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Abstract: Storms are important agents for shaping the Earth’s surface and often dominate the
landscape evolution of mudstone areas, by rapid erosion and deposition. In our research, we used
terrestrial scanning LiDAR (TLS) to detect surface changes in a 30 m in height, 60 m in width mudstone
slope. This target slope shows the specific erosion pattern during extreme rainfall events such as
typhoons. We investigate two major subjects: (1) how typhoon events impact erosion in the target
slope, and (2) how rills develop on the hillslopes during these observation periods. There were three
scans obtained in 2011, and converted to two observation periods. The permanent target points
(TP) method and DEMs of differences were used to check the accuracy of point cloud. The results
showed that the average erosion rate was 5 cm during the dry period in 2011. Following the typhoons,
the erosion rate increased 1.4 times to 7 cm and was better correlated with the increase in the rainfall
intensity than with general precipitation amounts. The hillslope gradient combined with rainfall
intensity played a significant role in the geomorphic process. We found that in areas with over 75◦

gradients with larger rainfall intensity showed more erosion that at other gradients. The gradient
also influenced the rill development, which occurred at middle and low gradients but not at high
gradients. The rills also created a transition zone for erosion and deposition at the middle gradient
where a minimal change occurred.
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1. Introduction

Mudstone shows heterogeneous erodibility in response to soil moisture, especially during extreme
rainfall events, because extreme rainfall can increase its water content in a short time, i.e., mudstone
is a clay-bearing material and its characteristic allows rapid weathering and erosion [1,2]. Taiwan,
an island with an area of 36,000 km2, has 30% of its area in the southwest part composed of mudstone.
This mudstone area accounts for up to 0.1% of the high sediment discharge in the world [3] and creates
dynamic landscapes during humid weather [4].

The tipping point of mudstone erosion is the wet–dry circle, resulting in slake [5–7] and shrinking
due to drying-out in the dry season [8–10]. This process produces mud cracks and surface crusts
that both develop soil piping, rills, and gullies [11–13]. According to these events, mudstone slopes
can more dynamically change than other mother-rock materials during rainfall events and become a
battered field for slope erosion processes.

Compared with flat ground, slopes can more potentially experience erosion because of their
gradient, especially for mudstone materials. Slope erosions are initiated by gravity and rainfall [14–18].
Additionally, the effects of slope gradient, slope erosion [19–22], gullies, rills [16,23,24], and their
interactions [14,25,26] are well documented. However, the interrelationship between typhoons and rill

Remote Sens. 2019, 11, 2425; doi:10.3390/rs11202425 www.mdpi.com/journal/remotesensing

http://www.mdpi.com/journal/remotesensing
http://www.mdpi.com
https://orcid.org/0000-0002-6951-5593
http://www.mdpi.com/2072-4292/11/20/2425?type=check_update&version=1
http://dx.doi.org/10.3390/rs11202425
http://www.mdpi.com/journal/remotesensing


Remote Sens. 2019, 11, 2425 2 of 15

erosion have, until now, not been well investigated. The mudstone slope, which can rapidly change,
provides a natural sandbox for observation of geomorphic process within a human lifetime.

LiDAR is a survey method to measure the distance between target and device by counting the flying
time of laser signal. It can measure wild range target and are convenient compared with other methods,
e.g., real time response and digital model building, low cost, better mobility, can operate in dark,
and determine physical and chemical composition by the reflecting laser wavelanth [27]. Comparing
the classical methods using in erosion research, such as erosion pins and sediment traps [28–30], high
spatial-resolution topography data obtained from airborne LiDAR and terrestrial scanning LiDAR
(TLS) provide precise and detailed landscape changes, e.g., terrain analysis [31], landslide [32–35],
rockfall [36–38], beach erosion [39], channel erosion [40–42], and slope erosion [43–46]. This research is
helpful for studying the geomorphological processes in a certain spatial scale where traditional tools
can hardly reach, and provide more evidence of landscape evolution.

The present study aims to:

• provide a series of quantitative surface changes after typhoon events,
• linkage erosion pattern, rainfall intensity, and hillslope gradient cause by typhoon events. We use

TLS to scan a 1007 m2 hillslope. Based on the TLS results, we focused on the erosion rate and
erosion pattern affected by precipitation.

