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Wind-alone predictions of aeolian sand deposition on the most seaward coastal dune ridge often exceed
measured deposition substantially. Surface moisture is a major factor limiting aeolian transport on sandy
beaches, but existing measurement techniques cannot adequately characterize the spatial and temporal
distribution of surface moisture content. Here, we present a new method for detecting surface moisture
at high temporal and spatial resolution using a near-infrared terrestrial laser scanner (TLS), the RIEGL VZ-
400. Because this TLS operates at a wavelength (1550 nm) near a water absorption band, TLS reflectance
is an accurate parameter to measure surface moisture over its full range. Five days of intensive laser scan-
ning were performed on a Dutch beach to illustrate the applicability of the TLS. Gravimetric surface mois-
ture samples were used to calibrate the relation between reflectance and surface moisture. Results reveal
a robust negative relation for the full range of possible surface moisture contents (0%-25%), with a
correlation-coefficient squared of 0.85 and a root-mean-square error of 2.7%. This relation holds between
20 and 60 m from the TLS. Within this distance the TLS typically produces 0(10°—107) data points, which
we averaged into surface moisture maps with a 1 x 1 m resolution. This grid size largely removes small
reflectance disturbances induced by, for example, footprints or tire tracks, while retaining larger scale
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1. Introduction

The most seaward coastal dune ridge is often highly dynamic
because of the alternation between intense marine erosion during
severe storms and more gentle aeolian deposition during pro-
longed (seasons - years) fair-weather conditions. Where models
to predict marine dune erosion exist (Roelvink et al., 2009) and
can be used in operational and scientific settings, similar quantita-
tive models for aeolian transport and dune growth are only just
appearing (Delgado-Fernandez, 2011; Keijsers et al., 2016). Simple
aeolian transport models that rely on wind characteristics alone,
generally overpredict measured dune growth considerably, point-
ing to beach characterstics as a limiting source for aeolian trans-
port (Keijsers et al., 2016; Delgado-Fernandez, 2011; Davidson-
Arnott and Law, 1996).

Surface moisture is believed to be a major limiting factor to aeo-
lian sand transport (Davidson-Arnott et al., 2005; Wiggs et al.,
2004; Atherton et al., 2001; McKenna Neuman and Scott, 1998;
Sarre, 1988). It is a primary control on the development of the fetch
effect on beaches and increases the shear velocity threshold
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required to entrain sediment (Delgado-Fernandez, 2010; Bauer
and Davidson-Arnott, 2002). Therefore it is of interest to accurately
account for surface moisture in aeolian transport modelling (Hesp
et al, 2009; Delgado-Fernandez and Davidson-Arnott, 2009;
Walker et al., 2009; Bauer and Davidson-Arnott, 2002; Fecan
et al., 1999; McTainsh et al., 1998; Marticorena and Bergametti,
1995). However, conventional measurement techniques cannot
adequately characterize the distribution of surface pore water con-
tent over a continuous horizontal plane (Darke and McKenna
Neuman, 2008). While measurement techniques such as soil mois-
ture probes can be very useful at elucidating spatial moisture pat-
terns in the intertidal zone and back beach area (Schmutz and
Namikas, 2011; Namikas et al., 2010; Anthony et al., 2009), they
measure moisture content averaged over a layer of sand, rather
than the actual surface which is most important for aeolian sand
transport (Nield et al., 2011; Darke et al., 2009). The traditional
gravimetric method, which involves removing a known volume
of soil sample from the field and determining the mass of water
content in relation to the mass of the dry soil, is accurate but also
has a number of disadvantages. For example, obtaining a uniform
thickness of sampling and a repeated measurement at the exact
same location is impossible due to the destructive nature of the
methodology, which limits its use to quantify temporal and spatial
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variability in surface moisture (Tsegaye et al., 2004; Hillel, 1980).
The optical brightness method (Darke et al., 2009) is, on the other
hand, non-destructive and continuously tracks pore water variabil-
ity at the beach surface through time and space (during daylight
hours), but it requires careful control for changing illumination,
as well as regular calibration against gravimetric measurements
(Darke et al., 2009; Darke and McKenna Neuman, 2008). Instead
of using destructive and time-consuming methods, terrestrial laser
scanning may be a faster and repeatable remote sensing method
that evaluates the top of the surface and gives a more representa-
tive measure of the spatial and temporal variation of surface mois-
ture (Nield et al., 2011; Kaasalainen et al., 2010).

