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Using LIDAR DTMs data for river sediment transport
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Abstract: Taiwan is located in a subtropical region and issusceptible to typhoons and torrential rains during the summer
seasons. Taiwan is also located on actively shifting tectonic plates that can cause dramatic terrain changes. Taiwan’s river
terrain frequently sustains substantial changes, especially after typhoons and torrential rains. Presently, digital terrain maps or
models made by airborne LiDAR technology are reliable, have sufficient resolutions, are accurate, convenient, and can filter out
buildings or tree cover to restore the original ground topography. This type of map or model can meet the requirements of
geological and topographical analysis studies. In 2008, the Lanyang River region experienced four major typhoon events:
Kalmaegi, Fung-Wong, Sinlaku, and Jangmi. These typhoons changed the riverbed terrain dramatically. Therefore, we used two
occasions of digital terrain data measured using the airborne LiDAR system to conduct analytical comparisons of the riverbed
terrain and river sediment transportation changes before and after typhoon events. The study is the first of its kind to demon-
strate the excellent applications of the airborne LIiDAR system for measuring river terrains in a large watershed area; digital
terrain data were produced for periods before and after a typhoon season. We used the elevation difference topography
measurement method to calculate river terrain changes before and after a typhoon season. This study’s results showed that the
airborne LiDAR high resolution digital terrain model data produced excellent results when used to calculate river terrain and
sediment volume changes or change amounts.
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1 INTRODUCTION

Taiwan is located in a subtropical region and is susceptible to
typhoons and torrential rains during the summer. Taiwan is also
located in an area of active tectonic plate movements and experiences
continuous activity of geological structure that cause dramatic terrain
alterations. Especially after typhoons and torrential rain, river terrains
generate tremendous changes. The Lanyang River is one of the major
rivers in Taiwan. It is often directly affected by typhoons and torren-
tial rains originating from the Pacific Ocean in the summer. The
natural erosions and collapses upstream cause generated sediments to
follow runoff and be transported to the downstream river area. This
causes high riverbed silt, scour effect, or changes to the river channel
in the mid to downstream areas. The unit annual sediment runoff or
transported sediment volume of Taiwan’s major rivers is more than
6000 t/km? kilometer. The annual sediment yield of the Lanyang
Riverexceeds 40,000 t/km?. Furthermore, statistical research related
to riverbed terrain changes and sediment runoff or transportation
volume is a critical topic for soil and water conservation, water con-
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servancy planning, and river ecological habitat changes.

The Digital Elevation Model (DEM) provides excellent appli-
cation in the geology and geomorphology fields. The DEM can
present flat or three-dimensional models when needed and can
effectively illustrate topographical features from various angels.
The Digital Terrain Model (DTM) acquisition methods include
terrain contour lines, side-looking radar, satellite images, aerial
photos, the Real Time Kinematic Global Positioning System
(rtkGPS), total station theodolite (total stations), and LiDAR
systems (airborne andterrestrial LiDAR). As the technology for
terrain measurement advances, terrain data accuracy and resolution
has improved. Various terrain measurement methods and achieve-
ments have employed enhancements in terrain data to present
improved results. Previously regarding river terrain research, digital
terrain data were mainly used in river geomorphology, river cross-
sectioning, and longitudinal profile or section change-related
analysis (Lane, 1998). Since the 1990s, digital terrain model data
collected by overlapping terrain surveys from different periods
have been used to construct river topography of various periods.
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The elevation difference values from terrain changes during
different periods have been used to develop various river topo-
graphy measurements (Lane, et al., 1994; Brasington, et al., 2003;
Lane, 1998; Lane, et al., 2003; Milan, et al., 2007; Rumsby, et al.,
2008; Wheaton, et al., 2009). River terrain change elevation
difference values can be used to understand the local extent of
river accumulation and erosion, project actual accumulation and
erosion volume changes for the river channel, and form an inte-
grated projection of the total volume changes for river terrain
changes. The majority of the studies discussed above used the
digital terrain model data produced through aerial surveys and
rtkGPS technologies for calculations. In addition to limiting the
scope of research to a range of several square kilometers, the
error differences from differing technologies increases the
complex variables for terrain change calculations. Using airborne
LiDAR system technology from different periods can be applied
to monitor and analyze larger river basins and watersheds or
landslide areas (Cavalli, et al., 2008). Studies conducted in
Taiwan also used digital terrain models produced by aerial photos
before and after typhoon disasters to analyze and calculatethe
DTM differences for before and after typhoons and calculate or
project possible sediment yield volume (Zheng, et al., 2005), and
have also used SPOT imaging and DTM to estimate sediment
yield volume (Jiang, et al., 2007).

