EOLIAN SAND TRANSPORT MONITORED BY TERRESTRIAL LASER SCANNING
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ABSTRACT:

Morphodynamic changes at sandy coasts, as are dotimThe Netherlands, are typically monitoregietrly intervals by means of
LIDAR. Meanwhile it is recognized that beach morgiieamics is not a regular process but is strongiyetated to meteorological
conditions. A time series of 14 terrestrial lasears of a beach experiment is analyzed, obtainedgla time period of 88 hours
characterized by changing weather conditions iriolydtrong wind and rain. It is shown that afteroaversion to a suited spherical
grid, different deformation regimes can be ideatifand that elevation changes rates below a mtéinan hour can be detected.

1. INTRODUCTION

In the Netherlands, the most densely populatedsasea
situated directly behind the coastal defense amtllydaelow
the mean sea level. The Holland coast is approgimna®24
km long and consists mainly of sandy beaches pexdduy a
dune system (Short, 1991). The sandy coastal systetacts
the hinterland while providing an important natuieaid
recreational zone. Unfortunately it is renowneduéfer from
structural erosion. It is therefore vital to undamsl the
physical system of the sandy Dutch coast at higlelléo
mitigate ongoing erosion and upcoming sea levee. ris
Current national coastal policy is to maintain teastline
position seaward of its 1990 position. This is avkd by
applying a total amount of approximatelgx 1¢ n+ of sand
per year in nourishments on the beach and shoreftms
this nourished sand is redistributed over the sumiing
coast in time remains a question.

The coastline position and associated beaches @néared

at yearly intervals by the Ministry of Transporti#ic Works
and Water Management (JARKUS measurements). Shirece t
year 2000, measurements of the beach until thediinse row
are obtained by airborne laser scanning. Basedheset
measurements and on similar foreshore bathymairiegs,

it is decided where, when and how the coastal systeould
be supported by beach or shoreface nourishmentsougdh
these regular airborne laser scanning surveys govi
valuable information on the state of the coastisitalso
recognized that morphodynamic changes in the doasta
system are in general not at all regular. High gnevents,
such as storms, typically result in instantaneoasyd
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changes. Apart from storm events, the beach topbgrés
constantly changing at a scale depending on ery gpeed,
wind direction and sand fetch.

To further investigate the scale of the morphodyisam
changes affecting the beach topography, an expetimas
designed to measure sand transport. The experitoehkt
place at a sandy beach about 15 km south of theotithe
Hague in The Netherlands, at a location called Y¥dngurg.

At the beach, at about 100 m from the high watee,lia
screen of about 10 m long and 1 m high was built Tuge
screen consisted of a plastic sheet maintained withden
polls deeply stabilized in the sand. As the windvblfrom
slightly different directions, the screen was nott p
completely straight. It was approximately oriented
perpendicular to the wind direction. At about 10mthe
direction of the wind, an extra high tripod wasidigl set-up
deep in the sand. From the tripod the topographg wa
sampled bythe terrestrial laser scanner Faro Photon 120
during a period of 88 hours. In total 73 scans veegtured
during 15 epochs, ranging between November 2 2608V
and November 6 2009, 9 AM.

During this period of 88 hours, wind, mainly fromet SW
direction was prominent and many showers occurred.
Although the scanner was removed from the tripoiveen
epochs, a small wooden roof protecting the scadoeing
measurements turned out to be quite useful. Additlg,
wooden targets were scattered in the scene to enabl
registration of the different scans. As these targesitions
were also measured using GPS, the resulting pdinids
could be transformed in a global coordinate systatreach
epoch, three to four scans were acquired in a row t
compensate for possible problems in individual scdne to
for example strong rain or sudden wind gusts. Oyiime



Figure 1: Experiment setup: sapdrticles transported towa
the plastic screen and theoeden house protecting 1
terrestrial laser scanner Faro Photon 120.

experiment, several meteorological parameters
monitored, which were mainly considering the wimdhile
the amount of sand blowing over the beach was dfiesht
using so-called saltiphones, (Spaan and Van derelébe
1991).

were

In this paper, an initial analysis of a suited séten of one
scan per epoch will be described. After the regiin of all
selected scans in a common coordinate system, anoairt
points are removed from each scan. The remainimgtpm
each scan are sampled to a spherical grid, adafivbee
distance to the scanner in such a way that each gpint
value is estimated by approximately the same amolustan
points. Sampling each scan to the same grid enabtese
series analysis per grid point. Fitting a lineanditrend to
each of the approximately 50000 grid points revealgeral
deformation regimes that will be discussed in tleeults
section.

