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Abstract. Single wavelength LiDAR has been successfully used for recovering structural data
from forest canopies. However, multi- or hyper-spectral canopy LiDAR can also provide
information on the vertical distribution of physiological processes which informs on actual carbon
sequestration as well as existing stocks, and can disambiguate ground from canopy returns.
This is critical to better understand and predict the impact of climate change, and to understand the
seasonal dynamics of ecosystem carbon uptake in response to environmental drivers such as water,
temperature, light and nutrient availability. The development and evaluation of a new
time-correlated single photon counting LiDAR system to record full waveform depth profiles at
several wavelengths is reported. Although a supercontinuum source with the potential for
measurement at many wavelengths is usually used, in this study, only four discrete detector
channels at 531, 570, 670 and 780nm are used. Measurements are shown of both single leaf and
small conifer samples, and the results obtained are compared with the anticipated results. To that
end, a variable dimension structural model, coupled to spectral simulation using the PROSPECT
model, is deployed. The study shows the potential of multi- or hyper-spectral LiDAR for accurate
structural and physiological recovery, when the number of parameters is constrained, and leads to
make recommendations on the future development of multiple wavelength LiDAR systems in this
context.
Keywords. Multi-spectral, hyper-spectral, LiDAR, forest dynamics, structural and physiological
processes.

1. Introduction
In this paper, the development of a multiple-wavelength, time-correlated single photon-counting
(TCSPC) Light Detection and Ranging (LiDAR) instrument, to recover both the biochemical and
structural parameters from above a forest canopy, is reported. Full multi-spectral data have been
obtained, at four wavelengths from both single leaves and a single tree at a stand-off distance of
~45metres, trial prior to full above-canopy measurements. Data acquired from single leaves have
been examined in comparison with expected values, and using previously developed software, tree
data have also been analysed to recover both structural and abundance profiles as a function of
depth into the tree crown.
Ultimately, we seek to detect seasonal changes in photosynthesis, light use efficiency and stress
within forest canopies using LiDAR sensors as part of a larger sensor suite on air or space borne
platforms. Key parameters of interest include tree or canopy height, leaf area index (LAI), fractional
cover, foliage height profile, biomass and tree volume, terrain and terrain slope. However, a
multi-spectral canopy LiDAR (MSCL) or indeed a H(hyper)SCL can also provide information on
the vertical distribution of optical properties which in turn can be used to describe physiological
processes which informs on actual carbon sequestration as well as existing stocks, and can
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disambiguate ground from canopy returns. This is particularly critical as there is a need to better
understand and predict the impact of climate change, and in doing so, a need to understand the
seasonal dynamics of ecosystem carbon uptake in response to environmental drivers such as water,
temperature, light and nutrient availability.
2. Background
LiDAR is a well established method to recover tree height and other structural parameters from
terrestrial, air and spaceborne LiDAR systems. Leuwen and Nieuwenhuis [1] describe the key
parameters and methods of recovery that are of interest to geoscientists, including tree or canopy
height, LAI, fractional cover, foliage height profile, biomass and tree volume, terrain and terrain
slope and by extension, species classification. However, only a few of these parameters can be
directly measured from current air and spaceborne systems. For example, tree height can be
measured by the separation of a ‘first’ from a ‘ground’ return, and full waveform analysis can give
some idea of intermediate vertical structure. However, it is still common to rely on a-priori
assumptions to derive other parameters on the basis of a-priori data, such as known tree stock
distribution and allometric relationships. Further, to obtain physiologically meaningful data,
researchers generally combine active LiDAR with passive hyperspectral data [2]. This is also
sub-optimum, because it is very difficult to synchronise data in time and space, and a passive image
is by definition an integration of intensity data, rather than a full intensity profile along a multiple
ray path that defines the pixel area or footprint.
Researchers [3], [4], have cited and discussed the use of spectral analysis of leaves to estimate
biochemical content, and further comment that the main photosynthetic components, including
chlorophyll a and b (Cab), are effective indicators of the health of the forest canopy and as indicators
of physiological stress. Variations in chlorophyll content are however also dependent on species
type, needle age and the illumination conditions within the canopy. Hence, there is a priority to
develop MSCL LiDAR systems that can determine not only structural but also physiological
variation along the depth profile of a full waveform system. Previously, we have used the
photon-counting approach to demonstrate excellent surface to surface resolution [5] and develop
MCSL systems [6], and also to show both by simulation and laboratory experiment, how simple
indices such as the NDVI and PRI can be measured along a laser profile [7], [8]. This paper extends
that work by building, a completely new TCSPC instrument with a supercontinuum laser source has
the potential for HSCL measurement but has yet only been used at four wavelengths in these
measurements. Furthermore, field trials and manual validation on a single tree specimen that mimic
an airborne measurement have been conducted, and full waveform analysis described in [9] to
interpret that data have also been applied.
Realising the potential of combining spectral with depth analysis, a number of other groups
have been developing comparable technology. The recently developed and active airborne photon
counting SIMPL (Slope Imaging Multi-polarization Photon Counting Lidar) [10] is a dual channel
system (532nm and 1064nm) that measures within parallel and perpendicular polarization channels.
Hakala et al. [11] have done laboratory measurements on Sitka Spruce using a super continuum
source and eight wavelength detectors, to combine single return point clouds with spectral profiles,
on the assumption that each return is unmixed. From these measurements, they can derive simple
indices in a similar manner to references [7], [8]. Wei et al. [12] have also developed a full
waveform system that uses four wavelengths, and whilst similar, is not identical to [7], but have
applied it to a segmentation problem using nine material classes. They have not yet measured
physiological processes of field samples. For our own part, we would argue that the improved depth
and spectral resolution of the TCSPC-MSCL, combined with a direct parameter recovery process
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based on full waveform analysis has greater potential to resolve ambiguous interpretation of the
field data.
3. Design and construction of a multi- or hyper-spectral LiDAR instrument
A schematic diagram of our system is shown in Figure 1 and a photograph taken of the system
during field trials is shown in Figure 2. The key components are the supercontinuum laser source
and tunable filter combination, the TCSPC data acquisition module, and a custom scanning
transceiver. The system allows us to acquire simultaneous (i.e. using different wavelength
channels) 3D images, profiles or single footprint data from tree samples or extended woodland. In
the design shown in Figure 1, the multiple wavelength optical return signal is spatially separated
into discrete channels, corresponding to the wavelengths of interest, and then coupled onto separate
detectors (D1-D4). In our current system, we have implemented four channels; however, the
capability of being able to switch the source between discrete single wavelengths means we have
the option of using more wavelengths, possibly in a time-multiplexed configuration.