In June 2008, after the LiDAR digital terrain measurement of
the mid- and upstream portions of the Lanyang River was
completed, the Lanyang River experienced four severe typhoons:
Kalmaegi, Fung-Wong, Sinlaku, and Jangmi. These typhoons
caused dramatic changes to the riverbed terrain. Therefore, we
conducted airborne LiDAR terrain measurement a second time in
October 2008 for an identical river channel range of approx-
imately one hundred square kilometers. We used the airbone
LiDAR system for the first time to measure the river terrain of a
large watershed area. Digital terrain data were produced for
different periods before and after the typhoon season. The eleva-
tion difference value topography measurement method was
employed to calculate the terrain changes of the Lanyang River
before and after typhoon season and analyze and compare
riverbed topography and river sediment transport changes before
and after the typhoon incidents.

2 STUDY AREA

We selected the mid- and upstream region of the Lanyang River
as the survey site for this study. The Lanyang River was originally
named the Zhuoshui River of Yilan County, and obtained its
namefor its rich sediment content and water turbidity. It is one of
the major rivers in Taiwan and the largest riverin northeastern Yilan
County, and originates from the northern Nanhu mountain foothills.
From its origination point, the Lanyang River zigzags between the
Snow Mountain Range and the Nanhu Mountain Range and flows
northeast to Phoa-po-o, where it begins to enter the flat lands. The
stream bifurcates or forms branches into reticular turbulences,
developing a main stream near the Lanyang Bridge, and finally
flows east into the Pacific Ocean. Its watershed or river basin area
is approximately 978 km? and the length of the mainstream is
approximately 73km.

The mainstream of the Lanyang River is a torrent-river. The steep
slopes and rapid currents upstream frequently discharge large
amounts of sediment during flood periods. During concentrated
rainfall, large flood water flow can produce severe damaging impacts.
Over the years, the straight or direct impact of the mainstream flood
flowhas caused disasters and scoured the feet of embankments and
damaged embankment slopes with flood debris abrasion.

The location of the study area was the mid- and upstream
Lanyang River watershed area near the Yingshi and Siji villages
(Fig.1). It is located between Taiwan’s northeastern Central Moun-
tain Range and the Snow Mountain Range regions. From remote
sensing images, the main Lanyang River channel forms an obvious
linear shape. This line begins at Niutou and extends south-southwest
toward the upper reaches of the Lanyang River. Many geologists
have referred to this line as the Lishan fault (Ho, 1975; Wu, 1976)
or the Niutou fault (Tang, et al., 1976; Tsan, 1976; Lin & Lin,
1995). The area selected for this study was distributed between the
Hsueshan Mountain Range zone and the Central Mountain Range
zone geological area, and its northwest side was the Hsueshan
Mountain Range zone. Its exposed strata comprised the Hsichun
formation, Szuling Sandstone, and the Gangou Formation. Hsichun
formation lithology is mainly cross-layers or alternate-layers with
siltstone, hard shale, fine-grained metamorphic sandstones, and thick
layer hard shale or slates with occasional metamorphic sandstones.
Szuling Sandstone lithology mainly contains gray medium or coarse
grains. Gangou Formation lithology mainly comprises argillite or
slates with occasional thin layer fine meta-sandstone. The stratum
exposed at the southeast side Central Mountain Range zone was
the Lushan Formation, and its lithology mainly comprises thick
layer grey-black slates (Fig. 1).