Based on the initial analysis presented here lithgidecided
how the available scans should be processed inr dade
obtain optimal conclusions on the topographic cleanthpat
occurred at the beach part during monitoring. Elsse it
will be reported how these morphodynamic changdgs td
wind parameters and sand transport rates as measyithe
saltiphones.

2. BEACH EXPERIMENT DATA

In this section, the topographic data obtainedtlier beach
experiment is described. An overview of the experitmis
shown in Figures 1 and 2. In both figures, the estrés
clearly visible and is facing the wind. The expé&ota on
forehand was that sand is transported by wind, igeavthe
wind is strong enough. Near the screen, the wimdefavill
drop, and as a consequence, the sand in the dirbwil
deposited. To optimally profit from the screenisitmportant
that its orientation is perpendicular to the windedtion.
Therefore it was decided at one instance during the
experiment to adjust the screen position: at ode #iwas
shortened, while meanwhile it was extended at thercside.
The final aim of the experiment is to link the sar@ume
changes in front of the screen to the meteorolbgiral
saltiphone data. The volume changes will be detexchi
based on the terrestrial laser scans.

Figure 2: Sand screen, checkerboard targets satttbhone
Accumulation of sand in front of the screen ishiisias well.

Between epochs, the scanner had to be removed tliem
tripod, because of the bad weather conditions amqtdévent
theft. As a consequence neither it can be assuhsdeich
scan was obtained from the same location nor that t
scanner was oriented in the same direction. Therefovas
necessary to align all scans obtained in a commondinate
system in a registration procedure. For this puep@sper
targets mounted on small wooden boards were used, a
weakly visible in Figures 1 and 2.

2.1 GPS measur ements

The location of the targets has been measured iy, GP
enable an accurate alignment in (finally) the Dutch
coordinate system RDNAP. Coordinates of the targate
been obtained by both real time kinematic measunésrend
by post-processed static measurements. In all cabes
reported standard deviations are in the order afnilin
horizontal position and in the order of 1.5 cmlie vertical.
The targets have been measured by GPS at the etitk of
measurement campaign, at around hour 70. Becautfee of
bad weather conditions, it is quite likely that fesition of
some of the targets has moved by a few centimeligriag
the measurement campaign.

2.2 Terrestrial laser scans

In total 73 scans were obtained using the FARO &hag0

terrestrial laser scanner. On forehand it was dergethat the
effective range on the beach would be about 20 iv@énga

scanning height of 2m on a flat beach, the angteden the
incoming laser range and the up surface normal atecio

85 degrees. This means that at larger distancéstbetpoint

density and point quality will deteriorate. The egfation on
the effective scan distance came approximately ftirue
practice. As stated in the introduction some redmbdcans
were obtained to avoid loss of information. Althbuginds

from the South to WestSouthWest occurred with aefaf

up to 6 Beaufort, accompanied by daily precipitatiates

between 5-10 mm, no loss of scan data was obseRad.
this first analysis it is chosen to consider acfel4 scans,
specified in Table 1:



ScanID | Scantime | Scan hour | Millions | M. points
of points |filtered
006 N2 16:52 | 0O 21.2 6.1
012 N222:09 5 221 6.8
016 N3 07:50 | 15 225 6.5
020 N3 09:02 | 16 217 6.2
025 N313:44 | 21 21.6 6.1
032 N3 22:05 | 29 21.6 6.8
038 N3 23:42 | 31 21.6 6.7
042 N4 08:25 | 39 21.8 6.6
046 N4 12:36 | 44 217 6.7
050 N4 16:53 | 48 22.3 6.7
055 N4 21:55 | 53 21.5 6.2
060 N5 11:09 | 66 219 6.5
079 N5 17:46 | 73 33.8 9.6
086 N6 09:13 | 88 34.4 9.1

Table 1: Overview of processed scans. In the secohann,
N2 stands for November 2, 2009. Hours are in GMT +1

3. PROCESSING TIME SERIES OF SCANS
3.1 Registration

Using the visibility of the paper targets in therd-&cene
software, all scans in Table 1 were registered asethese
control points. Additionally all scans were coneertto the
RDNAP coordinate system by applying the GPS coatéin
The final accuracy achieved after registration ayeb-
referencing is better than 5 cm. The approximatstipm of
the laser scanner in RD is estimated @ty) =
(68824.025,447138.770). To facilitate processingd an
presenting, the first two, resp. three digits & #3, resp. y-
coordinate will be discarded in the following, thiat the
approximate position of the scanner will be consdeo be
(xy) = (824.025,138.770). In practice, the referencirig o
terrestrial laser scans for applications with &éaai signal to
noise ratio is in some sense an iterative proceduigal
referencing results should be carefully evaluatedi af
necessary improved. In the topic covered heregsitpeal to
noise ratio is critical, and almost the completensed scene
is subject to little movement (transport of sand).

