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ABSTRACT:

The advancement of permanently measuring laser scanners has opened up a wide range of new applications, but also led to the need
for more advanced approaches on error quantification and correction. Time-dependent and systematic error influences may only
become visible in data of quasi-permanent measurements. During a scan experiment in February/March 2020 point clouds were
acquired every thirty minutes with a Riegl VZ-2000 laser scanner, and various other sensors (inclination sensors, weather station and
GNSS sensors) were used to survey the environment of the laser scanner and the study site. Using this measurement configuration,
our aim is to identify apparent displacements in multi-temporal scans due to systematic error influences and to investigate data
quality for assessment of geomorphic changes in coastal regions. We analyse scan data collected around two storm events around
09/02/2020 (Ciara) and around 22/02/2020 (Yulia) and derive the impact of heavy storms on the point cloud data through comparison
with the collected auxiliary data. To investigate the systematic residuals on data acquired by permanent laser scanning, we extracted
several stable flat surfaces from the point cloud data. From a plane fitted through the respective surfaces of each scan, we estimated
the mean displacement of each plane with the respective root mean square errors. Inclination sensors, internal and external, recorded
pitch and roll values during each scan. We derived a mean inclination per scan (in pitch and roll) and the standard deviation from
the mean as a measure of the stability of the laser scanner during each scan. Evaluation of the data recorded by a weather station
together with knowledge of the movement behaviour, allows to derive possible causes of displacements and/or noise and correction
models. The results are compared to independent measurements from GNSS sensors for validation. For wind speeds of 10 m/s and

higher, movements of the scanner considerably increase the noise level in the point cloud data.

1. INTRODUCTION

Terrestrial laser scanning (TLS) is an established measurement
technique that has evolved continuously over the last two dec-
ades. Increasing operating ranges, the ability of automatic pro-
cessing on the scanner itself or new algorithms for georefer-
encing are just a few examples of the improving functional-
ity of sensor techniques. Various research groups use perman-
ently installed laser scanners to address a wide range of research
topics, including i2ZMON (Schroder and Klonowski, 2019) and
CoastScan (Vos et al., 2017), (Kuschnerus et al., 2021). Dis-
advantages of conventional deformation analysis from single
points may be overcome, new challenges arise or others remain
(Wunderlich et al., 2016). The quality of results depends on
many factors comprising the measuring system (Schréder and
Nowacki, 2021). The appearance of permanently measuring
sensors has made influences visible that were previously not ap-
parent in campaign-based measurements at individual selected
measurement times. Time-dependent, systematic error influ-
ences appear in time-series of quasi-permanent measurements
(Schroder and Nowacki, 2021), (Friedli et al., 2019), (Anders
et al., 2019).

As part of CoastScan and iZMON, a fieldwork campaign in
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Noordwijk, The Netherlands, took place in February and March
2020. In the course of this research experiment, the data from
permanent laser scanning (PLS) are described qualitatively and
influencing variables are quantified. Using this measurement
configuration, the aim is to separate apparent displacements in
the multi-temporal scans due to systematic error influences on
the georeferencing and the travel time of the propagating laser
beam from the real dynamics on the beach and in the dunes.

However, when analyzing and utilizing parts of this data set and
another data set (Vos et al., 2020a), collected on a similar beach
in Kijkduin with the same instrumental set-up, several system-
atic error effects became apparent. Among them is a day and
night pattern seemingly correlated with temperature (Anders et
al., 2019), as well as radial stripes visible above flat surfaces in
some scans (see Figure 1). This effect occurs, for example, on
09/02/2020 in the evening hours. Two scans (09:00 and 19:00)
are compared in Figure 1 with a reference mesh. For the refer-
ence, the scan on 09/02/2020 at 0:00 was selected. This leads to
the assumption that despite an assumed stable and unchanged
instrumental setup, (Vos et al., 2020b), systematic differences
between selected point clouds occur.

