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Abstract: Biancana badlands are peculiar landforms in the Basilicata region of Italy resulting from the
local combination of geological, geomorphological, and climatic settings. The evolution of badlands
mainly depends on slope erosion, which is controlled by the angle, exposure, and vegetation of the
slope and its interactions with insolation, rain, and wind. Multi-temporal, detailed, high-resolution
surveys have led researchers to assess changes in slopes to investigate the spatial distributions of
erosion and deposition and the influence of wind-driven rain (WDR). A comparison between two
terrestrial laser scanner (TLS) point clouds surveyed during 2006 and 2016 fieldwork showed that
the study area suffers from intense erosion that is not spatially uniform on all sides of biancane. By
combining slope and exposure data and the cloud of difference (CoD), derived from a 3D model, we
showed that all the steepest southern sides of biancane suffered the most intense erosion. Because
splash and sheet erosion triggers sediment displacement, the analysis was also focused on the
intensity and direction of WDR. We performed a real field experiment analysing erosion rates over
10 years in relation to daily and hourly wind data (direction and speed), and we found that frequent
winds of moderate force, combined with moderate to heavy rainfall, contributed to the observed
increase in soil erosion when combined with the insolation effect. Our results show how all the
considered factors interact in a complex pattern to control the spatial distribution of erosion.

Keywords: biancane; badlands; 3D models; multitemporal comparison; erosion; wind-driven rain

1. Introduction

Badlands are landforms typical of semiarid regions, under a high runoff rate and a
low vegetation cover [1,2]. These forms are extended in almost all of the Mediterranean
basin, depending on the bedrock and soil properties [3—6]. In Italy, badlands landforms
are widespread in almost all regions where there are Plio-Pleistocene marine sediments,
composed of alternating beds of clay, marl-clay, silt clay, and silt outcrop [7-10]. The
badlands forms are known as calanchi and biancane: calanchi are bare, steep slopes with
a sharp drainage network affected by slope processes [11], and biancane are 10-20 m
dome-shaped hills dissected by micro-rills or micro-pipes [12,13].

The badlands of Aliano, covering a central part of the Basilicata region in southern
Italy (Figure 1), are dominated by biancane [13-15]. Several studies have investigated the
processes that act on low-relief landscapes to originate the biancane landforms [7,11,13,14]:
they develop on reticular joint systems controlling the formation of rill networks, promoting
the collapsed-pipe formations that generate block-like small hills with bare flanks and
vegetated tops [13,16]. The erosion processes depend on the characteristics of the clay
materials, both in the middle and at the base of slopes [13,14]. As a consequence, subsurface
flows become the main erosion processes; pipe enlargement leads to pipe collapse and the
consequential isolation of cones on slopes. Subsequently, overland flows become dominant
since rilling is active on the dome flanks, reducing their sizes and rounding their shapes,
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then canalises in small gullies, forming residual conical domes of different morphologies
after the pipes’ roofs collapse [7,10,16]. In the lower topographic areas between domes, less
concentrated surface flows and deposition promote vegetation cover and micropediment
formation [12,13].

Even if the evolution of biancane is quite well known, their spatial continuous erosion
rates are not easy to assess [17]. These rates are very important in terms of sediment
(dis)connectivity on hillslopes and carbon dynamics [18,19]. In several studies, direct
erosion measurements were made with pins placed in slightly accessible areas where
piping was usually absent [8,20-23]. Indirect measurements can be calculated by com-
paring multi-temporal digital elevation models (DEMs) provided from digital stereopair
photograms [20,24] or, more recently, from lidar technology or unmanned aerial vehicle
(UAV) photogrammetry [25-29]. Comparative analyses between two or more DEMs of the
same area can highlight the slope areas affected by erosion or accumulation and provide an
estimation of the spatially distributed erosion rates [24,28,29]. The systematic and random
vertical errors in these studies have been assessed by measuring the elevation differences
between DEMs and ground control points (GCPs), and these errors are usually of values
on the order of centimetres [23,24,27,30], which are acceptable when considering the metric
ground level changes that occurred in the considered time span and the relatively large
size of the surveyed areas. However, the vertical errors are strictly linked to the DEM
resolutions. The choice of resolution is critical when using a DEM to study the spatial
patterns of these processes, since erosion and deposition are spatially heterogeneous across
hillslopes [31]. The DEM resolutions used in previous analyses ranges from a cell size of
5 m [20] or 2 m [24] to those ranging from 5 cm to 15 cm for studies using a terrestrial
laser scanner (TLS)- and structures from motion (SfM)-derived DEMs, respectively [27]. In
general, TLS provides more precise detection and quantification of changes, whereas SfM
DEMs are more appropriate to measure rates in wider areas [26-28].