Moreover, the targets used for referencing wereafiattable
due to heavy weather conditions. Therefore théalmiesults
should be interpreted with care.

3.2 Extracting terrain points

Many scan points captured do not represent the hbeac
topography, but are the results of reflections otably i) the
wooden construction protecting the scanner, and, the
screen as visible in Fig. 1, iii) targets, equiptseand
existing structures such as polls. First pointartjeabove
the beach were removed by a hard threshold. Théy on

points fulfilling two criteria were kept, using amtermediate
result of a segmentation algorithm described indRab et
al.( 2006). For each scan point the 8 nearest heighwere
determined and a plane was fitted through thesghbers
including the scan point itself. If the normal bfg plane has
an angle of less than 30 degrees with the up dreetnd if
the standard deviation of the plane fit is belomr®, a point
is considered to represent the terrain. In the datimn of
Table 1, the number of points for each scan remgiaiter
this step is given. On average, only 30 % of thainscan
points remain after applying these filter steps.

3.3 Down sampling to adaptive spherical grid

In this experiment, only scans obtained from apipnaxely
the same scan position are compared through tinme O
method to compare such time series of scans iartmple or
interpolate all scans to the same grid, (Lindenteagd
Hanssen, 2003; Lindenbergh, 2010). As in this cheearea
of interest is approximately flat and horizontahetpoint
density strongly decreases with increasing distaiocéhe
scanner, as descibed in the following part. Helenote the
height of the scanner above the ground, and suptiese
scanner scans with increasing vertical angl@he vertical
angle, g corresponding to a scan point at horizontal
distanceRis given by Eq. (1):

ore= arctan(Re/ H). 1)

If the scanner has a vertical angle incrementdpf the
horizontal distanc&.; to a scan point with a vertical angle

(pret+ 49) is given by Eq. (2):

R1= Htan(pre+ 4p) — tan Ap. (2)

Applying Eq. (2) allows defining a spherical gridntered at
the position of the scanner such that each gridcogitains
approximately the same amount of scan points. As an
example, by considering a scanner heighitiaf 2.40m, and
an angular increment ofdp = .25, the distance in the
direction away from the scanner between grid pamtbout

1 cm at 1 mfrom the scanner, but more than half a meter
20m from the scanner. For this paper a horizontal argul
increment of 1°and a vertical angular increment of .25° is
used for distances to the scanner between 1.130no The
horizontal angular increment determines the digtanc
between grid points at equal horizontal distancetha
scanner. The resulting grid consists of 1078(id points. In
practice, the number of grid points for each episctmaller,
because not every grid cell contains scan pointsexXample

of a point density adaptive spherical grid can bensin
Figures 3 and 4. The number of scan points per ceitl
using these settings is in the order of 40 to 50.

For each grid cell, a height value of the grid paienter is
determined using inverse squared distance inteipolavith
power parametgy = 2, (EI-Sheimy et al., 2002).
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Figure 3. Mean sand erosion/accumulation in metar lppur. The cyan circle, dky) = (831,148) corresponds to an area
characterized by sand accumulation. Near the brvete, (x,y) = (831,142.5), the terrain is almost stable, while at the redlejrc
(xy) = (834,126), a small erosion trend was found. The trends agtigepoints near the three circles are visualireigure 5.
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Figure 4. Variance of the estimated erosion/dejowsttends.

34 Timeseriesanalysis

As a result of the previous step, 14 spherical syréde
obtained, one for each scan as listed in Tablenlthe
following only those grid cells are considered, fohich a
grid cell height was found in each of those 14 &godo
obtain insight in possible erosion/deposition patea time

linear trend is estimated through each time seiegid cell
heights. As there is no clear reason why possible
erosion/deposition rates should be constant in,titrie also
important to consider simultaneously the qualityfipbf the
rates found. Based on the initial results of suochkar trend
analysis, a division into locally coherent deforimatregimes
can be made. Other larger deviations can be reredni)
close to the position of the scanner, and ii) nkaredges of



the available grid points. In both cases theseatievis are
believed to correspond to (small) non-terrain ofgjethat
were not or not completely removed by the filtering
procedure.

4. DEFORMATION RESULTS

In this section a first analysis of the different
erosion/deposition patterns is presented, as fitthtby the
grid point analysis.