Systematic deviations can lead to misinterpretations and indic-
ate deformations in the point clouds that are not present in real-
ity. A systematic deviation can only be taken into account in the
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Figure 1. Residual plots of the helipad on 09/02/2020, at 09:00
(left) and at 19:00 (right). Colours represent distance to a
reference mesh in cm. On the right much larger differences in a
striped pattern are visible.

measurement data if the cause is known. In the present case, the
pattern occurs at certain points of time and is therefore clearly
visible, which simplifies further investigations. Therefore, we
focus on two research questions: What are causes of systematic
error effects visible in the PLS data set? And how can these
effects be separated and traced back to specific geometric and
environmental conditions?

2. RELATED WORK ON ERROR SOURCES

Data from TLS is subject to various error sources in different
scales. Due to the fixed setup and repeated scanning from the
same position some error sources can be disregarded, whereas
others appear more pronounced. There are absolute errors with
respect to georeferencing and relative errors between the con-
secutive point clouds. The error sources influencing conven-
tional TLS measurements are summarized by Soudarissanane
et al. (Soudarissanane et al., 2011). Performance of TLS and
the effects of the above mentioned error sources on point cloud
data have been investigated by various research groups. They
list the following main influences:

1. Scanner mechanism
2. Atmospheric conditions and environment
3. Object properties

4. Scanning geometry.

Errors from the scanner mechanism, as well as calibration
methods are discussed in (Lichti, 2010). In addition the re-
search group “Laser Scanning and Surface Analyses” at the
University of Bonn has carried out various investigations re-
garding system calibration and long-term stability of sensors,
for example in (Holst et al., 2018) and (JanBen et al., 2020).
Effects of rain, fog and snow on LiDAR measurements have
been investigated in (Rasshofer et al., 2011) for the case of
automotive LiDAR. Further, (Muralikrishnan, 2021) discusses
a study on performance evaluation of TLS and lists a summary
of possible error sources. (Friedli et al., 2019) and (Schroder
and Nowacki, 2021) both deal with refraction effects due to at-
mospheric conditions in terrestrial laser scanning. Further dis-
cussions regarding the influencing parameters on measurement
data of a TLS can be found in (Gordon, 2008), (Kerekes and
Schwieger, 2020), (Winiwarter et al., 2020) or (Wujanz et al.,
2017).

The mentioned studies all deal with systematic errors on ter-
restrial laser scanning for incidental surveying or automotive
LiDAR. With regard to multi-temporal deformation analysis,
further aspects have to be considered. A significant influence
comes from the referencing of the respective scans in a com-
mon coordinate system (Wujanz et al., 2018). One method for
calculating transformation parameters uses artificial reference
points that are distributed in the scanning area. An advantage
of this method is that experience from conventional geodetic
procedures can be adapted so that a familiar assessment of the
results is possible. However, this methodology also has its dis-
advantages, for example (i) the complexity of installing the tar-
get points in the survey area, (ii) the required surveying of the
targets to determine highly accurate reference coordinates and
(iii) the, in practice often limited extent of the placed targets
within the area of interest. In addition, due to the limited res-
olution capability of a scanner at long ranges (> 1 km), the
artificial markers have to be enlarged disproportionately, which
hinders a useful application (Wujanz et al., 2018).

Another possibility is direct georeferencing (Paffenholz et al.,
2010); (Reshetyuk, 2010). A third essential method for refer-
encing different point clouds in a common reference frame is
data-based and overcomes the disadvantage of considering the
geometry of a measured object that is present based on a high-
resolution point cloud. (Wujanz et al., 2013) and (Friedli and
Wieser, 2016) describe the methodology in detail and optimize
the procedure with regard to deformation analysis. The entire
error budget for a deformation analysis, taking all influences
into account, is summarized in (Kauker and Schwieger, 2017)
and (Harmening and Neuner, 2020).