2. Material and Methods

2.1. Location

The location for this study was Tenliao, north of Kaoshung City, Taiwan. This area is located on a
mudstone formation called Gutinkan (Figure 1). This formation is composed of fine mud that forms
a shallow sea bottom and raised by tectonic movement [47]. According to the geological map [48],
the average thickness of this mudstone formation is approximately 1 km. The mudstone content there
is rich in cations (especially sodium). Inside this formation, there are corals and sandstone layers
encapsulated by mudstone. In addition, one active normal fault exists nearby to the east of the study
area. However, even though the study area was located at the same upper plate no fault activity
occurred during the study period [49,50], and this fault did not affect our field observations.

The target slope there is a single hill, with dimensions 60 m wide, 30 m high and 1007 m2 of
area (Figure 2). The shadow-relief image shows that this slope has high-relief change by the ridge of
sub slopes, and the extended area at the foot of the slope is limited by an artificial plate (Figure 2a).
The gradient image shows that the slope degree of most area is 40◦ or higher instead of the slope feet
(Figure 2b). This slope is made up of mudstone, and has the classic scene for concentrated rills coming
out of a drainage map (Figure 2c).

2.2. Climate

The climate is tropical monsoon, and the annual rainfall is approximately 2000 mm. However,
rainfall amounts are distinctly different between seasons. More than 87% of the annual rainfall events
are concentrated between June and October [51]. During the remainder of the year, hot and dry weather
prevails. In the rainy season for our location, high intensity rainfall events are primarily caused by
typhoons. They can bring large amounts precipitation in a short period of time (rainfall intensity),
which generates the strong forces that cause erosion due to rainfall and runoff. This also weakens the
mudstone due to the shrinking–slaking cycle of its clay component. Taiwan may see three or four
typhoons each year, each of which causes runoff, enhances with each storm that brings large amounts
of rain and increases the rate of erosion.

2.3. TLS for Data Acquisition

We chose Leica ScanStation 2 as the TLS equipment. This scanner is based on the time-of-flight
principle and provides spatial resolution up to a centimeter for landscape monitoring. This scanner can
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obtain 50,000 points in second with green beam laser class 3R. The scanning range is up to 300 m@90
albedo reflecitivity. The accuracy of single measurement by scanner are 6 mm for position detecting,
4 mm for distance, and 60 µrad for Angle at 1–50 m. The spot size is 4 mm(from 0–50 m) and 6 mm
(from 50–300 m). The point spacing is fully selectable horizontal and vertical with 1 mm minimum
spacing though the full range. The modeled surface precision is 2 mm (1 sigma) in stand distance
(50 m), according to the original factory specification [52]. The operating program of the scanner is the
software Leica Cyclone 7.4, provided by the manufacturer. In addition, the software can be used as a
tool for registration function and laying out of the final position.

Figure 1. Location of the study area and geological boundary. The star sign shows the study area
located in the Gutinkan formation, which shows it as layer t.

Figure 2. Study area map. The shadow-relief image of target slope (a), gradient image (b), and drainage
map (c) created by digital elevation model.
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During the measurement periods (dry and humid), the scanner was placed at similar locations in
front of the target slope. The project grid of slope scanning is 0.01 m × 0.01 m. We fixed the data for
each period to the same grid using 10 benchmarks around the target area. The first, second, and third
point clouds were acquired on 24 February, 27 May, and 4 August 2011. The total number of scanning
points for each scans were around two million (Table 1). To reduce the shadow area blocked by the
local relief [53], all scanning results were co-registered using at least six scans at different positions.

Table 1. The results of three ground scans in 2011.