4.1 Availablegrid points

In Figures 3 and 4 the resulting spherical gridyive to the
horizontal distance to the scanner, is shown. @rdge grid
points are plotted for which a height value is pregor each
of the 14 epochs of Table 1, after the cleaningsstiescribed
in Section 3,. Several features can be recogniredhé
figures. The small white circle, near locatig®y) =
(824.025,138.770), corresponds to the location of the
scanner. Around this circle a rectangular structimmissing
grid points can be seen, with further fans of migsgrid
points starting at each of the corners of the regea These
points are all caused by the wooden structure glioge the
scanner that is visible in Figure 1. Either pointere
reflected on the structure itself and where thesefemoved
as non-terrain points, or points on the terrainld¢owt be
scanned, because they were located in the scanwladhe
structure.

In the upper right part of the figure, many gridime are
missing as well. These are mainly points on theaterin the
shadow of the screen, compare Figures 1 and 2d&gsi
locally other grid points are missing due to thesence of
for example beach poles or tools from the measuneteam.

4.2 Local erosion/deposition trend results

In Figure 3, a local erosion/deposition rate inengter hour
is given for each grid point for which height vadueould be
obtained in all 14 scans covering the total pedb88 hours,
compare Table 1. It should be noted that relatilegige rates
are still only in the order of less than 1 mm peut Clearly
an area in front of the screen, near locafiy) = (831,148)
can be recognized where a relatively large accuinula
trend is detected. This is the effect that was etgquewhile
designing the experiment: because of the screenwthd
velocity will drop, resulting in sand deposition.

In fact, results are most clear when consideriggiféis 3 and
4 simultaneously. In Figure 4, the quality of fitthe linear

time trends of Figure 3 are presented as a varizgatee.

Large deviations from a linear fit are detected tfie same
are in front of the screen. Therefore we will cdesithese
trends in more detail below. In addition, large id&wns are
also found directly at the left and right base ludé screen.
The reason for these deviations is the fact thastiteen has
been moved at one occasion, because of a chang&dh

direction. This also explains why no large deviasicare

visible in the middle of the base of the screeat tyart was
not changed during the experiment.

4.3 Different deformation regimes

In Figure 5, the actual time series of grid poietvations are
shown for the three areas highlighted in Figurey&lzircle.
For each of the three plots in Figure 5, the tweynigt points
closest to the circle centers in Figure 5 are setecThe
colors are random. When comparing the three pkume
jumps in elevation are common to all three plotgably the
jump of almost 2 cm after 46 hours. It should behfer
investigated if those jumps are caused by probbeitts the
registration.

The top plot in Figure 5 corresponds to the arerant of
the screen where relatively large sand depositemds were
found. From the figure it is clear why the qualitylinear fit

is low (compare Figure 4). After a quiet start, vakioon
increases strongly between hours 17 and 45, afteatwmthe
elevation stabilizes again. This regime can bectlirdinked

to the weather conditions as experienced by thesanement
team. In the middle plot in Figure 5, time seriéglevations
corresponding to the more stable area near loc&xigh=
(831, 148) are shown. What should be noted here is that
between hours 17 and 45 the elevations show aveslarge
variation. A possible explanation is that the badather
conditions during this period caused some movemnient
either the targets or the scanner. In the bottamh @lsmall
negative elevation trend can be observed, agair stasg
and rough during the bad weather period betweemshbti
and 45. In Figure 3, a larger green patch is \esidnound
(xy) = (834,126) where apparently some sand loss took
place. A morphodynamic explanation for this locahd loss
cannot yet be given at this moment.

4.4 Further steps

Based on the results presented here, it will st donsidered
if the registration of scans of individual epochancbe
improved, starting with those epochs where jumps ar
observed in the times series in Figure 5. In a s, terrain
change rates between epochs will be converted satw
volume changes. As the area of each grid cell @k this
step is reasonably straightforward. Except for astiiely
volume change, also an error estimate of this velahlvange
will be estimated, based on a formal error propgagaof
notably scan quality and registration quality. Thessults,
purely based on the terrestrial laser scans, héhtin detail
be compared and linked to the meteorological olagiEmns
and eolian sand transport rates as derived from the
saltiphones.

5.CONCLUSIONS

In this paper we have discussed a first analysis4obeach
scans obtained from the same position within aopeof 88
hours. The scans of each of the 14 epochs wereeddo a
spherical grid adaptive to the distance to the rsearA trend
analysis per grid point revealed different defoiorategimes
allowing the identification of elevation changeesitof less
than a millimeter an hour. The initial results mei&d here
demonstrate that a terrestrial laser scanner can be
successfully used to identify local morphodynantiarges at
the millimeter level even during harsh weather dtowals
consisting of strong rain and wind.



Deformation Regime A: accumulation around (831,148)
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Figure 5: Three different deformation regimes. dctefigure, time series are shown for the 20 gaithis closest to the location
indicated in the figure label, compare also thedtuircles in Figure 3.
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