3. DATA AND METHOD

Our experimental set up and data set allow us to investigate
the specific consequences for the data quality of consecutive
point clouds for environmental monitoring. We focus in our
research on the last three of above mentioned error sources: at-
mospheric conditions and environment, object properties and
scanning geometry as all of them contribute to the relative er-
rors between consecutively acquired point clouds.

Due to the physical construction on a fixed metal frame in our
experiment, it is hypothesized that the scanner will maintain
its fixed position and the SOCS (Scanner’s Own Coordinate
System) of each individual scan will match. Thus, in the ideal
case no further registration or alignment of the data set would
be needed. However, environmental influences as well as our
measurement activities can cause small changes to the scanning
geometry or the georeferencing. Atmospheric conditions and
environment include wind moving the laser scanner, rain ob-
structing the view and temperature causing displacements due
to expansion of material used to fix the laser scanner. Object
properties can be observed especially in the case of heavy rain.
Changes in soil moisture on the beach influence reflective prop-
erties as for example reported by Jin et al. (Jin et al., 2021) and
rain water collecting on paved surfaces prevents capturing them
with laser scanning.

In the remainder of this section we introduce the data that was
used for this study and present the methods.

3.1 Data Description

For this study we use data from a Riegl VZ-2000 laser scan-
ner, which is operating continuously from the balcony of Grand
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Figure 2. Point cloud of the area of interest from 20/02/2020, 01:00 with reference surfaces marked by letters A-D (compare Table 2)
and location of GNSS sensors on the roof of the container and in the dunes (MON 1 - 7).

Sensor Description Period
Laser Scanner Riegl VZ-2000 30 min
Weather station Davis Vantage Pro 2 30 min
Inclination Sensors | Internal of Riegl 1 sec
External of PC-IN1-1° 15 sec
GNSS sensors DMT SAFEGUARD GNSS | 10 sec
Dutch Permanent GNSS 30 sec

Table 1. Specifications of all sensors used to collect data for this
analysis.

Hotel Huis ter Duin in Noordwijk, The Netherlands since July
2019. A laser scan of the beach and dunes is taken every 30
minutes (see Figure 2). The measurement programme is selec-
ted with 100 kHz and a spatial resolution of 30 mdeg. The beam
divergence is 0.30 mrad. Assuming an orthogonal angle of in-
cidence, this represents a point spacing of approx. 10 cm at a
distance of 200 m and a footprint size of approximately 5 cm.
From the PLS data set, two subsets are chosen for the analysis
in this paper: covering 8th to 11th Feburary 2020 and 20th to
24th February 2020. In both time spans, two days have been re-
latively calm weather conditions and during one day there has
been a heavy storm (i.e. storm ’Ciara’ on 9/02/2020 and storm
’Yulia’ on 22/02/2020). This selection was chosen to assess the
influence of weather on the measurement results. For each of
these time periods one scan every hour (taken at the beginning
of every hour) was selected for further analysis.

Besides an extensive data set of point clouds, various other
sensors were utilized during the scan experiment. A list of all
sensors is summarized in Table 1. The analysed data includes
recordings of

e inclination angles at 1 Hz from the scanner’s (internal)
sensors

e inclination angles from two external inclination sensors
fixed to the base of the frame of the laser scanner (sum-
marized to one value every 15 seconds)

e temperature, air pressure, humidity, wind speed, wind dir-
ection and precipitation data (every 30 min) from a Davis
weather station mounted next to the laser scanner

e Global navigation satellite system (GNSS) data from seven
multi-sensor stations within scanned area

e GNSS data from the Dutch Permanent GNSS Array (Sta-
tions IJmuiden and Delft) as stable reference

P

S

Light breeze 0.0 — 3.5
B Moderate breeze 3.5 - 7.0 H
[} Fresh breeze 7.0 — 10.4|
Bl Strong breeze 10.4 - 13.9/=—
[ High wind 13.9 - 17.4
[ ] Gale = 17.4

Figure 3. The relative location of the inclination sensors with
respect to the laser scanner (at the center) and the beach (to the
North-West) is indicated. In addition the main prevailing wind

direction during the observation period is shown.

