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Abstract: Typhoons play a significant role in the marine sedimentary dynamic process and thus
could significantly change the submarine geomorphology in their influence area. In this study,
a high-resolution sub-bottom profiler and a side-scan sonar were used to detect the submarine
geomorphology of the southeast coastal area of Nanri Island in the Taiwan Strait before and after
Typhoon Soudelor—three times in 2015. The results show that the typhoon induced seaward movement
of the sand dunes up to several tens of meters, resulting in significant changes in both the shape of
the sand dunes and the scale of the exposed bedrocks. The typhoon also changed the submarine
geomorphology, including the smoothing of anchor traces of fishing boats and the formation of relatively
small sand dunes (groups). A comparison of the results of different surveys shows that the submarine
geomorphology that was changed by Typhoon Soudelor could not recover within a short period of time.
The wind field simulations of the typhoon process showed that the storm wave caused by the strong
wind stress of the typhoon was a key dynamic factor for changing the submarine geomorphology.
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1. Introduction

Typhoons are one of the strongest air–sea interaction processes on the synoptic scale and can
greatly change physical, chemical, biological, ecological, and sedimentary dynamic environments
within a short period of time [1–7]. In an offshore area, the strong cyclonic wind stress of a typhoon
can directly stir up submarine sediments, which induces transport and redistribution of the sediments,
thus affecting the marine sedimentary dynamic process [2,8–11]. In fine-grained deposit regions,
the cyclonic wind stress leads to re-suspension of large quantities of submarine sediments. As a result,
the re-suspended sediments are carried by typhoon-induced currents and spread out over surrounding
areas—this process is called sediment redistribution [10,12,13]. In coarse-grained sediment regions,
the strong dynamic force of a typhoon can cause the movement of coarse-grained sediments, resulting in
the formation and movement of submarine sand dunes as well as intensified erosion and accumulation,
which finally lead to changes in the submarine geomorphology [2,14,15].

Although typhoons strongly affect the marine sedimentary dynamic process and submarine
geomorphology, there have been very few studies on these fields based on in situ observations so
far, due to limitations in predicting typhoon paths, lack of in situ observations because of adverse
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weather conditions during typhoons, and also human activities (such as fishery and aquaculture)
in coastal areas that strongly restrict fixed-point mooring observations [4]. In addition, the typhoon
process factors, including seasonality, path, intensity, and moving speed, vary significantly from
one typhoon to another, affecting the sedimentary dynamic process and submarine geomorphology.
Unfortunately, comparison studies of typhoons of different types are extremely scarce. All these
limitations result in the current incomplete and imperfect system used to study the effects of typhoons on
the sedimentary dynamic process and the associated submarine geomorphologic evolution. The current
method mainly entails comparing the differences in the sediment properties (including sediment grain
size, geochemistry, and paleomicrobes) and the submarine geomorphology before and after typhoons,
to reflect the effects of typhoons on the sediment dynamic process and geomorphology, to assess their
degrees of influence, and to discuss associated mechanisms by taking into account the marine dynamic
environment [2,4,16,17].

The Taiwan Strait lies between the East China Sea and South China Sea and acts as a channel
for substance and energy exchange between the two [18]. In addition, on the east side of the Taiwan
Strait is Taiwan Island, and on its west side is mainland China, so the Taiwan Strait receives large
quantities of terrestrial substances from both sides [19,20]. Affected by monsoons, marine currents,
and geological processes, the sediment dynamic processes in the Taiwan Strait are quite complex
and diverse. On the east side of the strait, strong erosion occurs on Taiwan Island and the rivers flowing
into the sea are short-ranged rivers that have “pulsating”-type fluxes. The amount of transported
sediment under extreme events (mainly summer typhoons) can cause an increase in sediment flow
into the sea by 10- to 100-fold [21,22]. On the west side of the strait, the flux and transport of sediment
into the sea are characterized by “summer storage and winter transport”—in summer, sediments are
mainly deposited near the river mouth; in winter, under the influence of strong winter monsoons,
sediments are re-suspended and carried by marine currents and spread out towards the south to
form offshore mud sediment wedges [23–25]. Due to the “narrow tube effect” in the strait, the marine
dynamics (including tidal currents) are relatively strong, and in turn, submarine sediments are
continuously dug up and washed by the strong marine dynamic forces. As a result, fine-grained
sediments are carried away and deposited in sea areas that have relatively weak hydrodynamic
environments (mainly in the strait center and offshore of the strait), which forms mud sediment
deposition regions, whereas the coarse-grained sediments are preserved and form sand sediments [18].
Moreover, the Taiwan Strait, which is located in the West Pacific Ocean, is in a typhoon-affected marine
area; according to perennial averaged statistical data, three to four typhoons pass across or significantly
affect the Taiwan Strait every year [19]. Thus, the Taiwan Strait is a natural laboratory for studying
the effects of typhoons on sediment dynamics and geomorphological evolution processes.

