.  

 

The described analysis was, for both wind speeds, separately 

performed to yield the following: a single-scan point cloud of low 

scan resolution, a single-scan point cloud of high resolution and 

a multi-scan point cloud produced by combining low resolution 

scans from three different scan locations.  

 

 

 

 

 

 

 

 

 

  

Figure 3. Left: The measured pine stem was segmented into 0.5 m increments. The segments are shown in red. In a), c) and e) the 

two-dimensional circle is fitted to a segmented point cloud combined from three different low resolution scans (a multi-

scan) under 9 m/s wind at 2, 8 and 14 m heights from orthographic top projection. Images b), d) and f) are the 

corresponding results for circle fittings under 3 m/s wind conditions. Case a) shows a case where wind speed totally 

distort the multi-scan point cloud. 

 

 

3. RESULTS 

3.1 Estimation of the Stem Diameter 

The estimation of the tree stem diameter was performed for both 

wind speeds (3 m/s and 9 m/s) separately to yield the following: 

a single-scan point cloud of a low resolution scan, a single-scan 

point cloud of a high resolution scan and a low resolution multi-

scan where the diameter was estimated from the point cloud of 

three registered scans that were measured from different 

directions (figure 4). 

 

The diameter for each segment height was read as the output of 

the fitted circle. The results show that the multi-scans have a 

systematically higher diameter than single scans under 3 m/s 

wind speed. The diameter of the low and high resolution scans do 

not vary significantly under 3 m/s wind. The results under 9 m/s 

wind speed shows that the diameters have much more variety, 

particularly over 3.5 m above the ground. 
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Figure 4. The stem diameter found using circular fittings on 

different heights under 3 m/s and 9 m/s winds. 

 

3.2 Estimation of the Stem Point Distribution 

The estimation of the tree stem point distribution was performed 

for the same point clouds and wind speeds as for the stem 

diameter (figure 4). The stem point distribution was calculated 

for each segment height and the output was a standard deviation 

of the distances between stem points and the centre of the fitted 

circle. The results show that the standard deviations were uniform 

under 3 m/s wind speed. The results under 9 m/s wind speed show 

that the low and high resolution single scans were uniform but 

that the standard deviation of the multi-scans differs over 5 m 

segment heights.  

 

 

 

Figure 5. The standard deviation of points from the centre point 

of the fitted circle at different heights under 3 m/s 

and 9 m/s wind conditions. 

 

3.3 Estimation of the Stem Location Distribution 

The estimation of the tree stem location distribution was 

performed for both wind speeds: 3 m/s and 9 m/s (figure 5). The 

location distribution was calculated as the average distance 

between the centre points of the fitted circles at different segment 

heights for three scans measured from different directions. 

Hence, the stem location distribution indicates the movement of 

the tree stem at different heights. The results show that the stem 

location distribution increases from 5 m above the ground under 

9 m/s wind conditions. At under 3.5 m above the ground the stem 

location was similar for both wind speeds. At 15 m tree height 

the stem movement was over 0.2 m under 9 m/s wind load.     

  

 

 Figure 6. The average distance between the centre points of the 

fitted circles for three scans at different segment 

heights under 3 and 9 m/s wind conditions. 

 

 

4. DISCUSSION 

The deformation of the trees in wind varies temporarily as the 

trees sway in the wind. Therefore, the errors caused are related to 

the duration of the measuring event; in a short scan, the tree shape 

does not potentially change as much as in a longer scan. In the 

study by Schindler et al. (2010) on a set of Scots pines, the 

frequency of the first order vibration of the tree (its entire stem 

bending) was found, to be from 0.29 Hz to 0.34 Hz. This means 

that in their experiment the Scots pines swaying in the wind 

should go from one extreme to another within a time frame of 
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half 1/f (1.5 to 1.7 s). As the measuring times of the tree stem in 

our study were 0.3–0.5 s for the low resolution scan and 0.8–1.2 

s for the high resolution scan, we can see that in the worst case 

scenario the tree stem could experience near maximal 

deformation from one extreme to another during a single high 

resolution scan if the scan occurs precisely during the travel of 

the tree stem from one extreme to another. For the low resolution 

scan, the vibrating tree stem would only have time to travel a 

shorter distance. Our observations correlate with this. However, 

as the temporal location of the measuring event during the 

vibration is unknown, the amount of deformation experienced by 

the tree during the scanning cannot be accurately determined. In 

addition, the trees exhibit a number of other vibrational nodes; 

both how wind gusts and surrounding trees can affect movement 

and the impact of root and soil conditions are unknown 

(Schindler et al. 2010). Secondly, we cannot verify that the Scots 

pine used in the measurements has similar vibration 

characteristics as those observed by Schindler et al. (2010).  