Nield et al. (2014) used a time-of-flight Leica Scanstation that
utilizes a green laser (wavelength A =532 nm) to illustrate that
the return signal intensity is related to surface moisture. To be
more specific, Nield et al. (2014) found that at distances less than
20 m the return signal intensity increased with distance, whilst
for distances over 20 m from the sensor the return signal intensity
decreased with distance. Additionally, Nield et al. (2014) showed
that the intensity values can discriminate within 1-2% gravimetric
moisture content over the lower gravimetric moisture content
range between 0% and 6%. However, the corresponding TLS inten-
sities varied in a very narrow range. Hence, they suggested that a
TLS utilizing more moisture sensitive (e.g., infrared; Edwards
et al., 2013; Nolet et al., 2014) or multispectral wavelengths may
be able to detect surface moisture over a larger range and with
higher precision.

In this paper we examine the suitability of a shortwave near-
infrared TLS (RIEGL VZ-400, wavelength 2 = 1550 nm) to measure
the spatial and temporal variation in surface moisture content on a
coastal beach. Based on several deployments on Egmond beach, the
Netherlands, we examine the robustness of the measurements,
quantify the distance over which the measurements are reliable
as a surface moisture proxy, and derive a calibration curve based
on gravimetric moisture samples. As the TLS spatially oversamples
moisture content, we also explore how averaging the data into reg-
ular grids with different resolutions affects noise levels, while at
the same time resolves true spatial variability. We start with a brief
theoretical description of why the returned signal contains surface
moisture information. This description guides the processing of our
TLS data.

2. Theory

A terrestrial laser scanner (TLS) is an active remote sensing
technique that utilizes the round trip time of an emitted laser
beam to provide the range between the laser scanner and the
backscattering object (Wagner et al., 2006). A TLS derives useful
object representations by means of a dense three-dimensional
(3D) point cloud and is therefore used routinely for topographic
mapping, forest measurements or 3D city models (Heritage,
2009; Hofle and Pfeifer, 2007). To measure surface moisture the
important variable is the returned intensity of the emitted beam
(Ir), which depends on the backscattering characteristics of the tar-
get, measurement geometry and various sensor parameters. The
fundamental relation to explain I is the radar equation (Wagner
et al., 2006),

LD}
T 4R 2

(1)

Here, I7 is the transmitted power, D, is the aperture of the recei-
ver optics, R is the range (distance to target), j3; is the transmitted
beam width and ¢ is the so-called backscatter cross-section which
reads

A4z
Q
Here Q characterizes the directionality of scattering, which is
different for smooth and rough surfaces, p represents the reflectiv-
ity of the target, and A; is the receiving area of the scatterer
(Wagner et al.,, 2006). If we assume this area to be circular, Ag
can be written as

o PAs. (2)
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The substitution of Egs. (2) and (3) into Eq. (1), and the assump-
tion that Iy, D, and Q are constant during a laser survey
(Kaasalainen et al., 2011), implies that I is a function of p and R as

(2

As R is known for each target, the decay of I with R? can be cor-
rected to result in

T=f(p), ()

where we call T the reflectance. The reflectivity of beach sand
depends predominantly on its surface moisture content. This
dependence is negative, hence a lower p indicates a higher moisture
content (Nolet et al., 2014; Edwards et al., 2013; Kaasalainen et al.,
2010; Lobell and Asner, 2002). To summarize, in this paper we
examine the relationship between range-square corrected return
intensity (i.e., reflectance T) and moisture content.