3 FEATURES OF AIRBORNE LIDAR
TECHNOLOGY

Light Detection and Ranging (LiDAR), otherwise referred to
as laser scanner or laser swath mapping technology, is a system
that uses the laser beam distance measurement principle to conduct
scan-type distance measurements. It has airborne and terrestrial
systems. Airborne LIiDAR or Airborne Laser Swath Mapping
(ALSM) is based on the use of aircrafts as a vehicle and combines
the laser system, the Global Positioning System (GPS), and the
Inertial Navigation System (INS), as shown in Fig.2. When the data
collected by integrating technologies is calculated or solved it can
provide three dimensional coordinates of the terrain and ground
objects (X, Y, Z). In addition to enabling quick and accurate terrain
elevation measurement operations, it can also be used for analysis.

According to domestic and foreign airborne LiDAR technology
application experiences, we can broadly summarize its characteris-
tics shown as below: (1) High resolution and accuracy: in general,
depending on varying mission planning, airborne LiDAR’s vertical
accuracy is approximately 10 cm to 15 cm, and the horizontal
accuracy is approximately 50 cm to 100 cm. (2) Data processing
module automation: automated modules can be constructed for the
steps of flight data acquisition and post-processing regardless of
what system instrument is used. Unless specific high-specification
results are required, general users can quickly and accurately obtain
terrain data. (3) LIDAR reflection intensity data: besides elevation
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Fig. 1 Geological map of the study area (Geological Investigation and Database Construction for The Upstream Watershed of Flood-Prone
Area-Geological Investigation, Landslide-Debris Flow Investigation and Their Suscepitability Evaluation in the Watershed Area of Central Geologi-
cal Survey of China Taiwan)

Fig. 2 Airborne LiDAR technology schematic

information, the laser reflection intensity is also recorded in the
file and can be used to generate intensity images that react to the
properties of the ground substances. (4) Ability to filter out vege-
tation or buildings: this is a unique advantage of the LiDAR
system. Because LIDAR has multi-reflective features, it can
provide the elevation data of the varying ground objects, filter out
vegetation points or buildingswith numerical or digital processing,
and can obtain actual ground andterrain feature or objectelevations.
LiDAR’s ability to provide actual ground elevations affords high
levels of substantial assistance to geologists in all types of surveys
and analysis, especially in the vegetation-filled terrain of Taiwan.
(5) High density data points: because the emission frequency of
the LiDAR laser is tens of thousands of times per second, it can
collect extremely high-density reflection data within a very short
period. These data can show subtle changes in the terrain surface
after processing and can be used for investigation and analysis for
the small gaps caused by fault scarp. (6) Simple ground control

points: The GPS, inertial measurement, and laser distance mea-
surement data for each airborne LiDAR laser measurement point
arerecorded. Therefore, measuringwide area rangesrequires only
few ground control points, which is convenient compared to
traditional measurement methods.

4 RESULTS
4.1 LIiDAR Digital terrain data

In this study, we used a BN-2B fixed-wing aircraft as the scan-
ning vehicle. We conducted two LiDAR measurement missions
before and afterthe typhoon season on June 22, 2008 (Fig.3) and
October 31, 2008 (Fig. 4), respectively; we completed 29 routes of
flight scanning measurements for the study region. The
2m-resolution DEM data for the study region were produced after
the flight plan, scanning measurements, and point cloud data were
processed. The results are shown in Fig. 3 and Fig. 4.