Several studies have also analysed changes in hydrological catchments, quantifying
the accumulated or eroded volumes and detecting the morphological processes acting on
badlands [22,24,27]. In these studies, the factors acting on badland hillslopes, such as the
slope angle, orientation, vegetation, rain, and wind, were identified; in fact, badlands are
complex landscapes in which the interaction between different geomorphological processes
is present [32].

The correlation determined between erosion and the slope angle shows that the
steepest biancane sides experience major erosion due to the downward component of
splash and sheet erosion, which is dominated by gravity [33]. Additionally, exposure
affects the rate of erosion due to the dry and wet balances involved in sediment cohesion;
the presence of soil on the top contributes to the maintenance of steeper slope angles; and
vegetation can interfere with erosion processes [1]. Moreover, it has been suggested that
rills and pipe erosion produce similar quantities of sediment per unit of runoff discharge
under rainfall events [1,7]. Piccarreta et al. [14] showed how daily rainfall totals over
10 mm exceed the threshold for erosion occurrence, while rainfall amounts of 30 mm cause
severe rill erosion and mass movements on slopes. However, research on hydrological
and erosional contribution to badlands evolution has been conducted by rainfall field
simulation [34] and references therein]. Recently, some studies have pointed out how
the combined actions of rain and wind can accelerate erosion on slopes. The diversion of
raindrops from the vertical direction is directly proportional to the wind speed, up to a wind
speed of 6 m/s (which is a value within the moderate breeze on the Beaufort scale [35]).
For wind speeds greater than 6 m/s, the raindrop diversion angle slowly increases until the
wind speed reaches 10 m/s, and then remains constant [36]. Wind-driven rain (WDR) has
been investigated in several papers and is considered an important factor in soil erosion
and runoff generation, particularly under the combined conditions of heavy rainfall with
low to moderate winds [36-39]. According to Marzen et al. [38], WDR has a great impact
on runoff generation and is a crucial factor for natural hazard risk assessments, since it
can increase soil erosion. However, until now, all WDR studies have been carried out in
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laboratory experiments using wind tunnels, and it is difficult to assess the contribution of
WDR to slope erosion under field conditions also taking into account the main direction of
surface wind in different weather types [40].

We used multi-temporal surveys carried out by high-precision TLS technology to
detect where topographic changes occur on biancane hillslopes. The detailed 3D model
comparison led to assessment of the amount of changes, as erosion or deposition, and how
the influence of the morphological setting, of rainfall, and main direction of WDR can affect
changes on the surface.

2. Materials and Methods
2.1. Study Area: Geological and Climate Data

The study area is located in the well-known badlands of the Basilicata region near
Aliano, Italy (Figure 1) on a south-facing hillslope of a monocline, and is approximately
10,000 m?. The area is situated between the central part of the Bradanic Trough and the
Lucanian Apennines, and is in the north-eastern area of the Plio-Pleistocene Sant’ Arcangelo
Basin. The outcropping succession ranges from 500 to 900 m thick [41,42] and is mainly
characterised by grey-blue marls, with rare beds of sands and shallow marine clays with
middle-high plasticities. The sediments include minerals with high Na content minerals
with the tendency to disperse rapidly when wetted [43].

The study area was affected by the uplift of the eastern margin of the Apennine chain
during the Upper Pliocene and Pleistocene ages [43]. Starting in the Middle Pleistocene,
rivers incised deep valleys that extended perpendicularly to the coast due to continuous
regional uplift, climatic changes, and related sea-level movements [44-47], whereas erosion
affected the hillslopes, exposing highly erodible clayey bedrock.

5000000
+
%

-~’~
\a\urﬁg-——"""_ .l ~—
tl‘eam

J]

ALIANO

W

Bradanic Trough and intramountain [T
units (Plio-Pleistocene) (Holocene)

Apennine chain units -

iGnszole) B main ridges
Foreland - landslide

limestones (Mesozoic) [ ¥ anticline

alluvial deposits Bl study area

I:I terraced deposits
{middle Pleistocene) == sincline
marly clay

clay and silt %
_ (early Pleistocene) - (lato Pliocene-

early Pleistocene)

sand and clayey sand
(late Pliocene- clay
carly Pleistocene] - (middle Pliocene)