3. Deployment
3.1. Study site

Measurements with a RIEGL VZ-400 TLS were performed at the
beach of Egmond aan Zee, The Netherlands. Egmond aan Zee is
located on the approximately 120 km long, roughly north-south
oriented central Holland coast (Fig. 1). This micro- to meso-tidal
site is wave-dominated and has a relatively narrow (~100 m max-
imum at spring low tide), mildly sloping (~1:30) beach consisting
predominantly of quartz sand with a median diameter of about
250 um. The intertidal zone usually contains a single slip-face
bar. The foredune at Egmond aan Zee is ~25 m high with a steep
seaward facing slope because of occasional erosional events in
winter (e.g., De Winter et al., 2015) and is largely covered by Euro-
pean marram grass (Ammophila arenaria).

The RIEGL VZ-400 was deployed five times, on December 6,
2012, April 29, 2013, March 27, 2015, September 29, 2015 and
October 29, 2015. On all days the TLS was positioned some 10 m
landward of the high-tide line in view of one of the cameras of
the Egmond Coast3D Argus tower (Van Enckevort and Ruessink,
2001; Fig. 1). This has the benefit of having a detailed visual
account on where the TLS was positioned relative to the beach
morphology and the (time-shifting) waterline. On April 29, 2013
the TLS was positioned north of the Argus Tower, near local beach
pole 40.50, while on all other days the TLS was located somewhat
further south, near local beach pole 41.50.

3.2. RIEGL VZ-400 TLS

The RIEGL VZ-400 operates in the shortwave near-infrared at
J.=1550 nm, hence close to the water absorption peak of
1470 nm (e.g., Lobell and Asner, 2002; Wallace and Hobbs, 2006;
Nolet et al., 2014). The RIEGL VZ-400 has an effective measurement
rate of 122,000 points/s and a beam divergence of 0.30 mrad. Each
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Fig. 1. (left) The study site Egmond aan Zee in The Netherlands (right) picture of Egmond beach, between beach poles 41 and 42, taken in the southern direction by an Argus

video camera.

point is associated with a horizontal angle ¢ and a vertical angle 6.
Here, the TLS was set up to have ¢ = 0° in the cross-shore direction
towards the dune; 0 = 0° is vertically upward. Each (¢, 6, R) coordi-
nate is automatically converted into Cartesian (x,y,z) coordinates,
which are relative to the TLS. During each deployment four retro-
reflective cylinders were placed in an approximate rectangule
around the TLS. Their positions were obtained with an RTK-GPS
and were used to convert the scanner’s (x,y,z) into a local coordi-
nate scheme, where x and y are cross-shore and alongshore coordi-
nates, respectively, and z is elevation with respect to Mean Sea
Level (MSL). Each point also has a value of Ix.

3.3. Line scans & panoramic scans

The TLS can be operated in two different ways resulting in a line
or panoramic scan, respectively. In a line scan ¢ is fixed (i.e. no hor-
izontal rotation; we used ¢ =0° and ¢ = 180°), while 6 goes
repeatedly from its minimum (80°) to its maximum (130°). In this
way z(x) and Ir(x) are obtained for a fixed y. With the applied 6 step
of 0.008°, approximately 600 profiles were scanned per minute. As
a line scan was ceased after 2 min, it is safe to assume that surface
moisture did not change during the scan. In other words, line scans
are ideal to test the robustness (or repeatability) of the
measurements.

In a panoramic scan ¢ changes from 0° to 360°, while for each
¢, 0 changes from 80° to 130°. In the present work the ¢ step size
was 0.020° and the 0 step size was 0.020°, resulting in a typical
scan duration of 12 min. On December 6, 2012, April 29, 2013
and March 27, 2015 the measurement set-up was to first perform
a panoramic scan and then the ¢ = 0° and ¢ = 180° line scans. This
was repeated every 30 min. On September 29, 2015 and October
29, 2015 the line scans were omitted and a panoramic scan was
carried out every 15 min.

