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ABSTRACT

We investigated the use of terrestrial laser scanner (TLS) range and brightness data for the meas-
urement of seasonal snow cover. A practical application of a newly developed calibration tech-
nique for laser scanner intensity, based on calibrated reference targets for airborne and terrestrial
use, is demonstrated. We applied this technique in snow cover measurements, and demonstrate
that changes in the snow cover (snow pack height, changes in grain size/shape and overall wet-
ness) are observable in terrestrial laser scanner range and brightness data, and call for develop-
ment of new TLS-based snow monitoring methods. The role of other factors in the laser intensity
measurement and calibration for snow, such as the incidence angle of the laser beam to the sur-
face, is also discussed.

INTRODUCTION

Range measurements with terrestrial laser scanning (TLS) have recently found applications in re-
mote sensing and earth studies (1). The application of laser scanners in mobile platforms (e.g.
ground based vehicles) is also becoming available and shows more potential in environmental ap-
plications (e.g., 2). Similarly to airborne laser scanners (ALS), terrestrial scanners also record the
intensity value of a given point. The use of these values has been limited due to the lack of calibra-
tion processes, and because the intensity detectors are mostly optimised for range rather than re-
flectance measurement.

The most common detectors used in TLS measure the radiance, i.e. the flux of photons entering
the receiver from a given direction and solid angle. The radiance is related to the power of the re-
ceived signal, and hence to the reflectance of the target. The (directional) hemispherical reflec-
tance (albedo) is the total fraction of the incident collimated power on the unit surface area, which
is scattered into the upper hemisphere by the unit area of surface (3). Laser scanners measure
only the part of reflectance that occurs in the direction of illumination (0° angle between light
source and detector), i.e. the backscattered reflectance. The recent calibration approaches are
based on either investigating the power incident on the target (i.e., the laser power of the scanner),
or using standards of known reflectances measured in the same conditions (4,5,6). Detailed re-
views of the physical concepts of laser scanner intensity calibrations are found in (6,7).

We have developed a reflectance calibration scheme for both terrestrial and airborne laser scan-
ning intensity data, based on the use of natural and commercial targets as reference. To establish
a reference-based calibration method, repeated experiments were needed in both ALS and TLS as
well as controlled laboratory measurements to find practical and stable targets that produce reli-
able results, see (5,8) for more details; the validation of these methods is a subject of our ongoing
research related to airborne and terrestrial laser scanning. Results from campaigns (laboratory and
in situ) with different calibration strategies (and benchmark activities) are expected in the near fu-
ture.

Laser scanning is also becoming an increasingly important method for monitoring glaciers and ice
sheets (e.g., (9)). The first applications of intensity data in glaciology have recently become avail-
able, and are mostly related to target discrimination in glaciers (9,10).
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The snow-forest interaction in the boreal regions is closely related to the rapid environmental and
climate changes. As the snow-vegetation albedo is an important parameter in climate models (11),
a long-term change detection of snow brightness is needed in the investigation of climate trends,
especially in boreal regions, where strong effects of the global change are expected. However, this
kind of data is mostly not available in boreal regions, because of practical limitations related for
example to costs and the boreal climate which reduces the satellite information coverage of the
surface albedo due to the high frequency of cloud coverage (12). The recently ongoing validation
campaigns of satellite and airborne snow monitoring have provided a possibility to test the per-
formance and feasibility of ground based methods, particularly terrestrial laser scanners in either
stable or mobile platforms. Ground based applications are cost-effective and provide a possibility
of long term monitoring of test sites and environmental targets, for example. Terrestrial techniques
are also suitable when more detailed monitoring is needed than, e.g., with satellite-based mapping;
see (12) for a summary of snow monitoring satellite optical and radar imagery. TLS has found ap-
plications in monitoring the snow distribution in potential avalanche zones in the Alpine regions
(13,14), for example.

In this paper we test the reference target based TLS intensity calibration approach (8) in the moni-
toring of snow surfaces, and investigate the role of snow parameters in both range and intensity
data. We present the first results of the test campaign, and briefly discuss some other factors that
must be taken into account in laser scanner intensity calibration.

