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Abstract: Anthropogenic activities and climate change in coastal areas require continuous monitoring
for a better understanding of environmental evolution and for the implementation of protection strate-
gies. Surface moisture is one of the important drivers of coastal variability because it highly affects
shoreward sand transport via aeolian processes. Several methods have been explored for measuring
surface moisture at different spatiotemporal resolutions, and in recent years, light detection and
ranging (LiDAR) technology has been investigated as a remote sensing tool for high-spatiotemporal-
resolution moisture detection. The aim of the present study is the assessment of the performance of
a permanent terrestrial laser scanner (TLS) with an original setting located on a high position and
hourly scanning of a wide beach area stretching from a swash zone to the base of a dune in order
to evaluate the soil moisture at a high spatiotemporal resolution. The reflectance of a Riegl-VZ2000
located in Noordwijk on the Dutch coast was used to assess a new calibration curve that allows
the estimation of soil moisture. Three days of surveys were conducted to collect ground-truth soil
moisture measurements with a time-domain reflectometry (TDR) sensor at 4 cm depth. Each in situ
measurement was matched with the closest reflectance measurement provided by the TLS; the data
were interpolated using a non-linear least squares method. A calibration curve that allowed the
estimation of the soil moisture in the range of 0-30% was assessed; it presented a root-mean-square
error (RMSE) of 4.3% and a coefficient of determination (R-square) of 0.86. As an innovative aspect,
the calibration curve was tested under different circumstances, including weather conditions and
tidal levels. Moreover, the TDR data collected during an independent survey were used to vali-
date the assessed curve. The results show that the permanent TLS is a highly suitable technique
for accurately evaluating the surface moisture variations on a wide sandy beach area with a high
spatiotemporal resolution.

Keywords: terrestrial laser scanning; calibration; soil moisture; coastal monitoring

1. Introduction

Anthropogenic activities and climate change are an increasing risk factor for coastal
environments, as they cause ecological and socioeconomic damage. The influences of
weather conditions, changing tides, waves, river outflow, and human construction on
sandy coasts have triggered the need for continuous monitoring of coastal areas. This
will lead to a better understanding of the environmental processes and will enable the
evaluation of coastal protection projects.

Coastal dunes form the main line of defense against the sea on sandy coasts. Their
evolution depends on sediment supply, beach morphology, vegetation, and climatic
variables [1].
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Characterization of aeolian sand transport is essential for modeling beach and dune
sediment budgets. Aeolian transport over beaches depends on several spatially and
temporally variable environmental parameters, i.e., sand supply and wind speed and
direction, [2-4], and it is further influenced by topography, moisture content, and bedform
development [5]. It is widely recognized that cohesive forces associated with the presence
of moisture in surface sediment can act as an important control for rates of wind-blown
sand transport [6]. Coarse shell layers can prevent sand transport on nourished beaches [7],
while on natural beaches, surface moisture is a key parameter [4,8-11], as it influences
aeolian sediment transport by increasing the velocity threshold required to mobilize sedi-
ment [12,13]. Several models—both empirical and physically based—have been proposed
to represent this influence, and the basic mechanics have been clearly documented [13-15].
More specifically, a moisture content higher than 10% by mass prohibits transport [11];
therefore, monitoring soil moisture content is of utmost importance for a proper stability
assessment.

The thickness of the sand surface layer that is of interest for aeolian transport is quite
thin, ranging from a few millimeters to a few centimeters [16]. The upper beach, which
is not influenced by the tides, generally has a low moisture content (<5%), and its low
variability depends on the ground properties and atmospheric processes [6]. Moving
towards the sea, the moisture variability increases (5-25%) due to the variation in the depth
of the water level beneath the sand bed as a consequence of the tides [6,17,18]. Above the
low-tide level, the sand remains saturated, and the fringe above the water level intersects
with the surface [6,19].

In recent decades, these effects have mostly been studied at the scales of individual
storm events and tidal cycles and at a low spatial and temporal resolution. Studying sur-
face moisture has been difficult due to the large spatiotemporal variation, which requires
extensive wide-scale moisture measurements that are time consuming, expensive, and hard
to perform [20-22]. This is due to (i) variations in moisture content, which is strongly
influenced by topographical (slope, aspect, curvature, and relative elevation), climatological,
and meteorological factors [23], as soil sampling near the surface can be prone to errors
because top soils may not adequately show on-site soil characteristics, and their soil mois-
ture can be highly variable due to the atmospheric conditions [24], as well as to (ii) the
limited availability and robustness of instrumentation for measuring surface moisture with
a high spatial and temporal resolution [25]. Only recently have more precise instruments
become accessible for research, allowing significant results for higher spatial and temporal
resolutions [26-28].