Fig. 2 shows a typical output of a panoramic scan. Fig. 2a illus-
trates the bed elevation z, with the foredune (z > 3 m) on the right.
Note the intertidal bar-trough morphology at x ~ 475 m. Fig. 2b
shows the so-called amplitude, which is proportional to Iz, and
defined as the ratio of the actual detected optical amplitude of
the echo pulse to a detection threshold. The ratio is stated in deci-
bels (dB). The amplitude is not corrected for range and thus shows
concentric circles in a panoramic scan. Internally, the RIEGL VZ-400

recomputes amplitude with a 1/R? correction into reflectance T. In

more detail, T is defined as 10 times the base-10 logarithm of the
ratio of I to the intensity I, of a diffuse flat white target at the
same range as the target and with its surface normal pointing
towards the laser scanner. A factor of 50% reflectance thus results
in T=-3dB and 1% gives T = —20 dB. Reflectance values above
0 dB indicate that the target gives an optical echo amplitude larger
than that of a diffuse white target, i.e., the target is (partially) retro-
reflecting. As can be seen in Fig. 2c, the 1/R? correction inherent to
the computation of T removes the concentric circles and the T val-
ues now follow the morphology (compare to Fig. 2a). The largest T
is found on the upper beach (~ —4 to —8 dB), where one would
expect the lowest moisture content and decreases towards
~ —20 dB near the water line, with a slight increase on the sandbar.
The lowest T is found in the trough, where the moisture content is
presumably highest. Low values of T are also found higher up on
the foredune, but these relate to marram grass rather than to
wet sand.

Finally, Fig. 2d illustrates a non-dimensional measure called
deviation that represents the difference between the form of the
emitted and returned laser pulse. High deviations are found high
on the foredune, and at distances in excess of some 50 m from
the TLS in the alongshore direction. The former are presumably
induced by multiple reflections from marram grass, while the lat-
ter are presumably caused by the increasingly non-circular foot-
print of the laser beams on the beach. These large deviations
might indicate that T values at these large distances are less reli-
able than closer to the TLS.

3.4. Gravimetric surface moisture measurements

To relate T to surface moisture (w) the panoramic scans on
March 27, September 29 and October 29, 2015 were used. A total
of 10 panoramic scans per day were taken and after each panora-
mic scan, 10 surface moisture samples were collected in the area
surveyed by the TLS. The surface moisture samples were taken
from the upper centimeter with a spatula and collected in a seal-
able plastic bag. On March 27 two persons collected 10 samples
over a cross-shore transect after each panoramic scan. However,
collecting 10 surface moisture samples was rather time consum-
ing. Accordingly, moisture content in the later samples may no
longer relate to T because of temporal variability in moisture
content. Therefore, on September 29 and October 29, 2015 four
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Fig. 2. Example of the main output variables of a panoramic scan made on March 27, 2015: (a) elevation z, (b) amplitude I;, (c) reflection T and (d) deviation.

persons (two pairs) collected 5 surface moisture samples over a
cross-shore transect after a panoramic scan. To be able to find
the corresponding location in the panoramic scan, each location
where surface moisture samples were taken was measured with
an RTK-GPS and converted to the same local coordinate scheme
used for the TLS. The analysis of the surface moisture content
was done with the gravimetric method (Davidson-Arnott, 2010).
In the laboratory the soil samples were weighted when wet and
again after drying the samples in an oven on 105° C for 24 h.

