
LiDAR for vegetation applications 
P. Lewis and S. Hancock 

UCL, Gower St, London, UK 
plewis@geog.ucl.ac.uk 

 
January 23, 2007 

 

1. Introduction 
These notes are intended to serve as an introduction to the topic of LiDAR (Light 
Detection And Ranging) remote sensing for vegetation applications. The notes review 
the types of instruments and observational concepts that are or may be available and 
discuss applications arising for measuring and monitoring vegetation (primarily 
forests). The notes for part of the supplemental material to support the MSc Remote 
Sensing course ‘Airborne Lidar Systems’. It is assumed that you cover the general 
characteristics of LiDAR systems elsewhere in this course. See Baltsavias (1999) for 
more details. 
 
The advantages of LiDAR measurements over other forms of remote sensing 
measurement stem from the fact that they are relatively direct measurements of or as a 
function of height: for other forms of measurement physical properties generally have 
to be inferred from some radiometric measurement (e.g. vegetation amount from 
vegetation indices and we don’t need to apply any complex stereo/photogrammetric 
measurements). This is a very attractive proposition for remote sensing of vegetation, 
since vegetation height is an important biophysical property that tells us about the 
nature of the vegetation being observed, i.e. what sort of vegetation is being observed 
(tree, crop etc.) and what the state of the vegetation is (e.g. relating vegetation height 
to biomass to determine above ground Carbon allocation or other aspects of forest 
monitoring and modelling). An alternative technology to obtain information on tree 
height is Interferometric SAR (InSAR), but this is much less of a direct measurement, 
has a measurement dependent on canopy structure, varies with frequency and 
polarisation and in any case only must have a ground height subtracted from it to 
estimate tree height. The same applies to photogrammetric measurements. There is 
most likely a good deal that can be achieved using the synergy of LiDAR and other 
forms of measurement (e.g. optical directional reflectance (Hese et al., 2005) or 
InSAR and LiDAR (Hyde et al., 2006, 2007) but this subject area is still very much in 
its infancy. 

 



 
Figure 1a. InSAR scattering phase centre heights1 source: Balzter et al. (2007) 

 
 

 
Figure 1b. (a) InSAR and (b) LiDAR tree heights over Monk’s Wood Nature 
Reserve2. The InSAR heights were derived from  source: Balzter et al. (2007) 

 
 

                                                
1 from E-SAR data over Monks Wood National Nature Reserve (mean ± standard deviation is shown 
for X-VV and L-HH). The mean scattering phase center heights were estimated from the E-SAR 
InSAR X- and L-band data by subtracting the LIDAR DTM from the InSAR DSM's and averaging 
over all pixels within the respective height class.  
2 InSAR Canopy Height Model (i) the X-band InSAR scattering phase center heights provide an initial 
digital surface model (DSM), (ii) a smoothed and interpolated digital terrain model (DTM) is generated 
from a subset of pixels with sufficiently low density of scattering elements in the resolution cell to 
provide a signal from near the terrain surface at the L-band HH polarization, and (iii) the terrain model 
is subtracted from the surface model to provide a canopy height model (CHM).  



2. Types of LiDAR observation 
 
The fundamental concept of a LiDAR measurement3 is to send a laser pulse towards a 
target and to measure the timing and amount of energy that is scattered back from the 
target. The return signal timing (t) provides measurement of the distance between the 
instrument and the scattering object (d): 
 
 t = 2 d / c 
 
where c is the speed of light (299.79 x106 m/s). If a measurement can be obtained on 
the top of a vegetation canopy (t1) along with a timing measurement for the local 
ground height (t2), then the height of the canopy h can be determined: 
 
 h = d1- d2= (c/2) t1- t2 
 
For vegetation applications, such instruments usually operate at near infrared 
wavelengths, typically 1.064 µm. The main reasons for this are:  
 

(i) green leaves scatter strongly in the near infrared, ensuring a relatively 
strong signal over vegetation (figure 2a); 

(ii) atmospheric transmittance is high at these wavelengths, ensuring minimal 
loss of signal from scattering and absorption in any intervening 
atmosphere (figure 2b). 