Figure 1. Geological setting of the Aliano area; the studied hillslope area is shown by the red rectangle.
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In the Aliano area, the topography is characterised by a simple NE-dipping monoclinal
landscape [13,14], with erosion features common to clayey-silty terrain exposed to the
south [48]. The seasonal rainfall distribution, high relative relief, and nature of the bedrock
have contributed to creating the biancane landscape (Figure 2a,b). In the study area, a
high-density drainage network of small, inclined pipes in the middle part of the slope
(Figure 2c) originates from a subsurface flow that causes collapses, and then isolates cones
at the bases of the hillslopes (Figure 2d), where the overland flows prevail and the crust
crumbles in small gullies that create residual cones [14]. A recent study [15] showed that
the dome-shaped features are influenced by NW-SE strike-slip shear fractures and that
structural discontinuities within the claystones are the main factors responsible for the
gravity-driven mass movements and erosion processes.

| TLS and targets location ||
® control points 2006

® control points 2016 |
- TLS 2006 -
H LS 2016

[:] study area

Figure 2. (a) 3D view of the study area and location of TLS and control points in both 2006 and
2016 surveys; (b) the surveyed biancana landscape characterised by isolated domes at the middle
and at the base of the slope; (c¢) dome-shaped features at the base of a slope, showing one of the
highest-resolution control points (targets) used to overlap the scans; (d) a typical dome-shaped
feature with vegetation on its top; rills are visible on the slope.

This part of the Basilicata region enjoys the Mediterranean climate, characterised by
warm, dry summers with a mean maximum summer temperature of approximately 25 °C,
and temperate, wet winters with a mean minimum temperature of 9 °C. Here, the mean
annual rainfall is between 530 and 740 mm, with a heavy rain period from November to
January [11], and then this area can be classified as semi-arid biancana badlands [49]. The
rain follows the Mediterranean rainfall trend that showed a general reduction in the total
annual precipitation, as well as an increase in the rainfall intensity in the last decades of
the 20th century, followed by an increase in both the total precipitation and daily rainfall
amounts since the beginning of the 21st century [50]. Furthermore, the previous increases
in the lengths of the dry periods during winter and spring were followed by a decrease
in the dry-spell lengths in all seasons in recent decades. In the study area, at the Aliano
gauge station, an analysis of pluviometric data shows an annual mean precipitation of
approximately 750 mm, with precipitation mainly concentrated between October and
January. An increase in rainfall intensity occurred between 1955 and 2000, despite a net
decrease in the total annual precipitation, highlighted by the increase in consecutive dry
days and the decrease in consecutive wet days recorded at Aliano [50].
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2.2. TLS Survey and Data Processing

The lidar technology and the photogrammetry are non-contact survey methods avoid-
ing unnecessary disturbance to highly erodible badland surfaces, obtaining 3D models of
great accuracy and density [25]. The lidar technology is based on the principle of sending
out a laser pulse and observing the time it takes for the pulse to reflect off an object and
return to the instrument sensor. The distance range is combined with high-resolution
angular encoder measurements to provide the three-dimensional location of the observed
point [51]. A high-speed, high-accuracy Leica HDS 3000 terrestrial laser scanner was
used [52], and the result obtained was a point cloud.

TLS surveys of the Aliano badlands were conducted in 2006, between the 30th and 31st
of March, and on the 19th of May in 2016. In accordance with the topography of the study
area, the TLS was strategically positioned in several locations to cover, as much as possible,
the ground surface (Figure 2a). In fact, multiple scans at different locations were required to
capture the entire survey site because the scanner line-of-flight was obscured by domes and
brushes in one or more of the scan locations. We also chose these locations as a compromise
between the survey cover needs and the battery life. The scan resolutions ranged between
30 and 50 mm, both horizontally and vertically, to obtain the ground morphology. Each
scan had to contain the highest-resolution control points (targets, Figure 2c) of the previous
scan, thus providing overlap locations at which to join the scans into one single point cloud
representing the whole site.

The data processing, conducted with Cyclone® software [52], generated 3D point
clouds composed of millions of points according to the previously arranged spatial res-
olution; the positions of the overlapping targets were surveyed by differential GPS to
geo-reference the whole point cloud. We collected 5 scans in 2006 and 3 scans in 2016, and
we merged the scans of each year using a registration process. The RMSEs in the scan
registration were 0.002 m for the 2006 survey and 0.003 m for the 2016 survey.

Further data processing was performed using CloudCompare software version 2.10 [53].
The sparse vegetation on the ground surface was mostly removed by the filter tool (CANUPO)
based on user-defined ground identifications [54], while multi-temporal change detection
between the 2006 and 2016 point clouds was performed by the Multiscale Model to Model
Cloud Comparison (M3C2) plugin [55]. This algorithm produces a new point cloud that
shows the distance between the previous point clouds (CoD, cloud of difference) and al-
lows the assessment of data accuracy by showing the level of detection (LOD) at 95% and
the significant changes using 3D models. The LODyz¢, represents the spatially variable
confidence intervals of distance measurements and comes from the given combination of
different sources of uncertainties, such as the position uncertainty of the point clouds due to
instrument precision, the registration errors between point clouds, and the surface rough-
ness [30,55]. Hence, the measured distance was accurate where the change was greater
than the estimated errors in 95% of the cases and where the statistically significant changes
were visible on the point clouds, since the algorithm returned all these values stored in the
attribute table of the point cloud.