4. Results
4.1. Robustness

To test the robustness of the TLS reflection measurements, the
line scans were analyzed. Each set of line scans (~1200 per
2 min) was analyzed by calculating the mean and standard devia-
tion for z and T at each 0. During the analysis errors in the reflec-
tance data caused by waves in the swash zone and incidental off-
terrain objects were noticed. To remove erroneous data, a 6 thresh-
old was imposed to guarantee that all data points reflected by
waves in the swash zone were removed. This threshold angle dif-
fered for consecutive line scans, given the tide-imposed time-
varying location of the swash zone. Additionally, points with a z
more than 6 times the standard deviation in z were considered out-
liers (for example, humans walking or birds flying through the line
scan) and hence removed from the data.

Fig. 3 shows the results for a representative line scan in the sea-
ward (+55 m, swash zone) and landward (—40 m, dune foot) direc-
tion. The TLS is situated at 0 m. The mean z profile (Fig. 3a) slopes
seaward, with a very subtle ‘platform’ sandbar at about 20 to 30 m
seaward from the laser. Towards the dunes beach elevation
increases and rises towards 8 m height where the line scan was
truncated. Above 8 m height marram grass is located which moves
with the wind and causes high standard deviations in the z profile
and T values that are not representative for assessing the robust-
ness. The standard deviation in z (s,) is always less than 0.006 m

(Fig. 3b), and mostly below 0.002 m. In more detail, s, slightly
increases with distance, especially in the seaward direction.

Fig. 3c shows the reflectance measurements. The black lines
show all scan lines made in 2 min, wherein it is clearly visible that
at a same distance reflectance can vary with 4 dB between individ-
ual line scans. From the dune foot towards the swash zone reflec-
tance changes for the selected line scan from high (—6 dB) towards
low values (—16 dB), presumably reflecting the change from dry to
saturated sand. The black line in Fig. 3d shows the corresponding
standard deviation of reflectance. Within 2 min surface moisture
content did not change, hence the standard deviation shown in
Fig. 3d with a maximum of 0.8 dB is caused by instrument noise.
The standard deviation increases slightly with distance.

Because the TLS oversamples expected spatial variations in sur-
face moisture (e.g. Fig. 3¢), it is appropriate to average T observa-
tions in each individual scan line in bins with a certain cross-
shore size as to reduce instrument noise. For each bin a new stan-
dard deviation can be computed. Fig. 4 illustrates the cross-shore
average standard deviation as a function of bin size. As can be seen,
this spatially averaged standard deviations decreases with bin size
to ~ 0.07 dB at a bin size of 1 m. We consider this bin size still to be
sufficiently fine to capture spatial moisture variability.

The red lines in Fig. 3c and d are the reflectance and its standard
deviation, respectively, using a bin size of 1 m. The number of data
points in the bin is provided in Fig. 3e. As can be seen in Fig. 3d, the
standard deviation is now mostly below 0.2 dB, with an increase to
~0.6 dB near the swash zone, where the number of data points is
lowest (Fig. 3e). Even a value of 0.6 dB is rather low (~< 6%). Near
the swash zone the number of data points (~10 per m) is still sub-
stantially higher than generally achievable with, for example, a
Delta-T theta probe or with surface samples. On the whole,
Fig. 3d illustrates that, after modest spatial averaging, reflectance
T is a highly repeatable (i.e. robust) measure.

4.2. Range

To investigate the influence of the range on reflectance we
explored an alongshore transect in the panoramic scans taken on
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Fig. 3. Line scan characterstics, made on April 29, 2013 at 14:49:36 during low tide

marram grass is located and the intertidal beach until 55 meters where the swash zone starts. (a) Shows the beach elevation (m

Distance (m)

. Each graph shows the position of the TLS at 0 m, the upper beach towards —40 m where
) relative to mean sea level. (b) Is the standard

deviation of the beach elevation calculated with 1200 line scans. (c) Shows the reflectance measurements of all 1200 line scans in black and the mean in red, of which all data
points are averaged over 1 m. (d) Shows the standard deviation of reflectance in black, made with a total of 1200 line scans and the red line represents the standard deviation

after averaging the datapoints over a grid resolution of 0.25 m. (e) Shows the amoun!
this figure caption, the reader is referred to the web version of this article.)