Measurement data from the internal inclination sensors are
available during the entire measurement period.  From
21/02/2020 to 18/03/2020, additional inclination readings are
available from external sensors that are installed on the metal
frame of the scanner mounting. In Figure 3 the pitch and roll
directions of deviation from the center of the laser scanner are
shown with respect to the beach and dominating wind direction
from South-West.

Surface Size [m?] | Points | Range [m]
Helipad (A) 124 9000 176.3
Breaker’s wall (B) 5 720 162.5
Container wall (C) 28 480 206.1
Container roof (D) 27 2100 206.6

Table 2. Reference surfaces with labels as in Figure 2 in
brackets, average size, average number of points and average
distance to the laser scanner (range).
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3.2 Methods

To detect the cause of the systematic effect, which among other
things is responsible for the effect shown in Figure 1, our
method consists of two parts: The first part on the influence
of the scanning geometry deals with verifying the stability of
the laser scanner’s set up in Noordwijk. We are analysing the
internal and external inclination sensors with regard to periodic
and linear trends so that significant signals can be extracted.
The second part is the analysis of the recorded data in the sur-
vey area. For this we inspect selected geometries and analyze
the temporal variability in the period observed. Apparent de-
formations are compared with external sensors such as GNSS.

3.2.1 Stability of the laser scanner We installed inclina-
tion sensors on the metal frame of the laser scanner and utilized
the laser’s internal inclination sensors. By using the inclination
sensors, two out of six degrees of freedom are measured and
determined with regard to the positioning of the scanner. The
three-dimensional translation as well as the orientation around
the vertical axis are not measured externally.

In order to be able to describe the behaviour of the scanner po-
sition in relation to time, all data from the internal and external
inclination sensors between 8 February and 18 March are ini-
tially used for an analysis. The external sensors, with an ac-
curacy of 0.0175 mm/m, are more sensitive to movements than
the internal sensors with 0.14 mm/m. Each data set (Inclination
1, Inclination 2, Roll and Pitch) is initially inspected with re-
spect to dominant periodic components by means of a discrete
Fourier transformation. The discrete-time signal is transferred
into a frequency spectrum and the diurnal dependence of the
inclination values is verified. The confirmation of the diurnal
cycle serves as an input variable for a time series decomposi-
tion. The time series is decomposed into its core components
and considered as the sum of trend, period and residuals. This
procedure provides conclusions about low- and high-frequency
components within the time series. Low frequency in this con-
text implies that a period lasts at least as long as a single scan.
The scan is affected as a whole but individual data within the
scan is not affected relative to other data within the same scan.
High frequency here refers to a period that is below the scan
duration. Individual scan lines are thus adversely affected.

The data from the inclination sensors are divided into two
parameters using this decomposition. The data is aggregated
into 30-minute segments. The result is a mean inclination,
which represents the trend or periodicity, and a standard de-
viation, which describes the measurement noise of the inclina-
tion sensors. Next to the laser scanner a Davis weather station
(Davis vantage Pro 2) was mounted to record temperature, pre-
cipitation and wind speed and direction every 30 minutes. The
respective parameters are subsequently analysed with regard to
a correlation with weather data.

3.2.2 Influence of Scanning Geometry The next step is to
detect in the point cloud data the effects that are identified at the
scanner’s position. Within the field of view of the laser scanner,
we chose three reference objects, as summarized in Table 2:
paved helipad, with a slight slope of about 1.4 cm per meter
and dimensions of 10.6 m x 11.7 m at 176 m range, the wall of
the Breakers’s Beach cafe, right in front of the laser scanner at
about 163 m range and about 5 m? in size, and two containers
placed on the beach at about 206 m distance from the laser scan-
ner. We analysed the data by fitting planes through the stable
reference planes using principal component analysis (PCA). We

then extract the mean z-coordinate of the helipad, the mean x-
coordinate of the wall of the cafe and the mean coordinates as
well as normal vectors of the containers and the residuals with
respect to these planes. The root mean squared sum (RMSS)
of the residuals of the plane analyses are indicators of lower
quality scans.