 

Looking at the results, we can observe that the estimations under 

3 m/s wind speed showed that there was no significant difference 

between low and high resolution single scans when estimating 

the stem diameter and stem points distribution. The results under 

3 m/s wind speed only indicated that the multi-scans (combined) 

had systematically 2–3 cm higher diameter estimation than 

individual scans. The results of 9 m/s wind speed conditions 

clearly showed that the movement of the tree affected all 

estimated parameters. In particular, the standard deviation of the 

stem points of multi-scans increases in higher wind conditions 

and towards the upper parts of the stem. This is due to stem 

movement during the measuring and in between consecutive 

scans. The same effect can be seen in the erroneous increase of 

diameter towards the crown in strong wind conditions (figure 3) 

and in the higher stem locations’ distribution. The slight increase 

of standard deviation in the lowest sample position is apparently 

due to the tree stem not being entirely circular at that height. 

However, the estimations of stem diameter, stem point 

distribution and stem location under 9 m/s wind were nearly the 

same for segments under 5 m from the ground (<28% of the tree 

height). The estimation of the tree’s top segments (15 m and 

above) was not possible due to poor detection of any circular 

stem in the upper parts of the tree crown. 

 

Stem vibrations and large variances in stem parameters are prone 

to causing difficulties when multiple scans of the same tree are 

registered together. The paradigm of using multiple scans to 

increase the quality of the data is challenged by the dynamic 

properties of the trees. Due to this, single scans may in fact 

provide the best quality data. To overcome this multi-scan / 

single scan dilemma, effort should be put into parametrising the 

trees so that a windless representation could be computed from 

any single scan measurement irrespective of the wind speed. 

 

Various aspects affect the behaviour of a tree in different wind 

conditions. These include the tree species, the location, the soil 

consistency, the surrounding vegetation, to name a few. As the 

data only included a single tree in a single location, it is apparent 

that it cannot be directly generalized. However, as the results 

indicate, the wind conditions have an effect on the stem 

parameters identified from TLS data. It is clear that this can 

become an additional error source in single-tree analysis. In 

addition, the results reveal that there is a potential application for 

TLS if it could be used for the indirect measurement of wind 

speed by observing tree stem movement.  

 

 

5. CONCLUSION 

In order to study the effect of wind conditions on a single-tree 

analysis performed from TLS data, a test site was scanned under 

different wind conditions. The same measuring instrument and 

identical scan settings were used. An analysis method was 

applied to extract tree stem diameters from different heights of 

the stem. In addition to the stem diameters, the distribution of the 

points from the identified stem centre point were recorded and 

the third calculated parameter was the stem location distribution.  

 

As single-tree analyses are increasingly performed from laser 

scanned data sets and are also applied in industry, the 

significance of potential errors in analyses also increases. If the 

methods are applied to the lumber trade, these errors may also 

have economic significance. 

 

Our results show that the wind may cause both the 

underestimation and overestimation of tree diameter when using 

TLS. The duration of the scanning was found to have an impact 

on the measured shape of the tree stem under 9 m/s wind 

conditions. The results also indicated that a 9 m/s wind did not 

have a significant effect on the stem parameters of the lower part 

of the tree (<28% of the tree height). For a more accurate 

quantification of the errors caused by varying wind conditions, 

more extensive tests should be carried out. However, the results 

prove that the wind conditions should be taken into account more 

comprehensively in analysis of TLS tree measurements. In 

addition, TLS could potentially be applied to indirectly measure 

wind speed by observing tree stem movement or for studying the 

wind behaviour of different forests areas.  
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