A further step in point cloud processing was made using a geographic information
system (GIS) to combine the biancane morphology with the multi-temporal changes and
to detect the locations where erosion and accumulation take place. Interpolating the 2016
biancane point cloud produced a DEM of the study area; by operating on this DEM, the
QGIS 3.2 tools allowed the slope angle and the exposure to be calculated. IDW interpolation
was applied on the CoD derived with the M3C2 plugin to create a raster of changes detected
on the slope. Finally, this CoD raster was combined with the both slope (<45°; >45°) and
exposure (315° < x < 45°%; 45° <x < 135°%; 135° < x < 225°; 225° < x < 315°) values. For
the resulting six rasters, the main parameters of the descriptive statistics were computed
by QGIS tools in order to compare them and understand how the positive and negative
values are distributed on topography. Further analysis was performed in MATLAB® to
combine the CoD raster and the exposure and slope values to highlight the distribution of
erosion rates.
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2.3. Rain and Wind Data

We collected rain and wind data from the ALSIA (Agenzia Lucana di Sviluppo e di
Innovazione in Agricoltura) station at Baderta Murgine (40.285929° N latitude, 16.316918°
E longitude) near Aliano, approximately 2.8 km south-eastward from the study area. These
data cover the timespan between the first and last survey, and they were collected at both
daily and hourly rates.

The data were filtered accordingly with daily and hourly combined conditions of rain
and wind, and then displayed in rose diagrams.

We considered the wind direction of the events with daily rainfall amounts greater
than 30 mm, according to the method of Piccarreta et al. [14], to highlight on what sides and
how many times rainfall events caused severe rill erosion and mass movements. Moreover,
among these events, we selected those that occurred with a daily maximum wind speed
greater than 6 m/s, as this is an important threshold value for raindrop diversion in
WDR [36].

Similarly, we considered the wind direction during events with daily rainfall amounts
greater than 10 mm, the threshold for erosion occurrence according to Piccarreta et al. [14],
and we also investigated when these events occurred coupled with a daily maximum wind
speed greater than 6 m/s.

To support the contemporary occurrence of both intense rain and intense wind,
we also analysed the hourly data. According to the rainfall intensity classification [56]
(Table 1), rainfall rates between 2.5 and 10 mm /h are considered moderate, while rainfall
rates over 10 mm/h are considered heavy. We took into account the wind directions
during events with rainfall rates > 10 mm/h and those with rainfall rates > 6 mm/h, since
the latter is the rainfall intensity that causes significant erosion according to Foulds and
Warburton [57]. We then combined the rain events with rainfall rates > 10 mm/h and
>6 mm/h with contemporaneous occurrences of hourly mean wind speeds greater than
the threshold representing a gentle breeze on the Beaufort scale [35]. This value is 3.4 m/s
and also corresponds to the middle of the ascending stretch of the graph in Figure 3 in
Schmidt et al. [36], showing raindrop diversion from the vertical direction as a function
of wind speed. Since hourly mean wind speeds greater than 3.4 m/s rarely occur, we
also investigated rain events with rainfall rates > 10 mm/h and >6 mm/h that occurred
contemporaneously with maximum hourly wind speeds greater than 6 m/s, corresponding
to a moderate breeze, that is, the wind speed over which the splash and sheet erosion
process increases significantly [39].

Table 1. Rain intensity classifications according to the World Meteorological Organization, 2018.

Rain Range Intensity, i (mm/h) Classification
<25mm/h Slight
25<i<10 Moderate
10 <i< 50 Heavy

i>50 Violent
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Figure 3. Topographical changes detected in the biancane point clouds; all numeric values are in metres; (a) south-side view

of the CoD; (b) histogram showing the distribution of the values in (a); (c) uncertainty values shown as level of change

detection at 95%; (d) statistically significant changes [55] derived from the combination of the CoD (a) and uncertainty (c).

3. Results
3.1. Erosion Dynamics: TLS Survey and 3D Model

Erosion and accumulation are represented by negative and positive values, respec-
tively, since these amounts represent the distances between the points in the 2006 cloud
and those in the 2016 cloud.