Along the west coast of the Taiwan Strait, a number of rivers carry large quantities of sediments into
the sea. The sediments are transported and deposited in offshore areas by the costal currents and form
mud sediment systems [24,25]. The offshore areas to the north and east of Pingtan Island belong to
the inner continental shelf mud sediment deposition region of the East China Sea, which extends
along North-South (N-S) strikes for approximately 800 km. In the offshore sea areas that have small
river fluxes into the sea, sand sediments exist, and the relatively closed spaces and strong tidal
dynamics (in water less than 50 m deep) form sand dunes of different scales under the force of tidal
currents. Southeast Nanri Island is a typical sand dune distribution region, and the sand dunes in
this sea area strike Northeast-Southwest (NE-SW) with dune heights up to 4–5 m and wavelengths of
approximately 50–100 m (Figure 1c). These sand dunes are formed mainly because: (1) the local rivers
flowing into the sea from the surrounding areas contain quite low fluxes of sediments; (2) the transport
of the sediments is obstructed by Pingtan Island and Nanri Island on the north side; and (3) fairly
strong tidal currents exist in this sea area.
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Figure 1. (a) The path of Typhoon Soudelor in 2015 (http://agora.ex.nii.ac.jp/digital-typhoon/); (b)
study location in the Taiwan Strait; (c) submarine geomorphology of the study area observed using
side-scan sonar and multibeam echosounder (c-1) and the observation lines with markers for L4–L7
and S5–S6, the seismic profiles in Figure 2 and with markers for S2, S5, and L6, the side-scan sonar
profiles in Figure 3; (d) grain size distributions of the surface sediments for (d-1) sand/gravel, (d-2)
sandy silt, and (d-3) clay silt; (e) the observation times of the three surveys and Typhoon Soudelor.
Notice that the multibeam echosounder data was obtained in 2017. This figure was drawn using Surfer
(version 11.6) (Golden Software LLC., Golden, CO, USA).

Typhoon Soudelor formed on the northwest Pacific Ocean on 30 July 2015. After its formation,
it first started to move towards the west with rapid enhancement in strength. It then moved gradually
toward the northwest on 2 August 2015 and became a super typhoon on 3 August 2015 (wind speed:
65 m/s), with a relatively stable moving direction and speed. In the early morning of 8 August 2015,
Soudelor landed at Hualian, Taiwan (the maximum wind speed: 48 m/s), and then it passed across
the Taiwan Strait at 22:00 on the same day (the maximum wind speed: 38 m/s). Later, Soudelor
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re-landed at Putian, Fujian, and gradually weakened while moving onto the inland. The weakened
Soudelor was reduced to a tropical depression on 9 August 2015, and entered the Yellow Sea on
11 August 2015 (Figure 1a).

Figure 2. (a) Seismic profile locations and seismic profiles of S4, S5, and S6, observed on (b-1) 9 May 2015;
(b-2) 19 August 2015; (b-3) 23 September 2015; and (b-4) the interpretation profiles for the three surveys;
the seismic profiles of L7, L6, L5, and L4, observed on (c-1) 9 May 2015; (c-2) 19 August 2015,
and (c-3) the interpretation profiles for the two surveys and (d) the GPS track lines collected during
three surveys.

In the southeast offshore shallow-water areas (water depth less than 50 m) of Nanri Island
on the northwest side of the Taiwan Strait, there are relatively large-scaled sand dunes with
NE–SW strikes and large quantities of bedrock outcrops with complex and diverse geomorphologies.
On 8 August 2015, Typhoon Soudelor went through this region. Three surveys were conducted,
using a high-resolution sub-bottom profiler and a side-scan sonar to study the Soudelor enhanced
offshore movement of sand dunes and submarine topographical variation. These observations can
greatly advance our understanding and assessment of the effects of the typhoon dynamic process on
submarine geomorphology.
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Figure 3. (a) Side-scan sonar profiles locations and the sonar images of L6, observed on (b-1) 9 May 2015;
(b-2) 19 August 2015, and the corresponding seismic profiles (b-3,b-4); the sonar images of S2, observed
on (c-1) 9 May 2015; (c-2) 19 August 2015; and (c-3) 23 September 2015; and the sonar images of S5,
observed on (d-1) 5 September 2015; (d-2) 19 August 2015; and (d-3) 23 September 2015.

2. Materials and Methods

To study the distribution and movement of sand dunes in the surrounding sea areas of
Nanri Island, we conducted three joint detections along the southeast side of Nanri Island, using
a high-resolution sub-bottom profiler (EdgeTech 3100 P Chirp Sonar Sub-bottom Profiler, Edge Tech.
Inc., West Wareham, MA, USA: frequency range: 2–12 kHz/20 ms; dune-speed width: 20◦; acoustic
velocity: 1500 m/s; maximum vertical resolution: 8 cm; and maximum penetrating depth of the clay
substrate: 90 m) and a digital side-scan sonar (KLEIN 3000 side-scan sonar, Klein Associates Inc.,
Great Neck, NY, USA: frequency: 100 kHz/500 kHz, double-channel synchronous operation, independent
control; unilateral range: 150 m at 100 kHz, 600 m at 500 kHz; horizontal beam width: 1◦ at 100 kHz,
0.2◦ at 500 kHz; vertical beam width: 40◦; and default angle down: −15◦) using a modified fishing
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boat. During the surveys, the side-scan sonar was hung on the starboard side of the modified fishing
boat with the DGPS (Differential Global Positioning System) probe located directly above its towfish.
The sub-bottom profiler was towed behind the boat on the starboard side, with a trailing distance of
about 3 m and a trailing distance of about 15 m from the towfish to the DGPS antenna. Under normal
sailing conditions, the towing cables of the side-scan sonar and the sub-bottom profiler were in a tight
state. In order to reduce the position deviation of repeated measurements, three surveys were carried
out in the same modified fishing boat, with the same instruments and the same installation method.