4.2 Digital Terrain Data Calculation and Analysis

We used the study region DEM data to conduct direct calculations
and analysis and mainly employed ESRI ARCGIS software to obtain
the elevation data and estimate terrain change amounts. The 2m x 2
m grid method was employed to calculate or compute the DEM data
and conducted sequential statistics on the elevation differences for
the same location point (when X and Y had the same value). The
result of the elevation difference values based on the scan data from
the two different periods represented surface accumulation or erosion
effects. Fig. 5 shows an overlay of the digital terrain data elevation
difference value results on the terrain shadow map for after the
typhoon season. The blue difference values were the accumulation
areas, represented by positive value differences, and the red differ-
ence values were erosion areas, represented by negative value differ-
ences. In addition, we used different grid sizes to recalculate the
average for the terrain elevation difference values; we enlarged the
grid, making it equivalent to a 10m x 10 m grid, for calculations (Fig.
6). Although the resolution was reduced, the system interpreted
topographic changes for a larger area range.
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Fig. 6 River elevation difference values before and after the typhoon season (10 m grid) and post-typhoon terrain shadow map

5 DISCUSSION

5.1 Changes in the Lanyang River Channel During
the Typhoon Season

Between July and September of 2008, the four major typhoon
events discussed above produced large-scale, rapid, and concentrated
heavy rainfall that significantly changed the Lanyang river terrain.
Onsite observations can only detect these terrain changes to a limited
scope and scale. For example, observations can only roughly outline
washed out agricultural lands or eroded floodplains or river terraces
in the river bed. Aerial photos or satellite images can detect the
location and range of the terrain changes, but cannot accurately
estimate or quantify the exact extent of the damages.

Comparing the terrains measured by airborne LiDAR technol-
ogy before and after the typhoons, after the measured areas under-
went four typhoons and heavy rain events, changes in terrain could

be observed from the elevation difference values measured on two
occasions overlaid on terrain shadow maps. For example, we
clearly determined the extent and scope of the erosion for the
floodplain and low river terraces of the main Lanyang River
channels (Fig. 7). We could circle the exact extent of the elevation
change amounts, including changes to the meandering main flow
paths and the erosion changes to the floodplain and low river terraces.
We could also interpret the position, scale, and elevation differences
of the collapses caused by landslides on the slopes (Fig. 8). Taking
the merging area of the Shitou Stream as an example, three tributa-
ries flow into the main channel of the Lanyang River at this point.
We determined the river terrace erosion and floodplain changes by
examining the digital terrain data elevation difference value results
for the two measurements (Fig. 9). By comparing the onsite photos
(Fig. 10), we observed large-scale terrain changes. However, subtle
terrain changes could only be detected and interpreted using the
LiDAR digital terrain data.
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noyuan region before and after the typhoon season on terrain shadow
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arrow shows river terrain accumulation change areas, the red arrows
show floodplain areas impacted by erosion, and the black arrows
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Fig. 8 Overlay of terrain elevation difference values of the Rumoan
region before and after the typhoon season on terrain shadow map.
The black oval indicates a landslide area

(c) Terrain elevation difference value overlay
terrain shadow map after the typhoon season
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Fig. 9 Terrain elevation difference values and shadow maps before and after the typhoon season for the region where the Shitou, Jialan,
and Jialaner Stream tributaries flow into the main Lanyang River Channel

5.2 River Deposit Transport Characteristics

We directly calculated and analyzed the resulting DEM data
producedby the two flight missions before and after the typhoon
season. We used ESRI ArcGIS software to project the terrain
change amount using the elevation data obtained from two differ-

(C)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved.

ent periods based on the data of the two flight scan measurements.
The 2m x 2m grid method was used to compute the DEM data.
The results showed the total amount of volume change for river
channel erosion and accumulation transportation. The study region
had a total erosion volume of more than 7300000 m?, a total accu-
mulation or deposit volume of more than 4900000 m?, and the
http://www.cnki.net
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(a) Shihtou stream (2007-09-14)

(b) Chialaner stream (2008-08-01)

(c) Chialan stream (2009-04-02)

Fig. 10 Site photos of the region where the Shitou, Jialan, and Jialan-
er tributaries flow into the main Lanyang River Channel before, during,
and after the typhoon seasons (The location of the photos is indicated
by the asterisk and arrow in Fig. 9(a))

total volume was reduced more than 2300000 m* of sediment.
Following the various torrential rain incidents during the typhoon
season, the Lanyang Riverwas predominately affected by erosion
transportation, demonstrating that the study area was predomi-
nantly influenced by erosion and that the transportation effects
caused more than 2300000 m® loses in sediment or debris.