We establish a correlation with the inclination values on the
scanner and the weather data to derive a potential cause. The
mean coordinates give an indication of the relative position of
the reference geometry with respect to the reference frame in
which the scanning data is coordinated. Variability give indic-
ations of long term stability and orientation of the laser scan-
ner. These in turn are compared with the orientation from the
internal inclination sensor, verified by the externally mounted
inclination sensors. During the measurement campaign, seven
GNSS receivers were installed in the area of the dunes and on
the shipping containers on the beach (labelled MON 1 - MON 7,
see Figure 2). The GNSS baseline processor Wa2 (Wanninger,
2020) is used for the evaluations. Movement as well as sta-
bility of the container is checked against GNSS measurements.
The GNSS measurements are processed strictly by means of
baselines. The absolute coordination is done via two refer-
ence stations of the Dutch Permanent GNSS Array (DPGA) in
IJmuiden and Delft. Local reference stations, whose position is
stable during our experiment, coordinates the object points on
the container. We obtain 3D coordinates with an accuracy of a
few millimetres.

4. RESULTS

The results are presented in four parts: First, we evaluate the
inclination sensors on the scanner and then correlate the meas-
ured values with the weather data. Subsequently we relate our
results to effects in point cloud data and verify them with inde-
pendent GNSS measurements.

4.1 Inclination Sensors

First, the stability of the scanner position is checked by means
of the external and internal inclination sensors. The maximum
deviations in the data are up to +/- 20 mm/m in the majority
of the time (occasionally up to +/- 80 mm/m) for the internal
sensors and +/- 0.1 mm/m for the external sensors. This in-
dicates that the scanner generally has a stable foundation in
connection with the hotel. In relation to the maximum val-
ues, no significant movement is detectable, which is measured
at the base of the fixture. Pessimistically, the value of +/- 0.1
mm/m corresponds to a deviation of 20 mm in the measured
z-coordinate at 200 m distance. This is within the measure-
ment accuracy as well as the spatial resolution of the scanner.
With a discrete Fourier transform on the raw data of the external
sensor system a dominant signal is registered in the frequency
spectrum with a period of 24.5 hours. A subsequent extraction
of the core components of the signal in trend, period and noise
yields the results summarized in Table 3.

Trend and periodicity have a low frequency nature and do not
affect the measurement data within a scan. The effect of trend
and period on the point cloud data can be corrected in the form
of a six parameter transformation. The period, which is detec-
ted with the external sensors, is not present in the data from the
internal sensors. The measurement noise of the sensors over-
lays the periodic signal. The remaining signal include the in-
accuracies of the measurement systems, but also signals that
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Trend Period Residual Signal
Min Max Avg Min Max Min Max Avg
IncIT | -0.058 | 0.054 | 0.002 | -0.018 | 0.016 | -0.108 0.104 | 0.016
Incl12 | -0.110 | 0.080 | 0.000 | -0.023 | 0.017 | -0.185 0.226 | 0.033
Roll | -0.223 | 0.112 | -0.008 - -33.185 | 28.666 | 1.016
Pitch | -0.151 | 0.346 | -0.007 - -55.670 | 71.644 | 1.645

Table 3. Trend, period and residual signal of the respective inclination signals. Incl 1 and Incl 2 refer to the external inclination
sensors. All values in mm/m. The highest values are marked in blue.

cannot be modelled by means of trend and period. This is an in-
dicator for high-frequency movements of the scanner and which
therefore influences the data within a scan. It should be noted
that increased values visually coincide with storm events, as
can be seen in Figure 4. The deviations in the external sensors
deviate only insignificantly from the measurement accuracy of
the inclination measurement, except for a few occasions which
coincide with strong storm events. The values indicate that the
scanner is sufficiently stabilized and anchored. The remaining
signal of the internal sensors show a higher noise (cf. Table
3, marked in blue), which cannot be explained by the meas-
urement accuracy alone. Visually, the values correlate with in-
creasing wind speed (Figure 4), which leads to the following
step in our analysis.