Several methods have been explored for measuring surface moisture at different
spatiotemporal resolutions. The most common approach is the gravimetric method, where
a soil sample with a known volume is sampled, weighed, heated, and weighed again. The
mass of the evaporated water is then expressed as a percentage of the mass of the dried
soil [10]. This method is accurate, but it is time consuming and has a destructive nature,
preventing repeated measurements at the same location.

Soil moisture probes are very useful in mapping the variability of surface moisture
over the complete beach area [29] because they enable rapid, non-destructive, and repetitive
measurements [30,31]. This type of soil moisture measurement device is based on integrated
time-domain reflectometry (TDR) technology. A TDR sensor is an electronic device that
works on the principle of radar, which is based on transmitting signals into the medium
and collecting reflected signals. TDR determines the dielectric constant and, consequently,
the permittivity and water content of the medium, which is soil, via the wave propagation
transmitted by two parallel embedded metal probes with the utmost accuracy [32]. Its
main disadvantage is the length of the probes, which is longer than the layer that is of
interest for aeolian transport. Solutions have been investigated, e.g., by shortening the
probe’s length by using dielectric foam blocks that reduce the sensor’s length from 10-12
to 1.5 cm deep [19,33]. As a further disadvantage, TDR has a very limited footprint and
offers point values with a centimeter resolution [34].
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Optical remote sensing methods have shown their ability to retrieve a non-destructive
and faster detection of the surface moisture [35] of the upper centimeter of sandy soil; wet
sand is darker because of its reduced reflectance [36—41].

Digital photography is considered as a remote sensing technique [42]. Using the
surface brightness, this method is noninvasive and allows for a high spatial resolution and
long-term, wide-scale monitoring. It provides continuous monitoring of surface moisture
content, shoreline position, vegetation cover, presence of snow/ice, and wind speed and
direction [43]. Obviously, it is dependent daylight, and it requires precise control for chang-
ing solar illuminations and a regular calibration against gravimetric measurements [42].
Though it can successfully measure large changes in surface moisture, it is less able to
distinguish small changes, especially where the sand is relatively dry (<10%) and available
for transport [44].

LiDAR (light detection and ranging) technology was recently investigated as a remote
sensing tool for soil moisture detection [20,45-49]. This technique also enables high-
resolution terrain mapping and surface characterization [50-54].

Moreover, terrestrial laser scanning (TLS)—also referred to as terrestrial LiDAR or
topographic LiDAR [55]—shows a huge potential for examining coastal processes [56-58].
It allows fast and repeatable measurements of both the variation of surface moisture [29,59]
and of the beach morphology with high spatial and temporal resolution. It has an advantage
over other surveying techniques in that it can provide accurate and dense sets of 3D
coordinates of scanned objects in a rapid and noninvasive manner [60]. TLS can scan a
beach repeatedly without correction for changes in illumination because it works as an
active sensor [29,61-63]. TLS measures the distance and direction of a surface point using
a laser signal and records the intensity of the reflected signal for each return point. The
intensity measurement is a function of the surface properties and instrument position [61],
and it can be calibrated to reveal surface moisture when the other surface properties remain
constant [29,40,62,64—68]. The reflectivity of beach sand depends predominantly on its
surface moisture content. This dependence is negative; hence, a lower value indicates a
higher moisture content [35,38,40]. Nield et al. [29,61] demonstrated the potential of TLS
for measuring the moisture in a sandy environment using a Leica Scanstation2 with a
wavelength of 532 nm. Smit et al. and Ruessink et al. [62,63] used a RIEGL VZ-400 with
1550 nm wavelength to reveal a robust negative relation between TLS backscatter intensity
and surface moisture in the moisture range of 0-25% between 20 and 60m. Recently,
Jin et al. [69] demonstrated the possibility of spatially mapping moisture using a mobile
TLS Z&F /Leica HDS6100 with a wavelength of 650-690 nm. The moisture content of the
sand was up to 25%, and the scanning distance was from 1 to 20m. The application of
TLS in aeolian environments also shows how surface topography and moisture patterns
co-evolve [61].