METHODS

The instrument used in this study was a 785 nm FARO LS880HES8O terrestrial laser scanner. The
scanner uses a phase modulation technique for the distance measurement with the accuracy of 3-
5 mm and 360°x320° field of view. The detector of the scanner is not optimised for intensity meas-
urements: there is, e.g., a logarithmic amplifier for small reflectances and a brightness reducer for
near distances. Additional corrections to the intensity data have therefore been carried out for the
effects of the amplifier and reducer to get a linear brightness scale, based on instrument calibration
experiments for both distance and reflectance scales using reference targets (see (8) for more de-
tails). The 785 nm wavelength is ideal for snow reflectance, because the absorption from snow is
stronger at wavelengths greater than1000 nm, which would reduce the signal recorded by the in-
tensity detector (15). The average error in intensity in our previous experiments has been in the
range of 1-2% for FARO (5).

The test site is located in Masala, south coast of Finland, where the air temperatures are subject to
variation around 0°C throughout the winter. Due to the temperature limit in the operation of the
scanner (0°C), the test area was scanned with the scanner placed on the open window (Figure 1).
Together with the large field of view of the scanner, this also allowed the reflectance standard
(Spectralon® (Labsphere Inc.) calibrated multi-step target of 12%, 25%, 50%, and 99% reflectance)
to be placed inside. The individual scannings (i.e. the data between different dates) were georefer-
enced to a common coordinate system using five stable reference targets in the scanned area.
These targets are fixed and allow a long-term time series of the test area (which these snow
measurements were a part of). The manufacturer reported systematic distance error for the FARO
scanner is +3 mm at the distance of 25 m.

Three test plots were selected from the scanned area, with distances of about 8.7 m (Low), 22.8 m
(Middle), and 27.8 m (High) from the scanner, respectively. The reference panel was placed at a
distance of about 4.2 m from the scanner. Table 1 provides the air temperatures (at the time of the
measurement) and the snow cover depth and average grain size information.

For the intensity of each test plot, a square-shaped small area was extracted from the intensity
images. The intensity value was taken as an average of a square, and the detector corrections
(e.g. the effect of distance and the logarithmic amplifier of the detector) as well as a calibration with
Standard (sampled similarly to the snow targets) were applied (see more details in (8)). The 99%
panel in the Spectralon target was saturated, i.e., the counts were too high for a reliable intensity
calibration, and we therefore used the 50% panel as a reference in this experiment.
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Figure 1: Left: the FARO scanner placed for the measurement, facing the test site. Right: intensity
image of the 4-step reference target, showing the sampling of the intensity for each panel.

Table 1: Air temperatures and snow cover depth and average grain size characteristics on each
measurement date. The average grain (aggregate) sizes were approximated visually using a
scaled magnifier loupe (and camera images taken through the loupe).

Date Air temperature | Snow cover depth | Average grain size

(°C) (cm) (mm)

Feb 1 2007 -5.0 23 0.75

Feb 2 2007 +2.5 20 0.25
Feb 9 2007 -12.0 23 0.1
Feb 26 2007 -6.5 19 1.0
Mar 2 2007 +2.2 22 1.5
Mar 6 2007 +2.5 18 1.7
Mar 9 2007 +3.5 16 2.0
Mar 20 2007 +7.0 10 1.5
Jan 9 2008 -1.0 8 0.2
Jan 10 2008 +2.5 5 1.0

RESULTS
Snow monitoring from range and intensity data

Changes in the height of the snow pack can be observed in the FARO scanner range data (Fig-
ure 2). The height of the snow pack was also measured in situ with a stick measure with an accu-
racy of about 1-2 cm. This measurement is suggestive, because it was taken at a point near the
Low test plot (to keep the test plot itself untouched for scanning). Nevertheless, the agreement of
the stick measurement with the height derived from the z-coordinate from the FARO measure-
ments is within a few centimetres (see Figure 2, lower graphic) and both curves follow the same
trends. The agreement is better in 2008 measurements, which may indicate better homogeneity in
the snow cover in the area than in 2007.