4.2 Correlation to Weather Data

For this part of the analysis we focus on the two selected four
day periods. First, we aggregate the inclination data into blocks
of 30 minutes and calculate an average value for each block.
Averaging minimizes high-frequency noise and this value is to
be correlated with the temperature and wind data as a para-
meter for periodic and trend-related behaviour. In addition to
the average value, a standard deviation of the respective inclin-
ation values is calculated for each block. The standard devi-
ation is an indicator for the statistical distribution of the indi-
vidual measured values and therefore describes the movement
of the sensor within a block, which allows to detect the high-
frequency component. The values are processed graphically
and correlation analyses are conducted to investigate the re-
lation with the weather conditions. Figure 4 shows the pitch
and roll mean values with their standard deviations during both
storms, together with wind speed and temperature data. Visu-
ally large standard deviations in the inclination values coincide
with the peaks of the wind speed during both storms.

Temperature | Wind Speed
Roll Mean 0.03 0.05
Std. 0.17 0.51
Pitch Mean 0.12 -0.01
Std. 0.23 0.71
Incl 1 Mean 0.80 0.33
Std. 0.25 0.72
Incl 2 Mean -0.41 -0.19
Std. 0.25 0.61

Table 4. Pearson correlation coefficients of mean values and
standard deviations of pitch and roll with temperature and wind
speed respectively. The significant correlation values are marked
in blue.

The correlation analysis (cf. Table 4) confirms our assumption
that the wind and storm events are the cause of the deviations
in the scans. The Pearson correlation coefficient was calcu-
lated for the mean values and standard deviations of inclina-
tion values from both sensors with temperature and wind speed
respectively. Wind speed correlates with the standard deviation
of the inclination values between 0.51 (roll, internal sensor) and

0.72 (inclination 1, external sensor) and the mean of inclination
1 correlates 0.8 with temperature. It is important to note that
these are relative values and no absolute magnitudes of changes
can be derived from level of correlation. In the high-frequency
range, we see a high correlation with wind speed for all in-
clination sensors. From this we can conclude that the storm
events are the cause of the systematic deviations in the scans
described. The external inclination sensor is sensitive enough
to detect deviations in the scanners position caused by temper-
ature changes. The dominating 24.5 day frequency indicates a
temperature-dependent diurnal variation. To verify these find-
ings and relate them to the effects on the point cloud data, the
influences in the point cloud data is discussed in the following
subsection.

4.3 Point Cloud Data Quality

The analysis of the scans is done by fitting planes to parts of the
point cloud sampling planar patches (as listed in Table 2). For
the comparison, an average main orientation (e.g. in the case of
the helipad in the z-direction) and the RMSS of the residuals are
calculated. The mean value of the z-coordinate (for the helipad,
x-coordinate for vertical planes) is an indicator for the low-
frequency component and the residuals for the high-frequency
components. Larger shifts, as well as small variations in the po-
sition of the laser scanner naturally appear in the point clouds
as well. In the first measurement period, a larger jump in the
deviation (in the order of 5 cm) correlates with the beginning
of storm Ciara on 09/02/2020. The second caused by our own
maintenance activity on 20/02/2020 around 12:00, resulted in
an apparent shift of the helipad of about 4 cm in z-direction
(marked with arrow in Figure 5) and the wall of the Breaker’s
Beach cafe shifted by about 2 cm in x-direction. These move-
ments can be compensated by deriving transformation matrices,
that describe the rigid transformation of the point cloud. Such
a transformation is described by means of six parameters. A
translation in x-, y- and z-direction and a rotation around the
corresponding axes. For this estimation, the iterative-closest-
point (ICP) algorithm as implemented in RISCAN PRO (V2.11)
is used (Gaisecker et al., 2012).