 

 
Figure 2a. Typical leaf single scattering albedo values (Lewis & Disney, 2007) 

 
                                                
3 We discuss here only pulse laser systems which are the only type currently used for forestry 
applications. A few continuous wave systems also exist but have not yet found application in this area.  



 

 
 

Figure 2b. Atmospheric transmission4 
 
Major design considerations when building a LiDAR system include: (i) making sure 
the instrument is ‘eye safe’, i.e. that the strength of the laser pulse from an aircraft or 
spacecraft platform will not be sufficient to cause damage to anyone who happens to 
be looking up when the sensor passes over; (ii) making sure the receiver will be 
sensitive to the low scattered light levels that will be received. 
 
There are two main types of LiDAR used for forestry applications: 
 

(i) Discrete return LiDAR 
(ii)  ‘Waveform’ LiDAR 

 
These will be discussed in more detail below. 
 
Early airborne LiDARs were profiling sensors, meaning that they sampled only 
directly underneath the aircraft. Most current systems involve a scanning mechanism 
(generally a scanning mirror), providing across-track sampling for the generation of 
3D datasets. 
 
In this section, we summarise the main characteristics of these different systems and 
discuss their application to forest measurement. 
 

2.1 Discrete return LiDAR 
In a discrete return scanning LiDAR system, the instrument is typically mounted on 
an aircraft (figure 3a), although ground based systems are also available. Knowledge 
of the aircraft location and attitude are important to the quantitative use of LiDAR 
data, and these are typically measured by differential GPS and on-board INS systems. 
Figure 4 shows the characteristics of a typical (airborne) LiDAR system. 

                                                
4http://chunjiao.astro.ncu.edu.tw/~daisuke/ja/Research/Astronomy/Observation/NearInfrared/Atmosph
ericTransmission/AtmosphericTransmission_1to6.png 



 

 
Figure 3a. Typical airborne commercial discrete return LiDAR scanning system5  
 
 
The ‘footprint’ of discrete return LiDARs is generally kept small (typically 10 – 30 
cm) by using a small divergence angle laser (e.g. 0.1 mrad from 1000 m giving a 
footprint of around 10 cm at nadir) so that (i) the beam has a reasonably high chance 
of penetrating holes in a vegetation canopy to provide ground samples; and (ii) the 
height measurement can more easily be associated with a single ‘object’ (rather than 
blurred over some area), i.e. there is a greater chance of hitting a ‘hard’ target. 
However, a danger is that the small beam may be completely absorbed by the canopy 
before it reaches the floor and/or may miss the tree tops (Zimble et al. 2003) causing 
an underestimation of tree height. 

 
Figure 3b. LiDAR sampling issues (Zimble et al. 2003) 

 
 
The basis for measurement is that a laser pulse is sent out from the sensor and the 
leading edge of the returned signal trips a response for a time measurement (figure 5). 

                                                
5 http://www.sbgmaps.com/lidar.htm 



For many modern systems, the trailing edge of the response is also used to trip a 
second return time. These are referred to as the ‘first’ and ‘last’ returns. If the first 
return happens to be associated with a tree canopy top and the last return the 
underlying ground, then this single signal can be used to provide a measurement of 
tree height.  
 

 
 

 
 
Figure 4. Characteristics of typical commercial discrete return scanning systems 

(Lim et al., 2003) 
 

 
Figure 5. Principal of discrete return LiDAR measurement6 

 
 
 

                                                
6 http://www.optech.ca/aboutlaser.htm 



 
Figure 6. Angle effects on tree height measurements (Kalogirou, 2006) 

 
Since the sensors scan to achieve across-track spatial sampling, typically up to around 
40o, the scan angle must be taken account of in any such estimate (figure 6). Data 
formats for such LiDAR data generally provide the results as {x,y,z} triplets for the 
first and last pulse points. The tree height we are interested in is labelled ΔZ, which is 
related to the angle and length of the vector via simple trigonometry: 
 

 
However, in LiDAR measurements of forests, many of the ‘last return’ points may not 
penetrate to the ground level: indeed, should the small footprint laser hit a large leaf 
or branch, there may be essentially no difference between these points. We may term 
these samples ‘crown-crown’ points. Similarly, some points may be ‘ground-ground’ 
in that the first pulse, as well as the last pulse, comes from the ground level. In 
processing such data, we must first attempt to distinguish between these different 
classes of samples.  