5.3 Cross-sectional and longitudinal profile or section
changes for the river

We horizontally divided the Lanyang River into a river profile
based on different river channel characteristics and compared
changes in the same locations before and after the typhoon season.

Analyses for 35 areas were performed, and the profile locations are
shown in Fig. 11. We projected the elevation profile data and relative
locations before and after the typhoon, as shown in Fig. 12. We then
calculated the terrain elevation difference value sum of the two
measurements for the cross-sections. After reviewing the
cross-sectional elevation difference value sum statistical charts, we
determined that cross-section 13b was a critical dividing line. The
results indicated that areas above 13a primarily showed erosion
transport characteristics, and that the areas below 13b chiefly
showed transport or accumulation transport characteristics.

From the cross-sections, the river transport characteristics
were predominately affected by the slope, width, and curvature of
the river, as well as the lithology of the two sides of the river. The
main controlling factor of river transport is the slope of the river.
Location 13b was a critical dividing line, as the river slope above
13b was significantly greater than below 13b (Fig. 13). This data
indicated that the greater the slope of the river channel, the
greater the erosion effects. River width and curvature were local
influencing factors, and lithology distribution also affected the
erosion and transport characteristics limited to the river valley
and banks. Fig. 12 shows the river width change trends. The
downstream area of the river tended to be wider. Comparison
with data for river elevation difference value sums indicated that
greater river width generally reflected stronger river accumula-
tion transport characteristics. Terrain comparison before and after
the typhoon seasons showed the river terrain changes between the
dry and heavy rain seasons.

The longitudinal profile analysis of the Lanyang River was
predominately based on terrain data from the past, pre-and
post-typhoon season data collected by this study. The river channel
was cut into vertical sections following the main flow for the
Lanyang River main river channel (Fig. 14). The longitudinal
profile displayed the slope trends of the river, which showed a
similar slope trend for the study region. Unless there were signifi-
cant changes to the terrain of the study region that were impacted
by the entire river basin slope distribution, short-term typhoon
changes did not cause obvious change impacts to the longitudinal
profile of the river.

5.4 Lanyang Riverbed Sediment Transport Volume

The scouring and silting changes and the sediment transport
volume of the riverbed play a critical role in soil and water
conservancy, water conservancy planning, and ecological habitat
changes. General riverbed sediment transport mechanisms can be
divided into bedload and suspended load. Presently, analysis
related to sediment transport volume is mainly based on the
actual measurement data of the suspended load, flow volume of the

Fig. 11 Location map of the horizontally cut river channel cross-section areasfor the study region selected based on the
different terrain characteristics of the river channel
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hydrological station and the riverbed particle size analysis, and the
hydrological analysis data. The empirical or theoretical formulae
were used to calculate the total riverbed sediment transport (Chen,
et al., 2007), but few actual measurements were produced.
Furthermore, the inability to obtain the actual observed suspended
load or particle size analysis during typhoon or heavy rain events
also caused errors in the estimations.