December 6, 2012 and April 29, 2013 when the beach morphology
was relatively flat and alongshore uniform. We can assume that, in
the alongshore direction variations in moisture were small, result-
ing in approximatley alongshore constant reflectance. To minimize
instrument noise, yet to retain any true reflectance trends, the 3D
point clouds were processed into 1 x 1 m bins. Fig. 5 shows a rep-
resenative alongshore from December 6, 2012, where zero is the
position of the TLS and —100 m is the northward direction and
+100 m the southward direction. Within the first ~20m T
decreases markedly. This was found in most other scans too, and

presumably reflects that the 1/R? correction is not appropriate so

t of data points per gridbox over distance. (For interpretation of the references to colour in

close to the TLS. Similar TLS-induced reflectance behaviour was
also noted by Nield et al. (2014) for another TLS. Beyond 20 m T
stays approximately constant up to about 60 m, where T drops
off and the data becomes gappy. These data gaps are caused by a
reduced density of the point cloud due to a small angle of incidence
and the large range. From Fig. 2d we already noted that at these
large distances the emitted and returned pulse differ and that
reflectance may no longer be accurate. Based on Fig. 5 and other
panorama scans of the two selected days, we presume reflectance
measurements to be accurate when the range is between 20 and
60 m. This distance of 60 m corresponds to an angle of incidence
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of 88° (i.e., angle between beach surface normal and laser beam),
given that the TLS height was 1.83 m above beach level in this sit-
uation. We return to this value in Section 5.

4.3. Calibration curve

To quantify the relationship between surface moisture and
reflectance the locations of the surface moisture samples were con-
nected to a corresponding 1 x 1 m grid cell in the panoramic scan.
The corresponding median reflectance (dB) in the grid cell was
compared with the gravimetric surface moisture content to
produce a calibration curve. We chose the median rather than
the mean because many panoramic scans showed small-scale vari-
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ations in reflectance, see Figs. 3 and 6, and Section 5.2. As the
1 x 1 m size is larger than these disturbances, they do not affect
the median. For grid cells without disturbances, the median and
mean are essentially identical. In addition, all surface moisture
samples that were taken close to a footprint, tire track or within
the swash zone were not considered further.

Fig. 7 illustrates that reflectance T was related to surface mois-
ture over its full range from dry (~ 0%) to saturated (20-25%) sand.
Given the observed dependence, the following sigmoidal curve was
fit
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Note the drop in reflectance within the first 20 m and the data gaps in reflectance after 60 m.
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R2 = 0.85; RMSE = 2.69; 176 data points 4.4. Application
* "} * y 27-03-2015 .
. * o  29-08-2015 Three 1 x 1 m surface moisture maps taken on September 29,
20l %, v 29-10-2015| | 2015 over falling tide are shown in Fig. 8 as an example application
of the calibration curve. The maps give a clear illustration of how
surface moisture fluctuates over space and time with correspond-
s ing beach elevation (Fig. 8d). The lighter yellow colors indicate a
low surface moisture content, which are visible on the back beach
in front of the dunes. Surface moisture contents at the back beach
1 above the high water line (the 1-m contour) vary spatially from 0%
until 8% surface moisture content. Toward the sea, surface
moisture increases, depicted with green, blue to dark blue colors.
Surface moisture in the intertidal zone varies spatially from 10%
surface moisture towards complete saturation of 25%. No data
points are visible in the trough. This can be ascribed to the fact that
2 the trough is inundated by water, which absorbs the laser beam. In
contrast, the sandbar shows lower moisture contents than its sur-
Fig. 7. Calibration curve fitted with a sigmoid fit, made with 176 data points roupdmgs. Some, unnatural.features a.re visible like m? tracks,
measured over 3 days of TLS surveys. which appear drier than their surroundings as well (see Fig. 6).
Over time the intertidal zone dries out towards the sea and the
sandbar also shows clear evidence of dessication. The trough dries