 
Figure 7. Local minima filtering (Kalogirou, 2006) 

 
First, we must determine the local ground height. This can be achieved using some 
external dataset, although it is typically more reliably derived from the LiDAR data 



themselves. An example algorithm (local minima filtering) is used by Kalogriou 
(2006) in which some set of data are gathered over a sampling window of given 
spatial extent and the local minima (last return) points identified. It is important to 
consider the impact of local slope on LiDAR points in such a process. 
 

 
Figure 8. Slope effects 

 
In figure 8 we see that even though sample (a) is from a tree (e.g. a crown-crown 
return), the ground slope means that return (b) (ground) is at a higher altitude, and so 
return (a) might be identified as a ground point in a local minimum filtering of these 
points. Such a method cannot be applied to identify the ground samples when the 
slope is too high.  
 
Note that the footprint size will also increase with scan angle (or equivalently the 
footprint size projected onto the ground increases with slope), although this will be 
minimal for the small footprint sizes usually employed (see below). 
 
An additional complexity in forest remote sensing is that many (particularly decidous) 
forests will have some form of understorey (bushes or small trees close to the ground) 
that may complicate the interpretation of a ‘ground’ signal. 
 
Most discrete return LiDAR systems also return the intensity of the sampled signal for 
the return(s). This may sometimes aid in interpreting a particular sample as being 
‘ground’ or ‘crown’. Figure 9 shows some examples of this, presenting the mean 
intensity of the LiDAR samples over a range of different age forest stands (Kalogirou, 
2006). We see that the ground-ground points are typically the highest intensity, 
followed by the crown-crown points. The intensity of points that hit both crown and 
ground show the lowest intensity. It is perhaps at first surprising that the return from 



the leaves should be less than that from the ground in the near infrared, as leaf 
reflectance is generally significantly higher than soil reflectance in the near infrared. 
The reasons for this are: 
 

(i) although leaves in the canopy individually scatter a large proportion of 
radiation, they do so in an essentially diffuse manner, so the proportion 
returned to the sensor (the radiance viewed by the sensor) is relatively 
small, being modified by the projection of the leaves towards the sensor.  

(ii) We are measuring the energy backscattered from only a portion of the 
canopy, rather than the full reflectance of the leaf canopy; 

(iii) Multiple scattering, a phenomenon that enhances total canopy reflectance 
in the near infrared, is more muted in a LiDAR measurement because of 
the small finite illumination of the laser (see below);  

(iv) whilst the ground reflectance will typically be lower than leaf reflectance, 
if it is relatively flat, the projection back towards the sensor is high, 
resulting in a relatively strong ground return in most cases. 

 
 

 
Figure 9. LiDAR intensity (Kalogirou, 2006) 

 
 

2.2 Waveform LiDAR 
In a waveform LiDAR system, the system samples and records the energy returned 
for equal time invervals (‘bins’).  These systems put much more stringent 
requirements on the engineering than discrete return LiDARs and are reliant on 
relatively new technology. We will review some examples below, but there are 
currently only a few such airborne systems and fewer still spaceborne instruments. In 
fact, despite plans for such a concept, there have so far not been any spaceborne 
systems launched designed to measure forest canopies. 
 
Waveform LiDAR systems typically have a much larger footprint that discrete return 
systems, being of the order of 10s of metres. This is fundamentally for signal-to-noise 



reasons: the quantity of backscattered energy in a small field of view is low. The 
energy received per unit time bin is clearly even smaller, so the sensor technologies 
need to be capable of measuring very low signal levels, very quickly. The 
LiteMapper-5600 system quotes a waveform sampling interval of 1 ns, giving a multi-
target resolution (related to bin size) of better than 0.6 m (Hug et al., 2004) 
 
This concept is demonstrated in Figure 10, in which we can see that the amplitude of 
the reflected laser energy shows features that clearly relate in some way to the 
features of the tree being measured. We typically observe two main peaks: one 
associated with the crown and one from the ground signal. 
 