The resulting values are negative in almost the entire study area, indicating erosion,
while positive values showing accumulation are present only in the areas between biancane
in the lower part of the study area. The erosion values are larger on the tallest biancane
located in the upper part of the study area, while the erosion values are lower on the
smallest biancane located in the lower part of the study area (Figure 3a). However, the
tallest biancane topped by shrubs shows lower erosion values on the upper parts of the
slopes. The bulk of the values range between —0.43 m and —0.045 m, with a mean of
—0.23 m, resulting in a mean erosion rate of approximately 0.023 m/y (Figure 3b). The bulk
of positive values range from 0.04 m to 0.14 m. with a mean of 0.09 m, for an accumulation
rate of 0.009 m/y. Figure 3c shows the spatial distribution of the measurement uncertainties.
The uncertainty distribution is low almost everywhere and, as consequence, the changes
detected are significant on almost all the hillslope (Figure 3d).

Most of the biancane sides are steeper than 45°, with the steepest slope values greater
than 60°, and most biancane are south- and southeast-oriented (Figures 4 and 5). The
processing of digital data allows us to measure how the CoD varies in the area, both
for biancane sides with slope angles greater and lower than 45° and according to the
orientation of the sides (Figure 5). In the CoD raster with slope angles lower than 45°,
there are more pixels with positive values, indicating accumulation, than in the raster
with slope angles greater than 45°. Even though the majority of the area has a slope angle
under 45° (Figure 5a,b), most of the pixels with the highest negative values, indicating
erosion, correspond to slopes greater than 45°. The CoD rasters containing the east- and
south-facing sides (Figure 5c,d) show many more pixels with positive values than do
the north- and west-facing CoD rasters (Figure 5e,f). However, the CoD raster containing
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north-oriented sides shows the highest negative pixel values, followed by the west-oriented
CoD raster.
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Figure 4. (a) Pixel value frequency of the aspect raster that shows the exposure of biancane relief; the highest frequency is

between 90 and 220, that is, from E-SE to SW; (b) pixel value frequency of the slope raster; although most pixel values are

lower than 40°, several pixels have values over 60°, and a secondary peak is visible around a value of 50°.

Statistical analyses aided in determining how the erosion changed on the hillslope
sides. The statistical parameter distribution for each raster considered all the pixels that
ranged from the maximum value of approximately 8 m to the minimum value of approxi-
mately —6 m. These extreme values occurred due to noise still present in the point clouds
since it was very difficult to erase all the no-terrain points (e.g., vegetation). Table 2 reports
the statistical parameters of the six rasters processed according to the slope and aspect
distributions: differences are noticeable in the ranges of the most frequent pixel values and
in the quantities of these pixels, as noticeable by the % of area.

The mean, median, mode, and standard deviation values of the pixel distributions in
the CoD rasters on slopes over 45° confirm that the most negative values, corresponding to
higher erosion rates, are located on the steepest slopes.

The analysis of the pixel distribution of the CoD rasters selected according to the
exposure shows that the highest mean and median values are those of the west-exposure
raster, while the highest mode is that of the south-exposure raster. These results can be
related to the large quantity of pixels in the south-exposure raster, many of which have
positive values that lower both the mean and the median, although most of the pixels
consist of the highest negative values of the whole study area.

The mean pixel values of the raster with slope angles greater than 45° are the highest
among all rasters, even though the raster of the west exposure has a quite similar mean.
The great difference between these two rasters is in the mode value, which is higher for
the slope raster and indicates that the negative values are higher in the slope raster than
those in the west-exposure raster. Additionally, the mode value of the slope angle raster is
greater than that of the south-exposure raster, showing that the slope is an important factor
leading to erosion.

To highlight the correlations between erosion and exposure and between erosion
and slope angle, a bivariate histogram was calculated with only the negative CoD values
ranging between —1 m and 0 m (Figure 6); the greatest negative outlier values were not
taken into account since they probably occurred due to noise in the point clouds. Figure 6a
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shows that most of the pixels with low negative values are concentrated in the SW hillsides,
while the pixels with slightly higher negative values are located in the S and W hillsides of
biancane. Figure 6b shows that most of the pixels with negative values are concentrated on
the steepest slopes, with angles around 60°, and a second peak is observed around slope
angles just beneath 20°.
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Figure 5. The CoD rasters selected according to the side slope angles: (a) greater than 45° and (b) lower than 45°; and the
side exposures facing: (c) east, (d) south, (e) west, and (f) north. The CoD values are in metres.
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Table 2. Quantity (%) of study area occupied by pixel values and the statistical parameters computed for the pixel

distributions of the six rasters processed according to the slopes and exposures of biancane hillsides.