Lin, et al. (2003) made calculations based on the average
daily flow of the hydrological stations and suspended load
production value, and found that suspended load in the upstream of
the Lanyang River catchment are mainly affected by the trans-
port influence of uncommon low-frequency high-flow events.
That is, typhoon events are the most critical factors that affect
the production of suspended load in the upstream catchment of
the Lanyang River. Related studies in other regions of Taiwan
(Chen, et al.,, 2007; Zhu, et al.,, 2007) also indicated that
typhoon incidentsare a significant influencing factor of river
suspended load production. Regarding the statistical data on
Lanyang River sediment transport volume, Lin (2004) used a
hydrological station flow duration hydrograph and a suspended
load regression equation based on long-term hydrological
station observation data and cross-sectional analysis to calcu-
late the average annual sediment transport volume. Lin also
considered how the flow rate of the upstream and downstream
areas affected changes in the ratio of the suspended sediment or
load and bedload to estimate the annual sediment transport
volume statistical analysis for the main hydrological stations of
the Lanyang River.

For the study region, we compared the Niutou Bridge hydro-
logical station data collected by previous studies with the data
collected by this study. The results indicated that after the four
typhoon incidents in 2008, the volume of the river channels within
the study region decreased by over 2350000 m?®. The 2008 hydro-
logical data projected that the suspended load for the study area
was over 2960000 m° the total sediment transport volume was
over 5310000 m®, and the ratio value for the bedload and suspended
load was 9:11. If the changes in the sediment or debris volume of
the river were viewed as changes in the volume of the bedload, and
calculations were conducted based on the bedload and suspended
ratio; using Taiwan’s past experience value of 1:5 for the calcula-
tions (Zheng, et al., 2005), the suspended load volume was greater
than 11750000 m® and the total sedimentary volume was greater
than 14100000 m®. When a ratio of 3:7 was used (Dadson, et al.,
2003), the suspended load volume was greater than 5483300 m®
and the total sedimentary volume was greater than 7830000 m®. If
the 15% method was used (Lin, 2004), the suspended load volume
was greater than 15666600 m® and the total sedimentary volume
was greater than 18016600 m®. A comparison of past study results
(Lin, 2004; Kao, et al., 2001) showed that using the 3:7 ratio
(Dadson, et al., 2003) is more reasonable and closer to the
re-estimation results of Kao, et al., (2001). However, there were
still differences compared to the projected ratio of 9:11 used in this
study. The results indicated that the river sediment transport energy
of the Lanyang River during heavy rainfall had been underesti-
mated. Future water conservancy planning should reference this
finding.

6 CONCLUSION

This study was the first of its kind to use the airborne LiDAR
system to measure river terrain data for a large watershed area. It
also created different periods of digital terrain data before and after
a typhoon season. We used the elevation difference value topogra-
phy measurement method to calculate the Lanyang River terrain
changes before and after a typhoon season. The results of the study
showed that the airborne LiDAR high resolution digital terrain
model data produced excellent results when used to calculate river
terrain and sediment volume changes or change amounts.

After the Lanyang River channel experienced four typhoons in
2008, we directly calculated and analyzed the resulting digital
terrain model data generated by two flight missions before and
after the typhoon season, and used the elevation data collected for
two different periods to estimate the terrain change amounts based
on data measured by the two aerial scans. The results indicated that
the study region was predominately affected by erosion, and that
sediment transport loss volume was greater than 2300000 m®.

The cross-sectional elevation difference value sum data of the
study region indicated that areas above Fig. 13(a) showed the
upstream erosion segment and midstream transport segment
characteristics, and areas below Fig. 13(b) showed mainly
midstream transport segment characteristics. The main controlling
factor of river transport is the slope of the river. The greater the
slope of the river channel, the more obvious the effects of erosion.
River width and curvature cause local effects, and lithology distri-
bution also affected the erosion and transport characteristics limited
toriver valleys and banks.

The results indicated that after the four typhoons in 2008, the
volume of the river channels within the study region decreased by
over 2350000 m®. If the river debris or sediment volume change
amount can be considered the bedload change amount, based on
2008 hydrological data, the suspended load for the study area
was over 2960000 m?, the total sediment transport volume was over
5310000 m®, and the ratio value of the bedload and suspended load
was 9:11. These results indicated that the sediment transport energy
of the Lanyang River during heavy rain had been underestimated.
Future water conservancy planning should reference this finding.
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