Another reason for using a large footprint in waveform LiDAR for forestry 
applications is to enable the measurement of some characteristics of a whole tree of 
even several trees to determine canopy characteristics. Having a larger footprint 
means that there is a greater chance that some signal will be received from both the 
top of a tree and the ground.  
 
The trade-off is that the slope at which the LiDAR can be used decreases with 
increasing footprint size. If the (nadir) footprint size (linear dimension) is f, the local 
ground slope θ, then the ‘ground’ signal influences a vertical distance of f tanθ (figure 
11). If the slope is too high, then the waveform signal for the ground can get mixed in 
with the signal for the crown: the vertical spread of the ground signal being directly 
proportional to f. For this not to be an issue, the base of the tree crown signal height 
should be greater than of f tanθ.  
 
 

 
Figure 10 Waveform LiDAR Operation7 

 
 

                                                
7 http://earthobservatory.nasa.gov/Library/VCL/VCL_2.html 



 
Figure 11. Slope effects on waveform signal 

 
For a system such as GLAS on IceSat8, with a 70 m footprint, a ground slope of 10o 
will cause the ground signal to be spread over 70tan10o, i.e. 12.34m, which 
complicates our ability to retrieve canopy information from such an instrument over 
anything but very flat ground. Since forests often grow in mountainous terrain, this 
can limit the applicability of such measurements, or at the very least require more 
complex information extraction algorithms, probably requiring an accurate estimate of 
the local slope to retrieve canopy information. The same phenomenon applies for any 
off-nadir pointing of the instrument. 
 
Small footprint lidar is less affected by topography than large footprint, but Hyde et al 
(2005) believe that for a 25m lidar (LVIS) the error caused by slope is insignificant 
compared to other experimental errors (position, multiple scattering, Gaussian energy 
distribution across footprint). The first return (used to estimate maximum tree height) 
depends very much on the pulse shape. If, within a given footprint, the taller trees are 
at the edge, they may not be detected above background noise because of the low 
laser intensity at the edge. This effect will cause errors in the height calculated, 
making it hard to compare remotely sensed measurements to direct measurements (as 
well as geo-location problems). Harding and Carabajal (2005) agree that topography 
is not significant for height estimate errors. Heyder (2005) showed with simulations 
that for ICESat (70m footprint) a 5o ground tilt blurred the returns too much to make 
any sense of them. Slope will still cause significant blurring of the return, preventing 
anything but a very rough height estimate from being extracted. For global biomass 
mapping a rough height estimate might be all that is needed, but for other 
measurements the waveform must be clear.  
                                                
8 http://icesat.gsfc.nasa.gov/ 



 
The magnitude of the ground signal is generally high (except in dense forests) for the 
same reasons noted above for discrete return systems, although multiple scattering 
may increase with increasing illuminated area. 
 
 

3. Example LiDAR systems for forest measurement 
 

3.1 Discrete return systems 
 
This is now a relatively well-established technology, and a range of such systems are 
in operation from airborne platforms. Examples include the Optech ALTM 3033 
LiDAR flown on a Piper Navajo Chieftain aircraft run by the Unit for Landscape 
Modelling at Cambridge University9 and made available for wider NERC science 
through the NERC ARSF10. 
 

 
Figure 12. Example product from Cambridge LiDAR11 

 
The device collects 33,000 laser observations per second and in standard operating 
mode, measuring first and last returns and intensity data. From an operating altitude 
of 1000 metres the resulting height data has an absolute RMS accuracy of better than 
plus or minus 15cms12. 
 
In the UK, other regular operators of airborne discrete return LiDAR include the 
Environment Agency, who can provide data to scientists through collaborative 
agreements. 
 