Date Project Grid Size Number of Points Density of Points

2011/02/24 0.01m × 0.01m 1.80 M pt 1787.49 pt/m2

2011/05/27 0.01m × 0.01m 1.94 M pt 1926.51 pt/m2

2011/08/04 0.01m × 0.01m 2.42 M pt 2403.18 pt/m2

2.4. DEM Processing

We converted the point cloud to digital elevation models (DEMs) and classified the rest of their
changes as erosion [46]. In the first step, the quality of DEMs must be validated. The quality of DEMs
depends on the technical abilities of the scanner, and the strategy of the field survey. Error and accurary
estimating is an issue for scanning data [54–56]. In this case, we use the application of the method
of permanent target points (TP). The TP method is based on a network of permanent target points,
which obtains georeferencing by GPS and INS. When operating the scanner, the position of targets
will be recognized by the software (Leical Cyclone 7.4), and identify them by manual selection [57–59].
We use the circle target on the benchmarks as ti-points around the target slope, and obtained their
georeferencing information by Leica TPS 1101 total station. These points join into other temporary
ti-points in the scan data. The Leica Cyclone program ortho-calibrated all point clouds into the same
local grid system and obtained the first calibration error during constraint processing (<0.6 cm in all
control points) (Table 2). In addition, we used the georeferencing information of benchmarks (control
points) to check the errors producing by two grid systems (TLS and local position system). The root
mean square (RMS) of ti-points shows the error of all three scans less than 0.005 m. The DEMs of
difference (DoD) [60] of two periods are 0.00336 m (first periods) and 0.00297 m (second periods).

After the cloud calibration and incorporation in each of the scans, the subsequent process used
the Leica Cyclone program to convert the data from point clouds to DEM. The original point cloud
data could only be managed by the Leica Cyclone 7.4 with its unique format, and this software suffers
from the limitation in terms of collaboration with other software, e.g., the lars and grid (geo-tiff)
format. However, we choose ArcGIS and MATLAB as the analyzing tools with grid data. Due to the
format limitation of Leica Cyclone 7.4, we exported the point cloud to txt files with an xyz spatial
structure, then input ArcGis by creating the xyz events, and finally converted to grid format (geo-tiff)
for MATLAB.

More than six million measured points from three scans were converted into point-shape file
from Cyclone by using ArcGIS 10.5. To set the ideal grid size of DEMs, which can capture points
with evenly distribution. The high relief of target slope strongly affect the spatial distribution of the
scanning points, and thus it caused some areas to have low point density, even to be blank.

To reduce the blank area of the grid and maintain the accuracy of the measured points, we needed
to introduce the measured points into each cell to be as few as possible. The best condition was for
each cell to contain only one point. Therefore, calculating the correlation between the point cloud and
cell size was necessary. A 2 cm × 2 cm cell size contained almost one sampling point and satisfied the
precondition, i.e., it should be larger than 1.6 cm × 1.6 cm. We selected the “Point to Grid” function
of ArcGIS 10.5 to capture the scanning points in the grid, and this grid covered 90% of the target
slope surface. Blank zones appeared in the shadow areas located under the relief similar to the
borders between the sub-slope systems. However, the follow-up analysis required data that covered
the entire slope area. Thus, we used the inverse distance weighting method to interpolate the three
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DEMs to 10 cm × 10 cm, which covered all target slope surfaces without a blank and still retained the
topography characteristics.

Table 2. Registration errors of 2011 scans.

Scan
World

Target ID Mean Absolute
Error

Error Vector RMS by Ti-Point
[m]

DEMs of Differences
(DoD) [m]X [m] Y [m] Z [m]

2011/02/24

TL01 0.001 −0.001 0.000 0.000

0.004
First period

0.00336

TL02 0.003 0.003 0.000 0.000
TL03 0.002 0.001 0.001 −0.001
TL04 0.003 0.003 0.000 0.000

2011/05/27

TL01 0.003 0.001 0.000 0.003

0.002
TL02 0.004 −0.003 0.001 −0.001

TL03 0.001 0.000 0.000 −0.001

Second period
0.00297

TL04 0.002 0.002 −0.001 −0.001

2011/08/04

TL01 0.001 0.000 0.000 0.000

0.005
TL02 0.001 −0.001 −0.001 0.000
TL07 0.002 −0.002 0.000 0.000
TL11 0.003 0.002 −0.002 −0.001
TL022 0.001 0.000 −0.001 −0.001

2.5. DEM Data Analyzing

To clarify the relationship among erosion, gradient, and drainage area, we used the DEMs to
calculate the height change using three observations. Height change was defined as the difference
in the DEMs, which represented the median and standard deviation of the erosion. The gradient
was calculated according to its fineness degree. The drainage area was filled from the high to low
gradient at every 10 m2. In addition, we also plotted the difference in the DEMs in the slope area as a
topographical map to illustrate the characteristics of the erosion and deposition, which could help
distinguish the effect due to the rills.