% of Area Mean Value Star.ldefrd Median Mode (Distribution Peak)
Deviation

Slope over 45° 23.52 —0.13567 0.40428 —0.14830 —0.16416

Slope under 45° 76.37 —0.07019 0.34575 —0.10719 —0.1224
North sides (315° < x < 45°) 11.92 —0.10162 0.42931 —0.12574 —0.1375

East sides (45° < x < 135°) 28.1 —0.05777 0.35807 —0.09873 —0.102

South sides (135° < x < 225°) 39.8 —0.07755 0.35020 —0.12055 —0.1586
West sides (225° < x < 315°) 19.79 —0.13247 0.33589 —0.14227 —0.11915
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Figure 6. Bivariate histograms calculated by comparing the CoD values with (a) the exposures and (b) the slope angles; the

CoD values ranged between —1 and 0 metres.

3.2. Rain Intensity and WDR Condition

Rain and wind data collected at the Baderta Murgine gauge station were filtered
to highlight the wind directions during different events. The climatic data collected in
the time lapse between the first and last TLS surveys show approximately 200 days with
daily rainfall amounts greater than 10 mm (Figure 7a), and only approximately 30 days
with daily rainfall amounts over 30 mm (Figure 7c). Figure 7a shows the wind directions
during events with daily rainfall amounts greater than 10 mm; heavy rainfall occurred
contemporarily with wind from all the main cardinal points. Events with a daily rainfall
amount greater than 30 mm mainly occurred with the ESE wind direction and with wind
coming from the NW and SW directions (Figure 7c).

Filtering the events of daily rainfall amounts greater than 10 mm and the daily maxi-
mum wind speeds greater than 6 m/s, we observe that there is a prevalent SW and NW
wind direction, but wind coming from the eastern side is also important (Figure 7b).

For the events of daily rainfall amounts greater than 30 mm with a daily maximum
wind speed greater than 6 m/s, we observe that there is a strong prevalence of the SW and
NW wind directions (Figure 7d).

The above analyses do not endorse the contemporary occurrence of both intense rain
and fast wind, which we investigated considering the hourly data. The number of events
with rainfall rates > 6 mm/h (moderate rain) was 159, and most of these events continued
for more than one hour, with wind that mainly came from the NW, W, SW, S, and SE
directions (Figure 8a). The number of events with recorded rainfall rates > 10 mm/h (heavy
rain) was 56; only in a few cases did heavy rainfall continue for two hours, and these events
were contemporary with winds coming from the NE, S, and W directions (Figure 8d). We
combined rainfall rates greater than 6 mm/h (Figure 8b,c) and greater than 10 mm/h
(Figure 8e,f) with both hourly maximum wind speeds greater than 6 m/s and hourly mean
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wind speeds greater than 3.4 m/s. For rainfall rates greater than 6 mm/h, we found that
the predominant wind directions were the NW, W, and SW directions for maximum hourly
wind speeds greater than 6 m/s (Figure 8b), and the S, W, and NE directions for hourly
mean wind speeds greater than 3.4 m/s (Figure 8c). The number of hours for which the
first type of event was recorded was 133, while the number of hours for which the last type
of event was recorded was only 21.

Wind direction

Rain T J limit daily maximum wind
O wind speed limi speed greater than 6m/s

>10mm/d

>30mm/d

c) T d) W

Figure 7. Wind directions during events with: (a) rainfall rates greater than 10 mm/d; (b) rainfall
rates greater than 10 mm/d and daily maximum wind speeds greater than 6 m/s; (c) rainfall rates
greater than 30 mm/d; and (d) rainfall rates greater than 30 mm/d and daily maximum wind speeds
greater than 6 m/s. The number of days is shown in red.

Wind direction

Rain hourly maximum hourly mean wind
no wind speed limit wind speed greater speed greater than
than 8m/s 3.4m/s
>6mm/h T TN B}/’/L 3 m

~

>10mm/h

Figure 8. (a) Wind directions during hourly rainfall events greater than 6 mm; (b) wind directions
during rainfall rates greater than 6 mm/h and hourly maximum wind speeds greater than 6 m/s;
(c) wind directions during rainfall rates greater than 6 mm/h and hourly mean wind speeds greater
than 3.4 m/s; (d) wind directions during hourly rainfall rates greater than 10 mm; (e) wind directions
during rainfall rates greater than 10 mm/h and hourly maximum wind speeds greater than 6 m/s;
and (f) wind directions during rainfall rates greater than 10 mm/h and hourly mean wind speeds
greater than 3.4 m/s. The number of hours is shown in red.
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For rainfall rates greater than 10 mm/h, 50 events were recorded, and the predominant
wind directions during these events were the NE, S, and W directions for hourly maximum
wind speeds greater than 6 m/s (Figure 8e), while, during 13 events, the same directions
were also prevalent for hourly mean wind speeds greater than 3.4 m/s (Figure 8f).