                                                
9 http://www.uflm.cam.ac.uk/lidar.htm 
10 http://arsf.nerc.ac.uk/instruments/altm.asp 
11 http://www.uflm.cam.ac.uk/lidar_survey.htm 
12 http://arsf.nerc.ac.uk/instruments/altm.asp 



 
Figure 13. Environment Agency GB LiDAR coverage (Jan 2007)13 

 
Commercial companies in the UK that have LiDAR instruments include infoterra14. 
 

 
 

Figure 14. Example of Discrete return LiDAR data in a rainforest (infoterra14) 
 
 
An important point is that whilst the sensors are relatively expensive, a number of 
organisations (in the UK and worldwide) routinely collect and use such data. Most of 
the information extraction revolves around obtaining ‘simple’ height maps (digital 
elevation models). Whilst none of these systems have been specifically designed for 
forestry applications, the data they provide can be processed in a number of ways to 
derive useful forest mapping information (see below). 
 

                                                
13 http://www.environment-agency.gov.uk/science/monitoring/131047/?lang=_e 
14 http://www.infoterra.co.uk/pdfs/lidar.pdf 



3.2 Waveform LiDAR systems 
 
There are a number of new waveform systems arriving on market, but the most long-
established is the SLICER instrument  (Means et al., 1999) developed by NASA in 
the 1990s. 
 

 
Figure 15 Slicer operation15 

 
  
 
 
 
 
 

 
 
 
 
 
 

Figure 16. SLICER sampling16 

                                                
15http://www.airbornelasermapping.com/Features/ALMSpo02.html 
16 http://cybele.bu.edu/download/thdis/skotchen.PHD.ppt 
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SLICER (Scanning Lidar Imager of Canopies by Echo Recovery) is mounted on an 
aircraft platform and scans a swath of five 10-m diameter footprints. The waveform 
has 11 cm vertical sampling (0.742 ns) and can be flown at relatively high altitudes 
(e.g. 5000m AGL in Means et al, 1999). Horizontal positioning accuracy is around 5-
10m. A typical waveform is shown in figure 15, demonstrating the component of the 
signal that comes from the canopy and that from the ground. Additional signal 
appears to come from below the ground in this figure, which represents a component 
of multiple scattering. Whilst multiple scattering is rather small in many LiDAR 
systems, the use of a large field of view telescope to measure the returned signal in an 
instrument such as SLICER (figure 16) increases the opportunity for this complicating 
factor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 17. Enhancement of lower part of the LiDAR signal due to multiple 
scattering16. 

 
This is demonstrated in figure 16. First-ordered scattered photons (i.e. those that 
interact with only one object) have a time delay associated with the distance of the 
object from the laser emitter and back to the receiver. Photons that undergo multiple 
scattering events (i.e. interact with more than one object) and (critically) head back 
towards the sensor have a longer path length. Whilst the energy returned from these 
events is smaller than that for first order scattering, the radiance associated with 
multiple interactions in vegetation canopies can be high (since leaf single scattering 
albedo is typically 90% or higher  in the near infrared). Since this multiply-scattered 
radiation is diffused, much of it will not head back towards the sensor, but the larger 
the sensor FOV, the higher the probability of this happening. The energy from these 
events, with their longer path lengths, appears as if it comes from a different height. In 
figure 15, this leads to some of the signal appearing to come from below the ground. 
Kotchenova et al. (2003) conclude that multiple scattering in an instrument such as 
SLICER can be significant, that for moderate to dense canopies it enhances the 
magnitude of the signal, particularly at lower levels. They also conclude that this 
component of the signal contains information on the canopy structure (and so 
algorithms might be developed to extract this information). 
 
 
 

z 

H 

0 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17a. SLICER waveforms over a variety of forest types (black). The 
dashed blue lines indicate first-order scattered responses, with the red lines 

simulations including multiple scattering. The simulations were conducted with 
stochastic time-resolved radiative transfer methods16. 

 
 



 
 

Figure 17b. SLICER transects (from Lefsky et al., 2002). 
 