2.6. Rainfall

There were two observation periods from 24 February–27 May, and 27 May–4 August 2011. Two
typhoons, namely Meari, and Ma-on, occurred from 23–25 June and 15–18 July 2011, respectively
(Table 3). To understand the effect of the typhoon events, we needed to clarify the rainfall distribution
in three periods: dry season (without typhoon events), rainfall season (with typhoon events),
and long-term conditions. Here, we focused on the volume of precipitation and rainfall intensity.
The rainfall records were obtained from the nearest official rainfall station Guting (maintained by the
central weather bureau), which recorded hourly weather information from 1992 to 2016.

Table 3. Precipitation record of the study area during the two periods in 2011. Two typhoon events
bring more precipitation and higher rainfall intensity in the second period. The rainfall threshold to
trigger erosion is 10 mm/day.

Period Date Total Precipitation Duration Highest Rainfall
Intensity Typhoon

First 02/23~05/27 170mm 51 hr 20 mm/h None

Second 05/27~08/04
800 mm

(222mm by Meari,
307mm by Ma-on)

170 hr 40 mm/h Meari and
Ma-on

In the first period (February to May 2011), the record showed that the total rainfall was 170 mm
over 51 h in 91 days. Most of the rainfall were less than 10 mm, and only one hourly rainfall reached
80 mm. The second period (May to August 2011) was an extended rainy season with many rainfall
events. The record showed that the total precipitation accumulated up to 800 mm over 170 h, especially
with the occurrence of two heavy rainfall events related to typhoons where levels reached up to 222
and 307.5 mm.
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Figure 3 shows the rainfall probability in the two periods and the long-term record of the weather
station, and the second period similar to the long-term period. In the first period (Figure 3a), the graph
shows that the highest intensity was only 20 mm/h with no probability of rainfall beyond the normal
intensity. Rainfall with weak intensity did not generate deep stream flow for erosion. In the second
period (Figure 3b), the curve shows that the maximum rainfall intensity extended up to 40 mm/h
and had almost the same probability of middle-intensity rainfall. For the long-term data (Figure 3c),
the graph was different from the first but similar to the second period. The maximum rainfall intensity
was approximately 40 mm/h and exhibited a smoother curve from middle to low rainfall intensity.
The second period could represent a long-term rainfall situation. The first period demonstrated only a
one-half rainfall intensity compared with the second period and with the long-term rainfall situation
because of the lack of precipitation.

Figure 3. Distribution of the probability of rainfall intensity in three periods. The subpanels indicate
the following: (a) 24 February–26 May 2011, representing the first period; (b) 26 May–3 August 2011,
representing the second period; and 1991–2018, representing the last 28 years.

3. Results

After comparing the DEMs of different scans, we obtained the numbers of topographical change
of the target slope in two periods (Table 4). In first periods, the erosion rate was 5.09 cm, depended on
the lower net erosion and higher depositon. In contrast, second periods had erosion rate 7.745 cm by
higher erosion and lower deposition. Compared with the second period, the change in the erosion rate
(1.6×) is much closer to the change in the maximum rainfall erosion (2.0×) than the total precipitation.
For a more detailed explaination of topographical change, we separated three parts to discriptthe:
erosion classification (the relationship between erosion volume, drainage area and gradient) (Figure 4);
erosion volume according to the different gradients (the link between erosion volume and gradient)
(Figure 5); and the erosion pattern (erosion on the slope) (Figure 6).

Table 4. Degree of erosion factors in the frist (February 24–May 26, 2011) and second (May 26–August
03, 2011) periods.

Period Net Erosion
(m3)

Erosion Rate
(m3/m2)

Net
Deposition

(m3)

Total Rainfall
(mm)

Max Rainfall
Intensity
(mm/h)