The un-calibrated FARO intensity images (raw data) from 4 separate dates are shown in Figure 3.
Changes in the snow cover can be observed, and also the fading over distance is clearly visible.
The intensity values (counts) for the Middle and High (no. 2 and 3) test plots were significantly
lower than that from the Low (no. 1) plot. Previous experiments have shown that data points with
too low counts are also inaccurate with respect to the range measurement (as well as the inten-
sity). Therefore, we only included the Low test plot in the further study. That would also minimise
the effect of incoming solar radiation, since the Low plot was shaded by the house, and the reflec-
tion effects from the surroundings were also small due to the distance of only 8.7 metres.
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Figure 2: Above: point cloud profiles of snow surfaces at different dates plotted in the same Xx,y,z-
scale. Below: comparison of snow depth derived from the FARO z-coordinate (Low plot, cf. Fig-
ure 3) with in situ (ground) measurements near the plot.

Figure 3: FARO intensity images (Feb 1, Feb 9, Mar 6, and Mar 20, 2007): changes in snow cover
are visible in the intensity images, e.g. snowmelt towards the rightmost image (Mar 20). The data
collection plots Low (no 1), Middle (no 2), and High (no 3) are marked with yellow squares.
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The calibration of laser scanner intensity is based on reference targets, which are applied similarly
to laboratory and field measurements in BRDF (bidirectional reflectance distribution function) spec-
troscopy and laser backscatter measurements, for example. We have extended this method into
laser scanning intensity and use of natural and commercial targets as references. The first results
from airborne and terrestrial laser scanning test campaigns indicate that intensity calibration is
possible with natural or artificial reference targets (5,8).

The calibrated FARO intensities are plotted in Figure 4 for all three test plots (showing also the re-
markable difference in the reflectance of the Low plot compared to the other two plots). We found no
relation to a single parameter (snow cover thickness, temperature, grain size, etc.) in the intensity val-
ues which indicates that the intensity is affected by several parameters. Moreover, there are limitations
to the accuracy of laser intensity measurement from snow, caused by strong multiple scattering inside
the layer (16), for example; and while more extensive studies on laser reflection from snow are in pro-
gress, the laser intensity from snow should be studied in relative sense rather than the accurate reflec-
tance values. Therefore, we compared the relative changes in intensity of the Low test plot in Figure 5.
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Figure 4: Intensity time series for all three test plots 2007-2008. The intensities (counts) from the
Middle and High plots were significantly lower that those from the Low plot.
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Figure 5: Calibrated FARO intensities of the lowest snow test plot. The temperature changes were
from -5°C to +2.5°C (Feb 1- Feb 2, 2007), from —6.5°C to +2.2°C (Feb 26 - Mar 2, 2007), from
+2.5°C to +3.5°C (Mar 6 - Mar 9, 2007, here the temperature in both days was above zero, but
there was a significant change of weather conditions and the snow cover changed from a dry layer
to a wet and melting surface), and from -1°C to +2.5°C (Jan 9 - Jan 10, 2008) In all cases there
was a change in weather conditions from (visually) dry to wet (e.g. recent rain).
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We compared the changes in intensities of the Low test plot between two consecutive (or close)
dates (Figure 5), where a change of (visually) dry to wet conditions had occurred, as well as the
changes in the grain structure (most typically rounding). The wetness in snow was mostly due to
melting at temperatures >0°C (and/or the recent rainfall), but in one case (Mar 6), a (re)frozen sur-
face structure was still present even though the temperature was +2.5°C. An example of a change
in grain structure is presented in the enlarged images in Figure 6, where samples of snow grains
have been photographed through a magnifier loupe with a millimetre scale. A decrease in laser
intensity is observed in all cases which suggests an effect of wetness on the backscattered reflec-
tance of snow. A tentative comparison with the earlier results obtained with a laser backscatter
measurement of snow (16) shows that the intensity levels for wet and melting snow were mostly
higher than those for frozen samples, even though the relative increase in brightness (i.e. the hot
spot effect) was stronger for melted samples and surfaces with rounded grain shape (see 16 for
more details). There are also deviations in the overall intensity levels (e.g. the Feb 9 data point is
not easy to compare, partly because it is the only sample with fresh fallen hexagonal snow grains).
It is an important future task to establish the possible relation of snow wetness with backscatter
reflectance and its interaction with other snow surface parameters in a better way.