 
A number of other waveform LiDAR systems of note have been developed or 
proposed. These include the Vegetation canopy LiDAR (VCL) (Dubayah et al., 1997; 
Hofton et al., 2002) which was specifically designed as a spaceborne instrument to 
measure global characteristics of forests (and other vegetation canopies)17. 
Unfortunately, VCL has never made it into space, but figure 18 demonstrates the 
measurement concept. 

                                                
17 http://www.geog.umd.edu/vcl/ 



 
Figure 18 VCL measurement concept18 

 
Figure 19. Example LVIS waveforms19 

                                                
18 http://www.geog.umd.edu/vcl/pubs/chapter.pdf 
19 http://www.geog.umd.edu/vcl/pubs/chapter.pdf 



An airborne simulator was developed by NASA for VCL, known as LVIS (Laser 
Vegetation Imaging Sensor) (Blair et al., 1999). Typically this instrument produces 25 
m footprints with 20 m along- and across-track sampling. Figure 19 shows some 
example waveforms from this instrument over the Sequoia National Forest, California 
(top) and the La Selva Biological Station, Costa Rica (bottom). These data 
demonstrate the range of different canopy structures that can be measured with a 
waveform LiDAR and more generally the rich information content of these signals 
(Drake et al., 2002). The weaker ground returns in the lower waveforms caused by 
high canopy closures and low lying vegetation. An important feature of a large 
footprint LiDAR is seen to be that it can measure ground height even in dense 
canopies such as these. The probability of a discrete return system being able to make 
such measurements is low. 
 

 
 

Figure 20. Example products from LVIS (Drake et al., 2002) showing ground 
height (left) and canopy height (right) in Papatsco River region of Maryland. 



 
Figure 21. Waveform LiDAR (from Dubayah and Drake, 2000) 

 
Figure 20 gives an example product from LVIS, showing the level of detail that can 
be obtained. Figure 21 shows how information on vertical structure (at the scale of 
individual trees here) is a key additional component to such data. 
 
An interesting attempt to get a VCL-like instrument launched by the German Space 
Agency (DLR) was made by the Carbon-3D team (Hese et al., 2005), but again this 
was unsuccessful. One particularly interesting feature of the proposal was the idea to 
combine a VCL instrument with a multi-angular optical instrument. Although there is 
still a long way to go in working out how to optimally combine such data, the fact that 
the VCL measures vertical structure and a multi-angular optical instrument measures 
directional reflectance which is also sensitive to structure (and to the spectral 
scattering by leaves thence leaf biochemistry) is an extremely relevant idea for 
combining these technologies. 
 
At present, the closest to an instrument of the quality of VCL that is in space is the 
IceSat satellite GLAS20 (Geoscience Laser Altimeter System) LiDAR, launched in 
2003. With a 70 m footprint, this sensor was clearly not designed for vegetation 
applications, although this has been an active area of research in recent years. Figure 
22 shows examples of forest height devived from GLAS compared with ground 
measurements (Lefsky et al., 2005).  
 
 
 
 
 

                                                
20 http://glas.gsfc.nasa.gov/ 



 

 
Figure 22. Observed and GLAS-derived estimates of canopy height, showing the 
potential for this sort of mapping from spaceborne LiDAR (Lefsky et al., 2005). 

 
 
It is also of great interest to note a recent novel ground-based waveform LiDAR 
measurement system under development at CSIRO, Australia. Lovell et al (2003) 
(Jupp et al., 2005) have developed a ground based waveform LiDAR called 
ECHIDNA which can make hemispherical scans of forests from the ground. This has 
very great potential as an information source on forest structure, as demonstrated in 
figure 23. In one sense it can be considered a simple replacement for canopy 
hemispherical photography, or way of measuring tree density (see lower panel in 
figure 24) but as it provides a full LiDAR waveform over the hemisphere, there is 
clearly a lot more information within the signal waiting for new algorithms to be 
developed to allow it to be exploited. 
 