Frist −56.4495 −0.050983 28.1664 170 20

Second −94.5597 −0.07745 16.9932 800 40

3.1. Erosion Classification

The picture of relationship among the hillslope gradient, height change, and drainage area
shows the erosion place has changed in two periods (Figure 4). The first period experienced 170 mm
precipitation from 24 February to 27 May 2011. In this period (Figure 4a), the erosion pattern could be
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classified into three parts according to the hillslope gradient. The high-gradient area (55–80◦) included
the slope head and ridges, which had the smallest area. The erosion was significant, with the maximum
erosion depth approaching 0.3 m. The area of the middle gradient (25–55◦), increased very quickly
and in contrast to the high-gradient area with erosion only, both erosion and accumulation occurred
in this area. The erosion in this middle-gradient area was concentrated in the upper part, and the
erosion depth was less than 0.1 m. In contrast, the accumulation in the lower area experienced an
approximately 0.1 m bulk increase. However, some eroded areas also became an accumulation area,
which meant that they had become a transition zone between erosion and accumulation. The erosion
took place at a high-relief area such as the boundary and head of the rills. Accumulation occurred in
relatively smooth areas in the rill channel and flat surfaces in the slope. The low-gradient areas (below
25◦) were located at the downward side and toe of the target slope, which were the largest area in
the study and mostly dominated by deposition. The areas experienced bulk accumulation of 0.2 m.
Erosion can be seen in few areas and only above 15◦.

Figure 4. Relationship among the hillslope gradient, height change, and drainage area. The subpanels
indicate the following: (a) 24 February–26 May 2011, representing the first period; (b) 26 May–3 August
2011, representing the second period.
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During the second period of study (28 May to 4 August) the precipitation depth was 800 mm.
This period (Figure 4b), was dominated by erosion and differences in the height change of the slope
surface were caused by its gradient. In the highest gradient areas, the largest amounts of erosion
occurred at the slope head, with very little change until the medium gradient area. There the height
reduction due to erosion was significant at more than 0.3 m. Accumulation still occurred in these areas
although at a smaller scale because rainfall intensity increased runoff, which transported the surface
material farther down the hill rather than being deposited. The transition zone here was prone to
erosion and transport instead of maintaining a balance. The largest increase in erosion occurred in the
low-gradient areas of the slope. Here, the changes were dominated by erosion, and no measurable
material was deposited. The increasing runoff provided by the rainfall intensity was more dominant
here, which not only transported materials from the upper part throughout the slope system but also
caused more erosion at the foot of the slope.

3.2. Erosion Volume According to the Different Gradients

Figure 5 shows various surface erosions in the target slope gradients of the two periods. In the
first period (Figure 5a), the graph indicates that the erosion could be classified into three parts: slope
head, middle area, and low area. In the slope head, the top area did not experience significant erosion.
However, when the gradient decreased to 85–75◦, a large loss occurred and caused peak erosion. From
this gradient and downward to 60◦, the erosion was very light and tapered off to almost nothing. In the
middle-gradient area of 60–30◦, erosion remained approximately 0.0 m, and the mean was maintained
in the same shape. This area had also the smallest change zone from 30–50◦, which was consistent with
the deposition in the high-gradient area shown in Figure 3a. In the low-gradient area from 30◦ to the
bottom, the curve reveals that deposition occurred here. The height change shifted to accumulation,
and the bulk increased with the decrease in the gradient.

Figure 5. Changes in the erosion depth along the slope gradient in the two periods. The dots and
error bars denote the median and standard deviation of the erosion-depth change in each gradient,
respectively. (a) 24 February–27 May 2011. (b) 27 May–3 August 2011.

In the second period (Figure 5b), at first glance, the curve appears to change only in the low-gradient
area. However, in reality, it shifted in the second period at all gradient degrees. Compared with the
first period, the high-gradient area (from the slope head to 75◦) remained an erosion-filled zone and
the largest erosion volume occurred at approximately 80◦. Similarly, the slope head also experienced
more erosion in this period. At the middle-gradient area, the curve of the height change remained the
same shape but was a few centimeters lower. However, the variation in the curvature was smaller than
that in the first period. This indicates that the height of the actual slope started to decrease but kept its
original shape. In the low-gradient area (from 30◦ to the slope bottom), an obvious difference in the
curve can be seen. It shifted from deposition to erosion, and the erosion becomes more significant
with the decrease in the gradient. We considered that the precipitation transformed into a surface flow,
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which increased the flow energy and eroded the slope due to its length and the rills. Figure 4b shows
the same phenomenon at the foot of the slope.