Analysing the events, most of the time, rainfall amounts > 6 mm are characterised
by associated moderate to strong breezes (Beaufort scale [35]), while events with more
intense winds are less frequent (Figure 9a), and their quantities decrease with increasing
wind speeds. Hourly rainfall amounts >10 mm are frequently combined with strong
breezes, followed by winds from moderate to fresh breezes, and many events are linked to
near-gales or gales (Figure 9b).

Stong  Near Gale Strong Storm Violent Humcane
Breeze  Gale 17.2-20.7 Gale 245-284 Storm
10.8-13.8 13.9-171 A 28.5-326

maximum hourly wind speed (m/s)

Strong  Near  Gale Strong Storm Violent Humcane
Breeze Gale 172207 Gale 245284 Storm
10.8-13.8 13.8-17.1 24.4

maximum hourly wind speed (m/s)

Figure 9. (a) Frequencies of the different wind speed classes for all events with hourly rainfall amounts greater than 6
mm; the most frequent events are linked to wind speeds > 6 m/s and <17 m/s corresponding to moderate (<7.9 m/s),
fresh (8-10.7 m/s) and strong (10.8-13.8 m/s) breezes, and near-gales (13.9-17.1 m/s); (b) frequencies of the different wind
speed classes during all events with hourly rainfall amounts greater than 10 mm; some events occurred with strong breezes

(10.8-13.8 m/s), then with moderate breeze (<7.9 m/s), and several occurred with winds classified as hurricane speeds.

4. Discussion

Our analysis led to the assessment of the local rate of erosion and deposition over an
approximately 10-year timespan with high resolution data. Detailed survey is nowadays
possible thanks to the large use of both the LIDAR and SfM technologies and tools that
favour and improve the point clouds processing. This study confirms that the TLS survey is
the most suitable technology for the hillslope scale monitoring, since it is a good technology
between the survey time and spatial resolution. Moreover, the use of open-source software
and their plugins greatly improves all the monitoring process.

Previous studies focused on detailed topographic changes on calanchi and on greater
catchment slopes [25-30] rather than on biancana badlands. These works were carried
out over a shorter timespan by frequent surveys, usually after intense rainfall events. The
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comparison of only two multi-temporal point clouds over a 10-year timespan is quite long
and is not a common timespan record to be surveyed by TLS. Nevertheless, thanks to a
continuous dataset of weather conditions recorded in the same time span, this approach
allowed us to appreciate how topographic changes occur on the biancane hillslope in
relation to the occurrence of all effective combinations of wind direction and rain intensity.
Our results show that the mean rate of erosion is approximately 0.023 m/y, which is
in accordance with the rates found in previous works (e.g., [10] and references therein),
and the mean rate of deposition is about 0.009 m/y, but topographic changes are not
evenly distributed on the hillslope and on dome sides. The sediment movement and
its budget in the biancane landscape is a consequence of the tectonic-lithological and
climatic setting [4,8,40,58-61], and changes in the erosion and deposition rates drive the
geomorphological evolution of the biancane reliefs.

On the other hand, the relief and exposure of the land surface can influence the erosion
and deposition rates in the biancana badlands. Over approximately 10 years, the study
area suffered a more intense erosion than deposition, as shown by the descriptive statistical
analysis on the CoD value. These topographical changes were not spatially uniform on the
biancane hillsides, since high slope angle and exposure played an important role in the
erosion of the slopes. A significant relationship between aspect and topographic change
was demonstrated by several authors [9,13,20,27]. In semi-arid badlands, the south facing
slopes show poor or no vegetation cover due to control of soil water availability, while the
north-facing slopes show higher vegetation cover [4,62-64]. In the study area, although
erosion was widespread on almost all domes, the analysis of the CoD raster showed that
all the southern (with the highest mode, Table 2) and western (with the highest median and
mean value, Table 2) sides of biancane suffer the most intense erosion, and sediments come
from steep bare south- and west-oriented slopes into lower topographic areas between
domes. Moreover, our analysis highlighted that erosion does not act evenly on the whole
hillside, but is more intense in the upper part of the surveyed area where the slopes were
greater than 45°. Combining these factors, we can assess that the steepest southwestern part
of the hillsides suffered the highest erosion. These results could be due to both the greater
insolation acting on the clay cohesion (exposure effect) and to the sediment movement
that acts on the slope under the control of gravity (slope angle effect). Although previous
study fixed the role of topography in the badlands slope gradient maintenance [9,13,17,25],
the CoD shows in detail how the sediments moved on hillslopes. The detailed survey
and the long timespan are also useful in order to suppose the way the runoff took place
under different rainfall conditions. In fact, our results confirm what was previously stated
under rainfall simulation [34]: sediment concentration in runoff is positively influenced by
slope angle, as sediment displacement is caused by splash and sheet erosion due to the
rainfall [37-39,63,65] that hits the sides of biancane. Our study shows that the necessary
conditions for intense rill erosion and mass movements on slopes (rain > 30 mm/d, [14])
rarely occur (approximately 30 days in 10 years) in the study area, but the conditions that
cause erosion (rain > 10 mm/d, [14]) are more frequent, occurring approximately 200 days
in the 10-year study period in these semi-arid badlands, where the mean annual rainfall is
between 530 and 740 mm [10]. As a consequence, the rainfall intensity over 10 mm/d is
critical in generating runoff in the area but, as several studies have shown [36-38,66,67],
wind is also an important factor in controlling runoff and soil erosion, since it contributes
to increasing rainfall action. Despite the important role of WDR, all previous studies were
performed in controlled environments (e.g., artificial rain and wind in wind tunnel) and no
relation was stated with erosion rate on biancana badlands. By combining the daily rain
with wind speed, our analysis highlights that the unstable weather linked to intense wind
comes from all E quadrants, from S and W. The more intense events are mostly linked to
western winds; they rarely occurred in the surveyed timespan, but their action on slopes
contributed anyway to the changes detected in this study on the exposed sides.