 

 
 

Figure 23 Some example data from Echidna (slides from Jupp et al., 2005)21 

                                                
21 D.L.B. Jupp, D. Culvenor, J. Lovell, G. Newnham, (2005) Measuring Canopy 
Structure and Forest Information using ECHIDNA® Ground Based LiDAR, 
presented at ISPMSRS Conference, Beijing, China, 17-19 October 2005. 



4. Information extraction  
 

4.1 Tree or canopy height 
 

 
Figure 24. Potential contributions of LiDAR remote sensing for forestry 

applications (from Dubayah and Drake, 2000) 
 
 
The purpose of this section is to review some of the information that can be extracted 
from LiDAR data and to discuss some of the issues involved. No real attempt is made 
to review the range of algorithms and empirical relationships that might be used in 
their mapping, but the reader is referred to the reference list for a good start at the 
literature on this. 
 
Figure 24 gives a list of information that Dubayah and Drake (2000) conceive may be 
derived from LiDAR data. The first three listed (canopy height, subcanopy 
topography and vertical distribution of intercepted surfaces) represent direct or near-
direct information that may be derived from LiDAR. These may generally be derived 
from either of the LiDAR systems considered here (discrete return and waveform), 
given certain caveats (mainly that for discrete return systems the forest density is not 
too high,  and for both that there are no complicating factors such as high slopes, very 
rough ground or sub-canopies). Even under these circumstances, in which we can 
identify parts of the signal that come from or near the top of the canopy and ground 
points, care must be taken in the identification of tree or canopy height. Such factors 
are reviewed by Lim et al. (2003), but in essence, there is no guarantee that a canopy 
‘hit’ will come from the very top of a tree given typical LiDAR sampling densities, 
and returns from tree shoulders will tend to down-bias estimates of canopy height. 
The impact of this will vary with tree shape (e.g. more problematic for conical trees) 
and density. For such reasons, it is typical to apply some calibration to LiDAR-
measured tree heights, particularly from discrete return systems, although other 
methods such as considering only the upper 10% or so of heights might help alleviate 
some problems. 
 
 Since waveform systems operate over larger footprints, there can be some difficulty 
in defining what is meant by tree height at such scales. One technique used by the 
GLAS (Harding et al. 2005) team is to use the top five tree heights of a plot (a 
common measurement in forestry) since this is what a large footprint lidar would see. 
In addition, if locational accuracy is only of the order of  5-10m, it can be difficult to 



identify particular trees for validation, so this is often carried out based on some local 
average (e.g. stand scale in plantations). For non-plantation forests, particularly 
tropical rain forests, canopy structure can be very complex and there can be 
significant local variation in tree height. This causes another difficulty in validation. 
Further, since the instrument has to be sensitive to very low signals, there is some 
danger that the very top level response may sometimes come from simply a ‘stray 
twig’ sticking out of the top of the canopy, rather than being representative of what 
someone on the ground would measure as tree height. 
 
Despite all of these complicating factors, under a wide range of circumstances, 
LiDAR can indeed provide almost direct measurements of tree or canopy heights. The 
vertical interception term is not of much direct use in its own right.  
 

4.2 Canopy vertical distribution 
 
There have been various attempts at deriving estimates of the vertical distribution of 
foliar and branch matter from discrete return LiDAR, e.g. via simulating a waveform 
LiDAR from such data (Blair and Hofton, 1999), but this is clearly more readily 
approached using waveform LiDAR. The vertical distribution of the signal is not 
however directly that of the vegetation. In a plane parallel homogeneous canopy, for 
example, if only first order scattering were assumed, the LiDAR vertical profile 
would have an exponential form. To go from this signal to an estimate of the vertical 
distribution of phytoelements requires some form of model (making particular 
assumptions about the angular distribution and spatial organisation of the scatters). If 
the simplest assumptions are made, i.e. first-order scattering only with a spherical 
angular distribution with no clumping (as is usually the case) it is straightforward to 
calculate the required attenuation terms and transform the signal into an estimate of 
the vertical vegetation profile.  