25

*
*
*

Gravimetric water content (%)

Reflection (dB)

where w is a predicted moisture value, and a and c are fit parame- out as well, as more data points become visible in the trough over
ters. Here a determines the slope of the sigmoidal fit, c is the centre time, which means that the trough is not fully inundated anymore.
of the dataset, and wy,,x and wy,;,, represent the asymptotes, hence Over five hours the intertidal beach dries out with a value varying

saturation and dry soil, respectively. A least squares fit yielded between 6% and 14.5% surface moisture. Furthermore, dry out rates
a=0.864+0.24 and ¢ =-10.43 £0.31 dB where =+ indicates the up to 8% surface moisture per hour are observed. In future work we
95% confidence band. The correlation-coefficient squared (R?) has will analyze all obtained moisture maps to more fully quantify the
a value of 0.85 and the root-mean-square error (RMSE) is 2.69%.
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Fig. 8. Three surface moisture maps that show the surface moisture variations during falling tide on September 29, 2016 at the beach of Egmond aan Zee, with a
corresponding beach height. On the right side the dunes are situated and on the left side the sea. A clear trough at approximately 480 m in the x-coordinate is visible, which
dries out during the day. Also the yellow colour spreads out towards the sea, which means the soil dries up during the day. Graph (a) was taken at 10:30 h, (b) at 14:00 h, (c) at
16:00 h. (d) Shows the beach height above mean sea level on September 29, 2016. (For interpretation of the references to colour in this figure caption, the reader is referred to
the web version of this article.)
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spatial and temporal surface-moisture variability and to determine
its underlying causes.

5. Discussion

We have shown that the reflectance output of the near-infrared
RIEGL-VZ 400 is a robust and accurate parameter to measure sur-
face moisture over its range of 0% to 25%. This is an improvement
over the earlier TLS results of Nield et al. (2014), who covered the 0
to 6% range only with a green laser. In our case a sigmoidal curve
describes the relationship between reflectance and surface mois-
ture with a RMSE of 2.7%. In comparison to (modified) theta probes
with a RMSE of £2% (Schmutz and Namikas, 2011) and the optical
brightness method with a RMSE on the order of 3-4% (Darke et al.,
2009), a near-infrared TLS is an accurate technique to measure sur-
face moisture from the thin upper layer. In its present set-up the
calibration curve is applicable for distances of ~20 m to 60 m from
the TLS. A serious drawback of using a TLS to measure surface
moisture is its high purchase costs relative to theta probes or even
an optical system. This may prevent widespread TLS use to quan-
tify spatial and temporal moisture patterns on a coastal beach. In
addition, the amount of surface moisture samples we used to pro-
duce the calibration curve substantially exceeds those used in cal-
ibrating theta probes (~ 30; Atherton et al., 2001; Tsegaye et al.,
2004). Therefore, we tested if this amount could be reduced by tak-
ing N (N ranging from 10 to 175) samples from our sampling pool
and determining the RMSE. We repeated this 1000 times and
determined the maximum RMSE for each N over those 1000 tries.
The RMSE does not exceed 3% for N > 85. This means that half the
amount of soil samples we took over the full range of surface mois-
ture content should be sufficient to determine the calibration
curve. We now discuss the effects of angle of incidence of the laser
beam, surface roughness, and grain size and mineralogy on our
observed dependence of reflectance on moisture content.

5.1. Angle of incidence

The angle of incidence influences the maximum distance over
which a TLS can accurately measure surface moisture. It is highly
dependent on target physical properties and geometrical condi-
tions (Pesci and Teza, 2008). In our case the physical properties
are controlled by the grain size of the beach sand with a D50 of
~250 micrometers and the geometrical conditions are controlled
by the height of the TLS, which was kept at about 1.8 m, and sur-
face roughness, which on the beach is very low. These properties
resulted in accurate reflectance measurements until a distance of
60 m with a corresponding angle of incidence of 88°. Beyond 60
meters the assumption of a circular laser footprint is apparently
so violated that the R?> correction breaks down. This is also
reflected from the marked increase in deviation (Fig. 2d) beyond
60 m from the TLS.