The daily values did not guarantee the simultaneous occurrence of wind and rainfall;
hence, we combine the rain and wind speed records of the same hours greater than the
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thresholds indicated in Section 2.3 in order to find the WDR. The rainfall with moderate to
strong breeze mostly affected dome sides facing W and S directions; when rainfall intensity
and wind speed increase, the most affected sides were those facing NE, S, and W. Finally, we
observed that rainfall > 6 mm /h was relatively frequent and was associated with winds of
moderate force coming from the western and southern sides. As the wind speed increased,
more intense events generally came from the NE direction and from the western directions,
and, despite their low frequency, the actions of these events could cause erosion on slopes
in any case, as shown by the CoD. In the study area, stronger events rarely occurred, and
the contribution to slope erosion was mainly due to the more frequent winds of moderate
forces, combined with moderate-to-heavy rainfall events. Since this WDR generally comes
from the southern directions (mainly SW and S), it is also combined with the insolation
(due to exposure) and gravity (due to slope angle) effects and contributes to an increase in
soil erosion on the south and southwestern facing hillslopes. However, we detected that,
in the case of more intense events, they acted also on slopes facing NE since WDR mainly
comes from this direction and potentially contributes to erosion on these biancane sides,
although insolation is less effective and particle cohesion is higher on these sides than those
on the other sides. The relation between the main WDR directions and the orientation and
slope of biancana hillslopes in the study area confirms how the local geomorphological
setting strictly affects the runoff distribution.

Even if our work was not focused on this topic, the role of scrubs and bushes on top
of some biancane is not negligeable in relation to both insolation and moderate or intense
WDR. We know that the roots retain sediments [1,2], but the bush foliage also acts as an
umbrella by shielding the upper part of slopes from both sun and WDR, partially reducing
erosion. In fact, on the domes that had bushes on top, we could observe a reduction in
erosion just beneath the shrubs, and this effect contributed to the steepness of the biancane
slopes (Figure 3a).

5. Conclusions

The multi-temporal high-resolution topographical survey of biancane-dominated hill-
sides conducted in this study measured the medium-term rates of erosion and deposition
over a 10-year timespan in this kind of landscape, and provided a detailed indication of
how the erosion and deposition rates were spatially distributed. A comparison of two
point clouds conducted by detecting the distances between homologous points led to a
survey of how erosion and sediment accumulation act on domes and in the areas between
them, allowing the assessment of the spatial distribution on erosion and deposition in a
complex topographic setting. We related different rates of sediment loss to different side
exposures and slope angles, obtaining the great influences of insolation, rainfall, and wind
on erosion and sediment movement. In fact, the sides that suffered the greatest erosion
were the southern and southwestern sides, clearly showing the relevance of insolation,
cracking, and scarce vegetation to sediment loss. Rain is an important factor in sediment
displacement, and its effect was directly dependent on the rainfall intensity and wind
direction. Our results confirmed the role of WDR in sediment erosion since raindrops and
soil particles are affected by the wind shear velocity. The most frequent WDR direction
corresponded to the exposure direction that suffered the greatest erosion. We found that
the most frequent moderate and heavy rains combined with moderate and heavy breezes
came from the S and SW directions, where the erosion was higher. We found that more
intense events acted on slopes facing NE, since WDR mainly came from this direction and
potentially contributed to erosion on these biancane sides, although insolation was less
effective and particle cohesion was higher than those on the other sides. The role of the
bushes on top of the domes slightly mitigated the effects of WDR.
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