In this study, we exploited a permanent laser scanner with an original relative position
in the study area to estimate the moisture content of a sandy soil. We performed in situ
measurements of soil moisture with TDR probes over a beach area in Noordwijk, the
Netherlands, where a permanent TLS with a 1550 nm wavelength [70] located on top of
a building scanned a wide area of the beach from the swash zone, where the moisture
variation was considerable, to the base of the dune. TLS reflectance was used to assess a
new calibration curve for soil moisture at 4 cm depth by using TDR probe measurements
as a ground truth. The calibration curve, which was interpolated with a non-linear least
squares method in the same form as that adopted by Smit et al. [62] and Tan et al. [60],
allowed the evaluation of the soil moisture as a function of the TLS backscatter. This
interpolating curve, which was assessed by using data collected during a field survey, was
used as the predicted curve. As an innovative aspect, further probe measurements were
collected during a dedicated independent survey in order to validate the assessed curve.
Moreover, the calibration curve was tested under different weather and tidal conditions.
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2. Test Site

Measurements were performed at the beach of Noordwijk, which is located in the
middle of the Dutch coastline (site location: 52.24°N 4.42°E). The back and foredune areas
were not taken into account for the analysis due to the presence of vegetation; this would
require a different approach for the investigation of the laser signal, which is not the aim of
the present study. The considered area, including the intertidal zone, was relatively narrow
(150-200 m wide, depending on the tide), and consisted predominantly of fine quartz sand
(>90%) [71]. The mean grain size was 260 yum. This was estimated in a laboratory using
sieving methods with sediments collected from the top 2 mm.

A laser scanner, a Riegl-VZ2000, was installed in July 2019 on the upper balcony of a
building, which was about 200 m from the beach area; see Figure 1.

Figure 1. TLS and the weather station installed on the upper balcony of the Huis ter Duin Hotel,
Noordwijk, the Netherlands.

It was intended to collect data for two years. The field of view was ~1 km by ~300 m
and contained parts of the dunes, the beach, and the intertidal zone during high and low
tide. This yielded detailed information on the beach’s morphology and the waterline. Every
hour, a dataset containing a 3D representation of the scanned area and the backscatter
intensity was collected. Figure 2 shows the backscatter intensity of the TLS field of view
during low- and high-tide conditions and provides an overview of the location of the study
area. In situ measurements were collected at 7:00 a.m. (local time) on five different days
between January and March 2020, at the same time as the passage of the Sentinel-1 satellites
over the Dutch coast. The measurements were collected in an area with a length of 100 m
and a variable width depending on the tide (70 to 130 m) (area A; see Figure 3).

The days of the surveys were characterized by the absence of rain and varying wind
conditions (ranging from 5 to 14 m/s at the moment of the scan). Tidal conditions varied
as well, affecting the area of the measurements; compare with Figure 2.

Each daily set of data points consisted of about 40 in situ probe measurements collected
roughly 30 min after the time of the laser scan. Each in situ measurement included a
soil moisture (%) value and was positioned with a precision of 1-2 cm using RTK-GPS.
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During the five days of the survey, more than 200 measurements were collected. Most of
the measurements (128 data points were taken on three out of the five days in area A; cf.
Figure 3) were used to approximate the new calibration curve. The remaining two days
were used to validate the curve. A further theoretical study, which will be discussed in
Section 2.3, also took a different area into account (area B; cf. Figure 3).

(b)
Figure 2. View of the backscatter intensity (dB) of the two fieldwork areas. (a): High-tide conditions
(14 July 2019, 8:02 a.m.). (b): Low-tide conditions (12 October 2019, 8:02 a.m..).
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Figure 3. Partial view of the TLS on the beach of Noordwijk and locations of the fieldwork.