Figure 1: Schematic diagram of the first prototype of the new multi-spectral time-of-flight TCSPC scanning system.

The commercially available supercontinuum laser source (SuperK EXTREME from NKT
Photonics) has a wavelength range of 485 – 2400 nm, and an integrated pulse picker module which
enables repetition rates of between 300 kHz and 80 MHz to be selected. The FWHM of the output
optical pulses is quoted as ~5 ps. The combination of the supercontinuum source and the
acousto-optic tunable filter (AOTF) (SuperK SELECT from NKT Photonics) enables up to eight
different wavelengths, between 500 nm and 850 nm, to be simultaneously fibre-coupled to the
transmit port of the scanning transceiver.
The custom scanning transceiver was designed and built at Heriot-Watt University and is based
on previous experience of building both scanning and multispectral LiDAR systems as reported in
references [6], [13]. The transceiver is shown on the right of the photograph in Figure 2, and a
schematic diagram of the internal optical layout is shown in Figure 3. Computer controlled
galvanometer mirrors are used to steer the beam and a slotted baseplate, optomechanical approach
is used for mounting the majority of the optical components. The unit is approximately 275 × 275 ×
170 mm in size (excluding the objective lens). In previous work, the transceiver had been
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configured for operation at a single wavelength – firstly for 842 nm [13], and more recently at
1560 nm. For single wavelength operation, the spectral filtering of solar background was done on
the receive channel of the transceiver unit using a combination of bandpass, shortpass and/or
longpass filters appropriate for the wavelength being used. These spectral filters were mounted
inside the transceiver, placed in front of the receive channel fibre collimation package.
In the multiple-wavelength configuration, there are no spectral filters used in the transceiver at
present - the wavelength filtering and routing is done externally using an arrangement similar to that
shown in Figure 4 [6]. Other transceiver optical components, e.g. the relay lenses, the polarisation
beamsplitter and the fibre collimation packages, have been replaced by similar components
designed for the spectral region of interest. The objective lens is interchangeable which provides
flexibility in terms of being able to vary the collection aperture and focal length (and in turn the
spatial resolution).