3.3. Erosion Pattern

Figure 6 shows that this study broke down the target slope to nine sub-slopes and shows the
detailed erosion situations in the two periods. We found that the rills exhibited a linear geomorphic
change on the slope surface according to the linear shape, especially in the second period. In the low
rainfall-intensity period (Figure 6a), mudstone erosion occurred under a different condition relative to
the location. In this part, the higher sub-slopes, namely Slopes 2–5, experienced maximum erosion in
their slope head, which had a loss of 0.1–0.2 m. This area was 20 to 30 m high and higher than the rills
could reach. Thus, the erosion assumed a belt form without a linear branch extension. The other areas
experienced a mixture of no change to 0.1 m erosion. The erosion occurred in all sub-slopes below
20 m high. In these parts, the erosion zone exhibited a linear form. In the large sub-slopes, the erosion
was distributed from the slope end to a height of 22 m with a linear shape. In the small sub-slopes,
the erosion only occurred at the path of the rills, and other sub-slopes did not change.

Figure 6. Erosion pattern in the first period (a) and second period (b) in 2011.

In the high intensity rainfall period (Figure 6b), significant erosion occurred in the slope, and some
erosion-filled zones appeared in the rills. Compared with the period of high intensity rainfall, no erosion
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occurred in the slope head, although a 0.1 m loss occurred. At the middle part of the slope, larger
erosion from 0.15 to 0.3 m occurred. At the foot of the slope, light erosion occurred with a 0.1 m
loss. Across these two parts, the rills exhibited the largest erosion of up to 0.3 m. The linear shape of
rills extended to the foot of the slope and included the slope end where 0.3 m erosion also occurred
but accompanied with deposition. The rills accumulated more runoff to generate stronger energy,
which caused more erosion and transported the surface materials. Some materials were deposited at the
slope end, but some of them were flushed outside the slope system by the rills. Thus, both significant
erosion and deposition occurred.

4. Discussion

4.1. Influence of Rainfall Intensity

The rainfall intensity exhibited better correlation with the topographical change than the total
rainfall (Table 4). The brief steady level of rainfall record in the two periods indicated that the second
period had more erosion energy that changed the mudstone hillslope. To clarify the relationship of
these two factors, we needed to check if other possible factors affected the erosion, such as earthquake.
During the observation periods, no big earthquake and human activities occurred. Therefore, rainfall
would most likely be responsible for the topographical change during the two periods. To trigger slope
erosion, precipitation must exceed the erosion threshold. The erosion threshold for a mudstone badland
is 10 mm/h [61], Thus, we filtered out some small-rainfall events (6%) and reduced the probabilities
of slope erosion. In addition, the erosion areas were designated to be with those with high gradient
because steepness exerts more effect on soil loss than rainfall intensity [62]. In the low-gradient area,
small erosion occurred and even shifted to a deposition-dominated area. Therefore, the low rainfall
intensity in the first period caused little erosion because the soil could absorb the rain.

The high rainfall intensity caused by the two typhoon events boosted the topographical
development in the second period. The rainfall intensity greatly affected the energy for soil erosion [63].
Compared with the change due to a low rainfall intensity, the erosion everywhere was significant.
However, the topographical changes from the slope head to the slope end were not consistent.
The erosion could be classified into three categories according to the degree of height change, and they
appeared to be related with the gradient. We considered that the rainfall intensity was a trigger that
controlled the erosion degree. High rainfall intensity increased the erosion volume at the slope surface,
but the detail of the topographical change was dominated by another factor.

4.2. Importance of Slope Gradient

Figure 3 shows that the slope could be classified into three parts according to their reactions under
rainfall intensity. They even exhibited unique change characteristics for erosion or deposition. Some of
their topographical conditions were the same, especially the range of their gradients. We considered
that the gradient controlled their reactions under different rainfall intensities.

First, the erosion increased with the increase in the gradient in the slope-head area. However,
Figure 5a shows that rills did not significantly develop in high-gradient areas, such as the slope head.
They stopped at the lower edge of the erosion-filled zone at approximately 60◦. Considering that rills
could not develop at high gradients, the erosion there must be caused by surface-stream flow and
raindrops. In addition, the edge area was also the border of two erosion types because of the relative
higher gradient.

The rills joined the erosion process when the slope gradient decreased to 60◦. When the rills broke
apart, some places experienced mixed erosion and deposition. The evidence is shown in Figure 5a.
Some rills had a linear shape as a rill path starting from the border to the hillslope bottom. These
rills did not experience much erosion with runoff but deposition. The rills eroded materials from its
upper part or in the inter-rill area and then transported them to the slope bottom. These sediments
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became the main source of deposition [64–67]. In this case, the gradient influenced the type of erosion
processes that occurred [68]. which caused different erosion conditions.