4.3 Canopy Cover 
 
Attempts have been made to measure canopy coverage (fraction of canopy cover) 
with spaceborne LiDAR. These methods try to compare ground reflectance to 
reflectance from the canopy (Lefsky et al. (2005). For coverage to be calculated by 
this method the reflectance of all materials involved, the leaf angle distribution and 
the topography must be known accurately. Often these variables are unknown and 
must be guessed at. An accurate idea of canopy characteristics cannot be found from 
this, but it could give an estimate in the absence of more accurate methods. 

4.4 Tree Counting 
 
Friedlaender et al (2000) used small footprint discrete return lidar to make a crown 
map. The vertical resolution was altered so that local minima and maxima in single 
crowns were smoothed over. This allowed individual crowns to be seen. The number 
and height of trees could be measured, leading to an estimate of characteristics. 
Brandtberg et al (2003) used a similar method of gradual coarsening of vertical 
resolution to find single trees. They combined the tree dimensions with bark 
reflectance to get fairly accurate species determination. Bark reflectance is coupled to 



many factors and needed careful calibration. Todd et al (2003) did something very 
similar. 

4.5 Radiative Transfer modelling 
 
There have been a range of more complex modelling efforts for LiDAR, mainly in an 
attempt to understand some of the influences on the LiDAR signal. These include: 
Govaerts (1996), Lewis (1999), Sun and Ranson (2000), Ni-Meister et al., (2001) and 
Kotchenova et al. (2003). Studies using such models to understand LiDAR 
measurements include various University of London MSc theses222324. 

4.6 Radiative Transfer model inversion 
 
One recent development has been to attempt to invert a model (Sun and Ranson, 
2000) against a set of LiDAR observations (Koetz et al., 2006).  The results are 
relatively promising for a synthetic experiment (figure 25a), and reasonably so for an 
airborne LiDAR dataset (figure 26b). The uncertainties on some parameters, 
particularly LAI but also fractional cover are however quite high. Koetz et al. suggest 
that a fusion with hyperspectral data will be more promising, and indeed the particular 
strength of this paper is that by using a physically-based model for LiDAR inversion 
it may well prove possible to achieve such a fusion, without having to resort to local 
calibrations. 
 

 
Figure 25a. Koetz et al (2006) LiDAR model inversion: synthetic data 

                                                
22 http://www.geog.ucl.ac.uk/~plewis/groberts/ 
 
23 http://www.geog.ucl.ac.uk/~plewis/uheyder/msc_heyder05.pdf 
24 http://www.geog.ucl.ac.uk/~plewis/kalogirou/msc2006.pdf 



  
Figure 25b. Koetz et al (2006) LiDAR model inversion 

 
LiDAR data have great potential for mapping a wide range of information, beyond 
tree height or even vertical foliar distribution (figure 23). Physically-based modelling 
is one way to achieve many of these (those that are physical charateristics of the 
vegetation), having the advantage noted above of having potential for fusing multi 
types of observations. On the whole however, empirical relationships are used for 
such mappings. The basis of many of these being strong correlations between many 
factors such as timber volume, LAI etc. and tree height. 
 

5. Conclusion 
In this document we have reviewed the basis for LiDAR measurement and discussed 
the two main types of instrument that are currently used. There is great practical value 
in discrete return LiDAR systems, and these are widely found in operational service. 
For forestry applications, it is probably true to say that waveform LiDAR systems 
hold much greater potential for deriving information on the detail of canopy 
structures, and whilst a number of instruments have been around for some years, there 
are still relatively few such commercial systems. There are currently no spaceborne 
LiDAR systems designed to measure vegetation canopies, although there have been 
several attempts (based around the VCL) at achieving this. 
 
It is likely the waveform LiDAR technologies and algorithms will mature further in 
the next few years and that information extraction algorithms will develop to fully 
exploit the rich information content of such data. Such observations would appear to 
be relatively well-complemented by multi-angular possibly hyperspectral 
measurements, such as in the proposed Carbon-3D satellite. A fruitful avenue of 
research will be building consistent models that allow a physical basis for merging 
such data. 
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