Figure 2: Photograph showing the key hardware components of the multiple wavelength time-of-flight system as set up
in the roof laboratory during field trials.

Figure 3: Schematic diagram of the optical layout used in the custom scanning transceiver.
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Thick junction Si-SPAD detectors are commercially available, and have a high quantum
efficiency, but ~400 ps FWHM timing jitter (which can be improved by modifications to output
circuitry). On the other hand, thin junction Si SPADS have a FWHM < ~100 ps, but low detection
efficiency. For the results presented here, four thick junctions Si-SPAD detectors (PerkinElmer
modules) were used. The HydraHarp 400 data acquisition module (from PicoQuant) enables data to
be collected on four independent channels simultaneously. It allows continuously streamed
measurements with no reset delays and is similar in specification to the PicoHarp 300
(from PicoQuant) which has been used for the single wavelength measurements to date.
The HydraHarp has a 12 Megacounts.s-1 maximum count rate, four identical independent channels,
1 ps macro-time resolution and a timing uncertainty < 12 ps. The dead time is less than 80 ns.
As noted above, our system records four channel data simultaneously, and to accommodate more
wavelengths a time multiplexing may be required.

Figure 4: Schematic diagram showing the approach used (based on a reflection grating) for spectrally separating the
multiple wavelength input (from reference [5]).

An electrical output pulse from the supercontinuum acts as the start signal for the data
acquisition module. The scattered return photons collected by the transceiver are coupled into a
single mode fibre which is connected to the wavelength-routing optical system. This takes the
multiple wavelength output from the fibre and uses a plane blazed reflection grating to spatially
de-multiplex it into four separate single mode fibres, one for each wavelength, in a scheme similar
to that shown in Figure 4. Each of these four fibres is connected to a silicon Single-Photon
Avalanche Diode (SPAD) detector, and the electrical outputs of these detectors are connected to the
HydraHarp 400. The timing data from the HydraHarp is streamed to the control computer via a
USB connection.
4. Field trials and analysis of results
4.1. Experiments and collection of data:
The system was aligned for operation at illumination wavelengths of 531, 570, 670 and 780 nm.
A 400 mm focal length, f/2.8 Canon lens was used as the objective which resulted in a beam spot
diameter of approximately 5 mm at a range of 45 metres. The supercontinuum source was set at a
repetition rate of 2 MHz and the total average optical output power exiting the transceiver, across
all four wavelengths, was less than 120 µW. Four histograms, one for each wavelength, were
acquired simultaneously for each pixel over 20 seconds using a binning size of 16 ps.
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We conducted both single leaf and single tree measurements. The leaves, shown in Figure 5,
were fixed to a board, but holes were cut in the board at the beam impact positions so that any
transmitted laser component would not be back-reflected from other material (unlike the tree and
board arrangement where multiple reflections are entirely possible). In this paper the results for the
leaf labeled ‘1A’ are presented, which is typical of most of the responses although there were some
outlying measurements that require further investigation. A ~1.3 metre tall, potted Nordmann fir
was also mounted as shown in Figure 5.

Figure 5: Photographs showing the setup used for the measurements on the single leaf and tree samples at a stand-off
distance of 45 metres. The ~1.3 metre tall potted Nordmann fir tree was mounted such that its trunk was nominally
horizontal, ~1250 mm above the ground, and pointing towards the scanning transceiver system housed in the roof lab.
The top of the tree was closest to the roof lab and some plywood sheeting, standing perpendicular to the trunk and
resting against the top of the plant pot, acted as a partial backplane - this was used to simulate an aerial measurement.
The board to the right of the tree contains a 5” x 5” Spectralon reflectance panel.

Figure 6: An aerial view of the 45 metre range test site is shown on the left. On the right, we show the scanning pattern
of 10 by 10 pixels used for the tree crown data. The beam positions are centred on the line intersections.