2.1. Permanent Laser Scanner

A TLS utilizes the round-trip time of an emitted laser beam to provide the range
between the laser scanner and the backscattering object [72]. The Riegl VZ-2000 operates
with an accuracy of 8 mm, where the accuracy is the degree of conformity of a measured
quantity to its actual (true) value, and a precision—also called reproducibility or repeatability,
which is the degree to which further measurements show the same result—of 5 mm [73] in
the near-infrared, hence its usefulness for moisture retrieval; its wavelength is close to the
water absorption peak of 1500 nm [38,74]. The laser beam’s divergence was 0.3 mrad, and
its field of view was 100° horizontally and 360° vertically. Each point was associated with a
horizontal angle ¢ and vertical angle 6. These coordinates were automatically converted
into (x,y, z) coordinates relative to the TLS. High-resolution data correspond to an angular
point spacing of 0.015°, which is a point spacing of about 10 cm at the water line. The scan
was repeated every hour at a low resolution, which corresponded to 0.03° angular point
spacing (about 30 cm point spacing at the water line, and about 3 cm in the dry area), closest
to the TLS. Each data point contained (x, y, z) coordinates and reflectance. Low-resolution
data points were used to find the relation with the in situ measurements. The reflectance
provided by the TLS was a ratio of the actual amplitude of the target to the amplitude of a
white flat target at the same range, oriented orthogonally to the beam axis, and with a size
in excess of the laser footprint [73]. The reflectance is given in decibels (dB).

2.2. In Situ TDR Measurements

In situ moisture measurements were collected with a Trime-Pico32 sensor, which is a
TDR device. Trime probes measure the conductivity and moisture in the same large soil
volume [75]. The volumetric moisture is given as a percentage with a £2% accuracy range
for moisture values of 0 to 40% and +3% for moisture values of 40 to 70%.

TDR probes need to be calibrated to achieve their best performance. They yield an
average reading of the volumetric value over the entire probe length of 11 cm. Although
the surface and near-surface samples follow similar moisture trends, in areas where the
surface dries rapidly, the direct surface value could be most relevant [29]. Yang et al. [30]
and Schmutz et al. [76] stated that the measurement resolution of the probe decreases as
the active probe length is reduced, but there does not seem to be a significant decrease
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in accuracy. Schmutz et al. [76] reported that reducing the active probe length to 1.5 cm
(from 6 cm at full length) increases the standard error of measurement from +1.0 to +1.9%
moisture content. Therefore, instead of the use of a dielectric foam, we decided to exploit
the capability of the sensor to be buried in both horizontal and vertical orientations [75].
For each measurement, the sensor was horizontally buried in a ditch of 4 cm depth. In this
way, it provided soil moisture measurements at a depth smaller than the case of the vertical
orientation (11 cm). The sensor provides several default calibration settings depending on
the type of soil to be analyzed. The calibration for sandy soils was used.

The consistency of the probe measurements was verified and validated through a
comparison with the gravimetric method; cf. [77,78]. Soil samples at 2 mm from the surface
were collected, weighed when wet, dried in an oven at 105 °C for 24 h, and reweighed
to determine the dry sample weight. The moisture content, w, which is expressed as a
percentage, is

Ws — Wy

W= )
where ws and w, are the initial wet sample weight and the dried sample weight, respectively [76].
The moisture retrieved with the gravimetric method was then compared with the moisture
measured by the probes at the same time and at the same location. Laboratory tests de-
veloped at the facilities of the Technische Universiteit Delft showed that the differences
found between the moisture values evaluated with these two different methods were up to
£1.0%; therefore, they were considered negligible in the present study.

2.3. Incidence Angle and Distance from the TLS

An aspect to be considered is the backscatter intensity (I) correction as a function of
the range (R) from the source (TLS) and of the incidence angle (8). The angle of incidence
influences the maximum distance over which a TLS can accurately measure surface mois-
ture [62], and it depends on the target’s physical properties and geometrical conditions [79].
For Nield [61] and Smit [62], the influence of the incidence angle was not relevant when
using the TLS for soil moisture estimation on a sandy beach surface; Jin [69] considered
this aspect relevant, and he carried out a series of indoor calibration experiments with
the purpose of understanding the dependence of I on the incidence angle under the same
gravimetric moisture conditions.

The relation between I, the range, and the incidence angle can be expressed with the
simplified equation [69]:

cos 6

[=F —5—C @)
where [ is the backscatter intensity given in magnitude, p stands for the reflectance of the
target, and 6 is the incidence angle. R is the range and C is a parameter describing the
system and the atmospheric factors. In the present study, considering the relative position
between the TLS and the study area (see Figure 3), it was possible to ignore the influence
of the incidence angle. Equation (2) shows how [ is linearly dependent on cos 6, which can
be approximated as cos 0 = z/R, where z is the height difference between the study area
and the TLS (source) position. Considering that z ~ 50 m and that the range values are
of the order of hundreds of meters (R ~ 300 m for site A), the characteristic values of 6
were approximately 80 deg with respect to the considered sandy area (see Figure 4), with
extremely limited variations on the beach.