Another complex event took place in the second period under a high rainfall intensity, as shown in
Figures 3b and 5b. Because the typhoons brought high rainfall density, not only did significant erosion
occur from the slope head to the middle-gradient area but also the low-gradient area experienced a
shift from deposition to erosion. The high rainfall intensity boosted the raindrop and stream flow in
the slope head and enhanced rill development from the middle to the lower parts of the slope. Thus,
they reduced the slope surface [14,67]. The rills eroded materials from the upper part or inter-rill
area and then transported them to the slope bottom. These sediments became the main source of
deposition during the low rainfall intensity. When the intensity became high, additional water flowed,
which made the rills more active, caused additional erosion, and transported the eroded materials
outside the slope system. This phenomenon in the second period was in contrast to that in the first
period and created large erosion at the low-gradient area.

The middle part of the target slope experienced the smallest effect of erosion in both two periods.
Even when rills were developed and caused erosion somewhere, the topographical change was not
critical. Figure 4 shows that the curve of the erosion slightly shifted under different rainfall intensities,
but the variation in the erosion at each successive gradient was very close to reveal almost the same
height loss. This phenomenon created a stable zone at certain degrees. In this zone, the erosion
and deposition were balanced by the material transported through the high-gradient area and thus
mitigated the soil loss. When the gradient decreased, the condition also changed with the rainfall
intensity to cause either erosion or deposition. We called this zone as a transition zone for the erosion
or deposition process.

4.3. Applications of High-Resolution Topography in Slope Erosion

As a progressively developed technique, TLS provides low-cost (time and laboratory energy
consumption) advantages with high-spatial-resolution DEMs. In contrast to pervious methods,
landscape monitoring were mostly applied to estimate vertical offsets using leveling measurements,
aerial survey, and field observations, i.e., gully erosion [69], earthquake induced landslides [70],
and badland erosion in Spain [66].

Our TLS results demonstrated the feasibility of topographical analysis in a tiny scale landscape.
The morphological features can be more efficiently and flexibly conducted from DEMs than aerial
LiDAR method [71]. Accordingly, we suggest that TSL can obtain precise information about erosion
from any space within the slope, especially the local topographic gradient and erosion depth, to
investigate the morphologic phenomenon (Figure 4).

In addition, these results would extend the comprehensiveness of the interaction of the
erosional processes and rainfall intensity on mudstone slopes, and also provide guidance for further
landscape-evolution prediction using a physical model. We need to note that TLS analysis using highly
erodible material is a good method of observing the effect of weather events to explain the processes of
slope evolution.

High-spatial-resolution datasets surveyed using TLS fulfills its potential when applied to
topography changing studies [32,34,38,40]. According to the findings of the present study, we suggest
that the DEMs obtained from TLS can powerfully detect surface changes owing to their data quality
and field convenience, particularly for landscape monitoring.

5. Conclusions

This study used TLS to survey the surface erosion of mudstone slope caused by typhoon events.
The results show that the average erosion rate of the target slope was 0.05 m during the dry season in
2011. After the typhoon events, the average erosion during the rainfall season increased up to 0.07 m,
especially in areas more than 22-m high. Compared with the precipitation, the increase in the erosion
rate appeared to have better correlation with the increase in the rainfall intensity because of the high



Remote Sens. 2019, 11, 2425 12 of 15

gradient. When extreme precipitation occurred, the high rainfall intensity could enhance erosion to
trigger topographical changes in the target slope.

The hillslope gradient played a more important role than the rainfall intensity on the topographical
change. The target slope could be classified into three zones according to certain gradients. Each of
the zones showed different erosion and deposition activities. The slope-head zone experienced the
same activity under different intensities. However, the middle and downslope zones were affected
by rills, especially during the rainy season with two typhoon events. The precipitation due to the
typhoons triggered significant erosion along the rill path and transported slope materials outside the
slope system.

TLS provided a large contribution to this research owing to its high spatial and time resolution.
We believed that TLS can perform topography monitoring, particularly in research on tiny spatial scale.
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