Single pixel calibration measurements were taken before and after the leaf measurements and
tree scans, using a Spectralon reflectance panel (from Labsphere). This reference data enabled
corrections to be made to the acquired tree data for timing offsets between the channels as well
determining the normalization factor to account for variations between the optical throughputs of
the four channels. As with the leaf data, several measurements were taken. In this paper, examples
are shown, from a 10 by 10 scan of one quadrant the tree crown from above the apex of the tree as
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shown in Figure 6. The beam footprints are indicated by the line intersections. Figure 6 also shows
an aerial view of the test site.
4.2. Analysis of data
The spectral response of the leaf and tree data was measured using the Spectralon panel as a
calibration reference for both the temporal offset and the relative amplitude of the four channels.
In practice, this calibration was consistent over many measurements and varying weather conditions,
but the procedure was continued. An example of the response is shown in Figure 7(a) on a
logarithmic vertical scale. The temporal offsets, caused for example by unequal electrical and
optical fibre lengths in the system, are easily compensated by shifting the received tree and leaf
spectra into alignment. It should be observed that the channels have differing backgrounds as well
as differing pulse amplitudes. The received spectra were also corrected for these effects to give
relative amplitudes in each channel.
For example, Figure 7(b) shows the received spectra from leaf 1A. If we scale the relative
amplitudes by the calibration data, and normalize with respect to a 780nm fractional reflectance of
0.45, which is arbitrary but consistent with a Prospect simulation with typical parameters, then the
relative magnitudes of the response are [0.22(531nm) 0.25(570nm) 0.083(670nm) 0.45(780nm)].
However, we have not yet been able to validate such measurements against laboratory
measurements of the same samples, so this remains a preliminary illustration only. However, this
does show that we can obtain meaningful results from vegetation samples and helps us to assess tree
data, which is the main purpose of the study.

Figure 7: (a) The response from the Spectralon panel at each of the four wavelengths. (b) Corresponding data from leaf
1A (back). Note that this has not been corrected so that relative amplitudes need to be scaled and aligned.

The data presented here is from the scan shown in Figure 6. Figure 8(a) shows a spectral
response from the four channels from pixel 23 (four from the right on the third row down, as pixel
count starts at zero). This is illustrative because it shows both a canopy and backplane response.
This is probably most evident by the relative magnitude of the (uncorrected) 670nm channel, which
is much lower in the crown return, as this occurs at the low point between the ‘green peak’ and the
‘red edge’ in the vegetative spectrum. Figure 8(b), on the other hand, shows the accumulated data
for all 100 pixels at a single wavelength, 780nm. This shows a range of returns throughout the
canopy height of ~1.2m with the prominent ground return on the right. Hence, such a return
contains information about tree structure, as with any single wavelength LiDAR, but at much higher
resolution due to the narrow pulse width of the instrumental response shown in Figure 7(a).
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Finally, Figure 8(c) shows the expected ability of the LiDAR return to give a NDVI profile at
high resolution, discriminating quite clearly between the tree foliage/branches and the backplane. In
this isolated sample, one would not expect variation in NDVI along the depth profile, in contrast to
a canopy measurement.
NDVI profile
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Figure 8: (a) Whole response from all four channels at a single pixel (number 23). This shows a prominent return from
both the tree crown and the ground plane. (b) Detail from tree section of the accumulated response from all 100 pixels
in a single channel, 780nm. (c) Computed NDVI profile form responses at 670nm and 780nm. In each case, the
horizontal scale has been defined in metres.

The method of full waveform multispectral LiDAR analysis by reversible jump Markov chain
Monte Carlo, described in [9], was applied to the data of Section 4.2 in order to recover both the
area distribution and the relative abundance of leaf and bark material through the depth profile,
using a reasonable a-priori assumption that there will not be significant variation in leaf material in
a single open sample. This contrasts with [9], in which variation of chlorophyll content in a
simulation was recovered. The process can be summarized as a two stage process to recover the
impact positions of the LiDAR signals in stage 1, assuming coincident beam, and a subsequent
recovery of area and abundance profile. The background level is also recovered.
In summary,
Stage 1: Using a single wavelength: unknown number of layers, positions and amplitudes
Fixed dimension (known number of layers, k):
Update ϕz
o Update amplitude vector, β
o Update position vector, zo
 Update background values, Bλ
Change of dimension, k
 Birth or split of return/layer, increments k
 Death or merge of two returns/layers, decrement k