The short-range configuration used by Jin [69] caused high variation of the incidence
angle; therefore, it was not possible to consider cos 6 as a constant, and the dependence of
I on the incidence angle was not negligible.
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TLS

0 = 8041°
Target

Beach

Figure 4. TLS geometry on the beach of Noordwijk for a target located in the fieldwork area (A).
Similar values occurred for other areas located in the TLS’s field of view (e.g., area B).

Similar considerations could be made about range. Equation (2) shows how I depends
on the range (1/R?). Considering the range of the present configuration (hundreds of
meters), its variation caused minimal relative variation of 1/ R2. Nonetheless, it was
possible to evaluate the correction factors when calculating the backscatter intensity in
order to consider the influences of R and 0 for different areas of interest. For instance, we
wanted to estimate the soil moisture at two different targets located in the A and B areas of
Figure 3 on the assumption that they had the same reflectance values (p). We could also
consider C as a constant. For each target, we could consider:

IAR%

cos(04) pC @)
IgR3

cos(fg) = @

where 4 and p refer to targets A and B, respectively. We obtain:

_ R cos(6s)

Jp — —ASP°VB)
b R cos(04)

Ia @)

3. Methods

A calibration curve was obtained by comparing in situ moisture data (see Section 2.2) with
the reflectance data measured by the TLS (see Section 2.1). The TLS (x,y) coordinates,
initially relative to the TLS, were georeferenced in geocentric coordinates, which were
latitudes and longitudes in an Earth-centered, Earth-fixed (ECEF) coordinate system. We
matched each in situ moisture measurement with the closest reflectance measurement
provided by the TLS. In situ measurements with a distance higher than 1 meter with
respect to the closest laser point were excluded. This procedure allowed the exclusion
from the calibration of all of the in situ measurements whose distance from a TLS point
would have been too long to assume that the moisture remained constant [33]. In the study
area, the moisture values were generally lower than 30%; therefore, thanks to the high TLS
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resolution, in situ data were associated to TLS points that were extremely close (within
6 cm) to the location of the measurement. The range of one meter was chosen as a good
compromise for considering the measurements taken in areas with high moisture content
in order to make the association reliable and to avoid excluding a high number of in situ
measurements (see Section 4.1). For moisture values higher than 30%, the distance from
the associated TLS data point was not reliable (even more than 5 m). This is related to the
inability of the laser to detect wet areas when the water content is higher than 30%, and
this can be ascribed to the fact that the sand surface is inundated by water, which absorbs
the laser beam [62]. To remove erroneous data, 1 m was assumed as a threshold. This
also allowed the exclusion of most of the data points with moisture greater than 30%. The
remaining data points with moisture values greater than 30% were saturated [62]. The
elevation profile (Figure 5) and its standard deviation (Figure 6) were used to evaluate
outliers (e.g., people or tractors on the beach).

Elevation (m)

2
£
C1'5 1.5
kel
® 1
>
k) 1
w 0.5
0 -l
160 05
0
100 -
-280 0
80  -300
Y (m) X (m)

(b)

Figure 5. (a) Point-cloud overview of a section of the scanned area with backscatter intensity (dB). The

top of the image corresponds to the end of the dune area; the bottom corresponds to the swash zone.
The areas without data points are due to the presence of backwater on the sand surface following
high tide. The shadow of a building can be seen in the top-right corner. (b) Elevation profile (m) of
the same section. X and Y are shown in TLS coordinates and represent the distance (m) from the TLS;
X = —180 m corresponds to the end of the dune area; X = —300 m corresponds to the swash zone.
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Figure 6. Standard deviation of the beach elevation evaluated in the area shown in Figure 5. The
standard deviation was evaluated within 1x80m transects parallel to the coastline. High variation in
the standard deviation can be seen at the end of the dune area (X = —180 to —210 m), corresponding
to an area with high surface roughness, and in the backwater area (X = —260 m).

Overall, 128 of the in situ measurements taken on three of the five total days were used
for the calibration. Data points considered to be outliers and with a distance greater
than 1 m from the closest point measured by the laser were excluded (~20% of the
total measurements).