After applying the rigid transformations, the remaining high
frequency movement of the scanner is further analyzed and
compared with data from the weather station. During calm
weather conditions the inclination sensors show standard devi-
ations of less than 1 mm/m in both pitch and roll. For wind
speeds around 10 m/s and higher the standard deviations of
pitch and roll are reaching above 5 mm/m and above 3 mm/m
respectively. These indicate that the scanner is shaking while
scanning. The effect of this is found in the point clouds as ra-
dial stripes, coming from the laser scanner, visible mostly on
flat surfaces (see Figure 1). To quantify this effect, we com-
pared the residuals from a fitted plane through the references
surfaces on the helipad and the wall of the beach cafe, shown in
Figure 5. The sum of residuals on these two surfaces rises up
to 14 mm/m at the peak of the storm. Additionally we observe
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Figure 4. Internal inclination values during observation periods
around storm Ciara (two top panels) and storm Yulia (two
bottom panels). The stormy periods are marked with a blue
background. Raw data, mean values and standard deviations of

the inclination data are compared to temperature and wind speed.
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Figure 5. Plane estimation at helipad and comparison of the
parameters with the weather data during storm Ciara (top panel)
and storm Yulia (bottom panel). The stormy periods are marked

with a blue background. The jump (marked with arrow) in the
mean z-coordinate of the helipad around noon on 20/02/2020
was caused by maintenance activities.

that heavy rain does not allow data collection on the helipad,
as the wet paved ground does not return any signal. The resid-
uals on the wall of the Breaker’s Beach cafe reach up to double
the values in calm conditions (e.g. no rain and wind below 10
m/s) during heavy rain, owing to water droplets in the air, on
the glass of the laser scanner itself and dripping from the roof
directly in front of the wall.

4.4 Combination with Data from GNSS Sensors

To investigate the stability of the laser scanner by an independ-
ent measurement, single frequency GNSS receivers were used.
Three reference stations in the dunes were evaluated together
with two reference stations of the Dutch Permanent GNSS Ar-
ray (DPGA) in IJmuiden and Delft. GNSS raw data are recor-
ded in this network with a frequency of 30 seconds and com-
bined to coordinate solutions of 1, 3, 6, 12 and 24 hours. No
significant movement can be detected in the observation period.
The measurements are calculated with a 3D accuracy of 2.6
cm. Due to the demonstrated stability, these stations can in turn
be used as base stations for the GNSS calculations on the con-
tainer. Due to the short baselines to the stations in the dunes,
the coordinates on the container are calculated with an accuracy
of 5 mm. Planes are estimated from the four GNSS coordin-
ates and the selected points of the scan data. The parameters of
the plane estimation are used as a benchmark for both measure-
ment systems. The laser scans are not referenced in a global co-
ordinate system, so an absolute comparison with the GNSS data
is not possible. However, a relative comparison of the plane
change is available. In Figure 6, the first GNSS measurement
on 21 February is taken as a reference and change in vertical
angle is considered. In the data of the laser scanner, a higher
measurement noise can be seen, which indicates the reduced
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Figure 6. Angular change between container and horizontal:
Comparison of the plane modelling from uncorrected (uncorr),
corrected (corr) point cloud data (PLS) and the four GNSS
antennas. The stormy periods are marked in blue.

measurement accuracy. For the comparison, a linear regression
(reg) is performed for each data set. The downward trend shows
that the container inclines towards point MON 4 during the two
storm days. The offset between the graphs indicates that the
coordinate systems are not identical. The z-coordinate of the
PLS is not perpendicular because the scanner is not horizontal.
Uncorrected data show a stronger slope, which is caused by the
low-frequency rigid movement. After rigid body transforma-
tion, the offset remains (due to different coordinate systems)
but the relative change is identical between PLS and GNSS.