Stage 2: Using multiple wavelengths: known number of layers and positions
Fixed dimension (known number of layers, k, and fixed Prospect parameters):


Update ϕz
o Update area vector, Α



Update ϕλ
o Update abundance model for each layer
Update background values, Bλ
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With four wavelengths, it is not possible to recover a full physiological profile in the absence of
a-priori information on the abundance distribution, as shown in [9]. Figure 9 shows rather the area
and abundance distributions as a function of depth into the canopy. In summary, the fitted curve
shown in red in Figure 8(b) gives the positions of a flexible layer model that represents the area
distribution. However, a response at a single wavelength is determined by both area and reflectance,
which varies with both physiology and material abundance. Hence, the second stage of the
algorithm has been applied to retrieve the abundance distribution with assumed, known spectra for
bark, soil and leaf, but no a-priori assumptions about distribution. Figure 9 shows the leaf/area/soil
distribution in this case (where soil is actually the backplane), but in practice, we have insufficient
data to distinguish soil form bark, except by position in the profile which we do not use.
What figure 9(b) shows is that an area distribution for vegetative and non-vegetative material
through the tree can be plotted, and that the leaf material is very much concentrated in the crown, as
one would expect, recalling that a-priori information is not used here.

Figure 9: Results for RJMCMC parameter inversion (a) Area distribution as a function of depth. The units are arbitrary
as we have not included data on the power levels expected from the sepctralon panel calibration. (b) The relative
abundance of leaf and non-leaf (soil, bark) response. In effect, we are sampling coarsely from a complex arrangement
of surfaces at many angles, so this cannot be absolutely verified at the current time.

The importance of validation of our preliminary results is recognised, and trials are ongoing.
Measurements of needle reflectance using traditional field based spectroradiometry will be
undertaken to provide validation against the LiDAR measurements. Following the LiDAR
measurements, reflectance measures will be taken using an Analytical Spectral Devices FieldSpec
PRO with a stabilised light source in a laboratory dark room. Needles will be sampled from the top
of the tree and through the vertical profile within the quadrants sampled and imaged by the LiDAR.
The spectralon panel used as the reference target in the LiDAR measurements will also be used for
the passive data collection, and to permit the calculation of reflectance. Individual waveband
response will be directly compared to that measured by the LiDAR and NDVI and PRI metrics will
also be computed (through the profile) for comparison with the LiDAR derived NDVI and PRI. In
addition to this, reflectance measurements will also be carried out on the woody material
(branch and stem).
5. Conclusions
A novel multispectral LiDAR instrument has been constructed, based on time-correlated photon
counting technology designed to discriminate between different materials and to measure properties
of those materials. To demonstrate the capability of the instrument samples of single leaves have
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been measured and a small tree crown at multiple wavelengths and further shown how we can
interpret the results using inspection and previously developed parameter inversion software.
The results obtained are plausible, but more controlled experiments coupled to lab validation of the
samples are needed, to further assess our measurements. Furthermore, our future aim is to measure
the full canopy, as opposed to single tree data, as a first step towards eventual, possible air and
space deployment.
The results are preliminary and more remains to be explored. First, the instrument needs to
becharacterised. Variations in the spectral response at different pointing angles have been observed.
Although these are apparently consistent and could be calibrated, we need to assess whether this
could be better designed to give a more uniform field. In saying this, we have been operating at
wider divergence than intended because of the short stand-off distance of 45m, and the problem has
been much less pronounced at 325m. A further observation has been that we get quite divergent
data from the same depth into the canopy at different pixel sites. Bearing in mind that we are
(almost) point sampling with a 5mm. beam, this could well just be due to different material impacts,
but it does raise questions about the validity of detailed simulations by ourselves and other authors
as we are measuring real samples at resolutions comparable to the graphical models which use
polygonal data (e.g. Onyxtree). This contrasts with the other studies in Section 2 that used much
coarser resolution. Finally, we have not yet considered fully the effects of polarisation of the laser
on transmission and reflection. This could affect the recovered spectra and again will require further
investigative work.
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