4. Results and Validation

Based on the implemented curve, which was proposed by Smit et al. [62] for a
terrestrial laser scanner, a new calibration curve (see Figure 7) was assessed for moisture.
The calibration curve—which interpolates pairs of associated data—was evaluated in the
following form:

Wmax — Wmin
wib) = =3 + exp(k(b —kz)) + Wmax ©)

where k = —kq/k3, b is the reflectance measured by TLS (in (dB)), wmax represents the
saturation values assumed for moisture content wmin, Ec min are the minimum detectable
probe values for w (here, we assume these to be Wi, = 0), and k1, kp, and k3 are constants
to be determined. The data were interpolated by using a non-linear least squares method.
As discussed above, the saturation value of the moisture content was set to 30%. The w
calibration curve gave the following results for the interpolation coefficients: k; = 421.61,
ky = —12.46, and k3 = 240.30. The calibration curve for the moisture in the present form
gave an RMSE of 4.3% and an R-square of 0.86. An overview of the estimated values for
the evaluated fitted curve is given in Table 1.

Table 1. Estimated parameter values of the soil moisture fitting curve in Equation (6) based on the in
situ observations.

Parameter Value

w RMSE R-Square k1 ko k3 Wmin Wmax
4.3% 0.86 421.61 —12.46 240.30 0 30%
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Figure 7. Soil moisture calibration curve assessed with data points measured over 3 days of surveying.
4.1. Validation

In the present form, the calibration curve is applicable for the area described in
Section 2. As mentioned, this fitting curve was assessed by using data points collected
over three days of surveys, and these were used as the predicted curve for a validation test.

The validation test was conducted by using independent data points collected during two
additional days of surveys; see Figure 8.

30

[] I
=—Fitting curve
® Moisture validation data points

25}

Moisture [%)]
- S
[&)] o

-
o
T

0 | | |
-20 -18 -16 -14 -12 -10 -8
Reflection [dB]

Figure 8. In situ moisture data points used for validating. The moisture fitting curve (i.e., the
predicted moisture curve obtained by using Equation (6) with the coefficients reported in Table 1).

Of the 48 data points collected on this day, seven points were excluded because their
distance was greater than 1 m from the closest point measured by the laser or because they
were considered outliers. The data collected during this validation survey were used to
evaluate the root-mean-square error (RMSE) with respect to the moisture calibration curve
obtained in Section 4 (with the parameters shown in Table 1); the RMSE resulted in 4.1%
and the mean error was 2.9%. A comparison of these values with the ones in Table 1 shows
that they are consistent with the days used for calibrating the curve.

As discussed above, the distance of 1 m was considered as a good compromise for
creating the association of in situ and laser data points to both assess the curve and validate
it. We also evaluated how a shorter distance would decrease the RMSE: A 0.3 m distance
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gives an RMSE of 3.8% and a mean error of 2.7%. Unfortunately, in this study, a shorter
distance would result in the exclusion of a high number of in situ measurements, and the
remaining data points would be considered insufficient for the purpose of the validation.
For a future investigation, a higher number of in situ measurements can be considered to be
a better compromise. By applying the calibration curve, moisture maps of the area scanned
by the laser on different days were evaluated. The moisture maps from four different days
are presented in Figure 9. The moisture maps obtained using the calibration curve were
compared with the maps interpolated using in situ data (Figure 10). The consistency of
the obtained maps further proves how the permanent long-range TLS can be used for
high-spatiotemporal-resolution maps, thus avoiding time-consuming surveys.
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Figure 9. Moisture map of the area scanned by the laser on 20 July 2019, 26 July 2019, 25 July 2019,
and 31August 2019 at 8:00 a.m. The beach areas are shown in the red rectangles, with different widths
depending on the tide. The back and foredune areas (right bottom) and the shadows of the dunes
(with no cloud points) are included in the present maps, but their moisture was not investigated.
The turquoise color in the beach areas indicates a low surface moisture content. Toward the sea, the
surface moisture increases, reaching a saturation of 30%. This does not occur in the image evaluated
on 20 July 2019.
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Figure 10. Contour map of the surface moisture in the study area during the in situ measurements
collected on 30 January 2020 at the same time that Sentinel-1 passed over Noordwijk (7:08 a.m..).
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The scan from 20 July 2019 shows some anomalies in the backscatter values (values
up to the saturation close to the foredune area) that cannot be ascribed to moisture. The
hypothesis is that these anomalies can be attributed to the strong wind and, consequently,
to the aeolian transport, which can affect the signal. The wind conditions were similar
(from 2 to 4 m/s) for three of the four images represented. However, during the scan of
20 July 2019, the wind speed was >10 m/s. This phenomenon of backscatter anomalies
was noticed on other days that were characterized by high wind speeds or by the presence
of sea foam on the sand, e.g., after a storm.