5. DISCUSSION

Most systematic influences (e.g. displacement of the scanner
position, propagation of the laser or interaction with the object
to be measured) are time-dependent, and have a diurnal vari-
ation or depend on temperature. Thus, correlation calculations
between the individual measured variables must be made with
some caution. A high correlation doesn’t necessarily imply the
existence of a causal relationship, but in combination with sev-
eral data sources and methods these relationships can be estab-
lished with high probability.

The analysis of the data from inclination sensors on the frame
of the scanner (external) and in the laser scanner (internal) show
that a decline in data quality is observed when the standard de-
viation of the inclination angles during a scan is higher than 4
mm/m. These events lead to high (in the order of several cen-
timeters) sum of residuals on flat, stable reference surfaces and
thus an increase in noise in the point cloud overall. The effect,
that we quantify as sum of residuals on flat reference plans is as-
sumed to be present in the entire point cloud, but is less visible
on rough and more dynamic surfaces. It does render elevation
values less accurate. Temperature related diurnal periodic sig-
nals in inclination of the laser scanner can be observed with the
external inclination sensors. However, they do not show signi-
ficant effects on the point clouds in our data set.

These effects of observed high frequency movement related
to point cloud data quality are in our case linked to extreme
weather events (or maintenance activities). If the laser scan-
ner is subject to strong winds with wind speed of 10 m/s and
higher, the standard deviations of the inclination angles rise and
the data quality declines. Our experimental set up including a

weather station directly next to the laser scanner allows to link
these events and high correlation leads us to the conclusion of
a very probable causal relationship. Heavy rain (> 4 mm/hour)
effects data quality as well, by introducing noise through re-
flections from rain drops, as well as gaps in the data due to
accumulated water and wet surfaces.

Rigid movement of the laser scanner, detected with the external
and internal inclination sensors, leads to misalignment of con-
secutive point clouds. These misalignment can be corrected
with rigid body transformations, derived from the data itself or
from the measured inclination angles. Methods to estimate this
transformation can be sensor-based, by means of artificial tar-
gets or data-based with the use of an ICP algorithm (Wujanz et
al., 2018). The radial stripes, that lead to high sum of residuals
on reference planes as effect of high frequency movement of
the scanner are much more challenging to correct for.

The analysis of the GNSS sensors on a reference object as the
shipping containers show that to a certain extend GNSS data
can be used as validation data. The accuracy of the GNSS meas-
urements in the order of mm allows for the verification of gen-
eral trends, such as stability of a set up or gradual movement of
a (reference) object into one direction. Where possible, it is re-
commended to add an additional measurement technique, such
as GNSS, which provides independent results.

6. CONCLUSIONS

External influences significantly affect the data quality of multi-
temporal laser scanner data. We have shown that weather, espe-
cially storm events, have a non-negligible influence. A weather
station in the close vicinity of the laser scanner helps to identify
conditions with critical effects on the data. The internal inclin-
ation sensors of the Riegl VZ-2000 allow to indicate if a scan is
significantly shifted and/or contains higher noise levels. Strong
gusts of wind can shift the scanner, causing deviations of around
5 cm at 175 m range, and wind speeds of 10 m/s and higher
cause shaking of the scanner, which leads to noisy representa-
tions of flat surfaces. For the direct correction of the data, the
movements must be decomposed into high and low frequency
components, whereby the decision threshold is the measure-
ment duration of a single scan. Low-frequency components can
be taken into account by a correction by a 6-parameter rigid
body transformation. In the high-frequency range, a correction
via high-frequency measuring inclination sensors is conceiv-
able, but time synchronisation of the data sets is the challenge
here.
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