Figure 6: Snow grains in Jan 9 (left) and Jan 10 (right) photographed through a magnifier loupe.
The average grain sizes in the image are approximately 0.1 - 0.5 mm and 1 mm, respectively.

Other factors affecting laser scanner intensity

We have also studied some other effects that must be taken into account in the more accurate
study of snow cover brightness with lasers (and also other incoherent instruments). The effect of
the incidence angle on snow intensity is clearly visible in intensity images (Figure 3). To evaluate
this effect more accurately, we carried out a test measurement with the FARO scanner of a 5-cm
snow layer on top of a plane (roof) surface. The incidence angle varied from 0° to about 70° in the
measurements, and the calibration was carried out with the 99% Spectralon® standard placed at
1 m distance. We found a strong effect on the measured laser intensity (Figure 7), which is a sig-
nificant factor, especially if snow layer intensities are compared between various locations with a
different incidence to the surface. These results agree with those obtained with the same instru-
ment for various remote sensing land targets (more details in (17)).

There are other important issues that must be further studied and taken into account in the calibra-
tion of laser intensity from snow, e.g. strong diffuse radiation inside the layer, which often causes
the calibrated backscatter reflectances measured with laser to be significantly lower than one
would expect from the reported snow albedo (hemispherical reflectance) values in the literature.
Whether this is only caused by the behaviour of laser light in the snow layer or the weakness of the
backscattered fraction of snow hemispherical reflectance, is a subject of further studies. Weather
(temperature) affects the scanning intensity and the performance of the scanner detector, which
may also complicate the calibration. A further discussion on the crucial factors and corrections to
airborne and terrestrial laser scanning intensity is in (5).
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Figure 7: Intensity of a 5-cm snow layer as a function of the incidence angle. The effect of distance
to the scanner has been normalised to 1 m. The intensity is normalised to 1 at 0° in this plot.

CONCLUSIONS

We have studied the use and performance of terrestrial laser scanning in snow cover measure-
ment in order to develop methods for terrestrial laser scanner based snow cover change detection
and long-term monitoring applications. It has been observed that snow cover wetness affects the
backscattered laser intensity, even though there is deviation in the measured intensity levels. It has
also been found out that even small changes in the snow cover depth are measurable with a TLS,
if stationary reference targets are available. The practical performance of the TLS instrument plays
an important role in the accuracy of the results, especially at longer distances. We are also study-
ing the use of commercial and natural reflectance targets as reference standards, since larger tar-
get sizes (than those used in the laboratory), e.g. 5m x 5 m, are needed in airborne and long-
range terrestrial laser scanning.

Further studies are needed for both laboratory and scanner based laser intensity calibration for
snow surfaces to confirm these results and their interpretation, as well as to evaluate and improve
the accuracy and search for connections with physical parameters. The fact that melting and liquid
water affects the reflectance of a snow surface is nevertheless observable with laser instruments;
and this calls for the development of laser scanner based snow monitoring methods. This would be
especially useful as there is an increasing interest in mobile (vehicle-based) mapping applications
which employ terrestrial and airborne laser scanner instruments and produce an increasing
amount of environmental 3D-data in the near future.

More studies on laser reflection from snow are called for in order to improve the calibration of laser
intensity of snow surfaces (16) and to find out how well the backscatter reflectances correlate with
those measured with incoherent reflectance instruments, such as spectrogoniometers (e.g. 18,19).
This would enable the investigation of accurate laser intensity (for, e.g., albedo studies) for snow,
instead of the relative (qualitative change detection) approach presented in this paper. Even
though the intensity data would not be useful by itself, it will complement the range data in laser
scanner change detection algorithms, which are feasible even with relative calibration. It would
also facilitate the use of calibrated intensity images produced by laser scanners. This study is a
part of an ongoing development of laser scanner data interpretation algorithms that would utilise
both (calibrated) reflectance and topographic information. In the future, such algorithms would be
potential as in situ and remote environmental change detection tools that would find applications
in, e.g., the validation of airborne and satellite-based snow monitoring (e.g. in Alpine and Boreal
regions) as well as in detailed (terrestrial) snow cover change detection.
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