4.2. Environmental and Meteorological Conditions

As shown in Figure 7, the predicted curve remained consistent in the entire considered
range, and particularly when the reflection was lower than 15dB, where the moisture
presented the highest variability.

Rain and tidal conditions affect sandy soils in terms of soil moisture. A dedicated
investigation was carried out in order to demonstrate how the calibration curves obtained
under different conditions were consistent with the weather and tidal dataset; the moisture
variation depending on rain and tidal conditions was analyzed. This test was performed
on a day with increased precipitation. Precipitation data were acquired from a private
weather station located in the analyzed area. Moisture maps were evaluated for each laser
scan (every hour).

On the selected day, the highest tidal condition was reported at 15:53. The rain started
at 16.30 and reached its peak at 19:30; afterwards, it decreased. A selection of the moisture
maps is reported in Figure 11, where both the tidal condition (increasing tide until 15:01,
then decreasing) and the increasing precipitation rate (maximum value at 19:01) can be seen.

110141  Maisiute (%)

4

44245 4-?5 442 ﬁ'; 4426 G‘h‘ﬁ'! 44245 4425 44255 4426 44265 44245 4425 44255 4426 44265

Motsture (%)
1 30
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Figure 11. Selection of moisture maps evaluated on 12 October 2019. For each image, the time is
reported on top as HHMMSS. The area of interest is shown in the red rectangle. Both the tidal condi-
tion (increasing tide until 15:01, then decreasing) and the increasing precipitation rate (maximum
value at 19:01) can be seen in the masks. The top three images are characterized by the absence of rain
and an increasing tidal condition. The image at 15:01:41 represents the highest tidal condition, where
part of the beach area is covered by seawater and the moisture reaches the saturation value (30%).
After that, the moisture starts decreasing again with the lowering of the tide. The lower images show
the increasing precipitation rate: The moisture value of the sandy area that is not affected by the tide,
which used to be in the range of 0-5%, increases to 10-15% at 19:01:46, when the precipitation rate is
the highest. At 21:01:46, the moisture values are lower again.
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The results of this study can be further investigated for a multi-temporal analysis of
the moisture variation along the beach.

5. Conclusions

The present study showed how a permanent TLS (RIEGL-VZ2000) is a highly suited
technique for accurately estimating surface moisture variations in a coastal environment
with high spatiotemporal resolution over a wide area. The use of a permanent TLS, with
its original setting on top of a tall building and overlooking a wide sandy area, allowed
moisture analysis over a large field of view, including a swash zone, where the moisture
content had the highest variability. Moreover, with its permanent position in the area of
interest, it guaranteed continuous and high-spatiotemporal-resolution information on the
area, with the main advantage of collecting a significant amount of data, thus avoiding
time-consuming and expensive in situ experiments.

A new calibration curve was assessed in order to evaluate soil moisture as a TLS
backscatter function. The TLS reflectance and probe measurements showed a robust
correlation up to 30% moisture content with a root-mean-square error (RMSE) of 4.3% and
a coefficient of determination (R-square) of 0.86 for soil moisture. These values, which were
evaluated by using a long-range permanent laser scanner, are consistent with the findings
of previous literature in which TLS located directly in the study area was used.

The calibration curve was validated and tested under different circumstances in order
to consider a different angle of view from the TLS and different wind, rain, and tidal
conditions. It was showed how the validity of the assessed relations persisted under these
conditions, and this can be further investigated in future studies thanks to the availability
of a large temporal dataset collected by the permanent TLS.

Relevant applications of the obtained calibration curve include the exploitation of
SAR data; considering their sensitivity to soil moisture, the large amount of in situ data
obtained with the TLS could be used to evaluate new calibration curves that are able to
relate SAR backscatter to soil moisture.
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