It is perhaps surprising that T does not depend on 6 for 0 up to
88°. Many environmental surfaces have Lambertian scattering
properties, in which case the backscatter cross-section o, and
hence Iz and T, have a cos(0) proportionality (Jensen, 2007). Appar-
ently, sand grains act as macroscopic irregularities within a laser
footprint; in other words, there are always -even at large 0- suffi-
cient parts of the grains that are perpendicular to the incident
beam to neutralize the Lambertian cosine law. Our finding that
sand acts non-Lambertian is consistent with TLS experiments with
sand-like material laboratory set-up, in which Iz was also found to
be largely independent of 0, even for 0 above 60° (Pesci and Teza,
2008; Kukko et al., 2008; Kaasalainen et al., 2011).

5.2. Surface roughness

TLS reflectance is sensitive to changes in roughness of the
reflecting surface (Pesci and Teza, 2008; Kukko et al., 2008). In
our case tire tracks and footprints are clearly visible as roughness
elements on an otherwise flat beach and show a higher reflectance
than the immediate surroundings. Apparently, roughness (Q) in
the radar equation cannot always be assumed to be constant. By
using a 1 x 1 m gridsize and the median rather than mean reflec-
tance, such disturbances can largely be removed, while retaining
larger scale trends. It has to be noted that tire tracks also cause
sand to dry out faster, as observed during our measurement days
(see Fig. 6). Thus, the higher reflectance output of tire tracks may
not entirely be ascribed to roughness only.

5.3. Grain size & mineralogy

Other parameters that can influence the reflectance besides sur-
face moisture and roughness, are grain size and mineralogy of the
sand. However, the mineralogy and grain size distribution during a
fieldwork campaign are unlikely to change hugely. Therefore, when
using the TLS one day of calibration is needed and from there it can
be used for the entire campaign on the same location. Furthermore,
Leu (1977) indeed found a relationship between grain size (D50
varying from 320 to 950 pm) and reflectance but only for the vis-
ible part of the wavelength. Also, in his data there is no clear rela-
tionship between mineralogy reflectance beyond a wavelength of
1.38 um. As wavelength increases the influence of moisture is
dominant over mineralogy and grain size (Watson, 1970; Leu,
1977; Shuchman and Rea, 1981). Hence, our calibration curve for
the RIEGL-VZ 400 to measure surface moisture can be used for
most sandy beaches with a D50 around 250 pm. However, one
day of calibrating reflection output to surface moisture is recom-
mended nonetheless.

6. Conclusion

We have shown that the reflectance output of the near-infrared
RIEGL-VZ 400 is a robust parameter to measure surface moisture
from the thin upper layer over its full range from 0% to 25%. This
thus includes the range of surface moisture content between 0%
and 8% where the threshold lies for aeolian transport. The calibra-
tion curve of the presented TLS, describing the relationship
between reflectance and surface moisture, has a correlation coeffi-
cient squared of 0.85 and a root-mean-square error of 2.7%. The lat-
ter is comparable to the often used Delta-T theta probe. The curve
is applicable for distances of 20 m to 60 m from the TLS, although
this distance likely depends on the height of the TLS above the
beach. Parameters like surface roughness, grain size and minerol-
ogy also influence the relationship between reflectance and mois-
ture content but the effect of surface moisture dominates. As long
as one day of calibrating surface moisture to reflectance is per-
formed per fieldwork campaign, TLS (RIEGL-VZ 400) is an highly
suited technique to accurately and robustly measure spatiotempo-
ral surface moisture variations on a coastal beach with high spatial
(~1x 1m) and temporal (~ 15—30 min.) resolution.
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