The first survey was conducted from 5 August 2015 to 8 September 2015, and the sub-bottom profile
and side-scan sonar measurements were taken along two measurement lines (S: 11.18 km; L: 10.21 km)
when the sea was quiet. On 8 August 2015, Typhoon Soudelor (wind speed: 38 m/s; force 10 wind circle
radius: 60–150 km; and the nearest distance of the typhoon center to the study area: 20–30 km) went
near the study area (Figure 1b). After the typhoon’s effects complete dissipated, on 19 August 2015,
we re-conducted the detections along the two measurement lines, using exactly the same methods.
On 23 September 2015, the third survey was conducted in the study area to determine the extent
to which the typhoon-induced geomorphological change recovered (Figure 1e). In the comparative
study, we used the morphology and distribution of the submarine bedrocks as references to minimize
the positioning errors, in addition to accurate navigation (Trimble AgGPS AgGPS 332 DGPS, Trimble Inc.,
Sunnyvale, CA, USA: horizontal positioning accuracy: <1 m; and position update rate: 5 Hz). During
the third survey, the sub-bottom profiler failed after the acquisition of the S section, so we could not
measure the L section. Subsequently, we conducted a full survey of the study area using a digital
side-scan sonar and collected 32 surface sediment samples using a grab sampler. We analyzed
the grain sizes of the collected surface sediments using the sieve method and a laser diffraction particle
size analyzer.

A multibeam echosounder (SeaBat7125, Reson Inc., Slangerup, Denmark: working frequency:
200 kHz, beam number: 512, beam width: 1◦ × 2◦, scan width: 140◦, scan frequency: 50 Hz, depth
resolution: 6 mm) was used to obtain detailed geomorphological data in the sand dunes area on
25–27 July 2017 (Figure 1c-1).

The wind field data for the Taiwan Strait during Typhoon Soudelor were obtained from
the NOAA (National Oceanic and Atmospheric Administration) wind field database (NCDC-Eclipse
THREDDS Data Server at http://www.ncdc.noaa.gov/thredds) with a resolution of approximately 0.25◦

× 0.25◦ per pixel. The wind stress was calculated based on the downloaded primary wind field data,
according to previous studies. The distributions of wind stress in the Taiwan Strait on 8 August 2015
00 a.m., 8 August 2015 12 a.m., and 9 August 2015 00 a.m., were drawn using Surfer (version 11.6).

3. Results

The side-scan sonar results show large-scale en echelon-lined sand dune groups, which are mainly
distributed in the central and northwest parts of the study area with NE–SW strikes (Figure 1c,d).
The length of the sand dunes varies but usually is approximately 500–2000 m, with the distance
between sand dunes being approximately 200–1000 m. Some of the submarine bedrocks are directly
exposed to the seabed, especially near the offshore areas of Nanri Island. With increasing water depth,
the exposed area of bedrocks gradually decreases (Figure 1c,d).

The detection results by the sub-bottom profiler show that the sand dune groups are mainly
distributed above the bedrocks as a thin sediment layer (Figure 2). The sediment layer is generally
less than 20 m in depth, without clear stratigraphic sequences. Part of the marine bedrocks is directly
exposed to the seabed. The submarine sand dunes are usually less than 4 m in height, with a wavelength
of approximately 50–100 m and a distance between the sand dunes of approximately 200–1000 m,
which is characterized by an asymmetric morphology (Figure 2).

The analysis of the surface sediment grain sizes shows that sediments around the sand dune
groups are quite coarse and mainly composed of sand and gravel (Figure 1d). With increasing water
depth, the grain size of the sediments gradually becomes finer sandy silt (Figure 1d). In between
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the sand dune troughs and the sand dune groups, sediments are even finer, and clay silt appears in
part of the deep-water area (Figure 1d). The relatively coarse-grained sand/gravel and the relatively
fine-grained clay silt are well sorted, with the grain size distribution showing a single peak (Figure 1d).
On the other hand, the distribution of the sand silt is relatively worse, with the grain size distribution
showing double peaks (Figure 1d), which signifies that the coarse-grained sand/gravel is transported
as bed load, while the fine-grained sand silt and clay are transported as suspension load.

High-resolution sub-bottom profiler lines go across the sand dunes. The central measurement line
S, which was nearly perpendicular to the shoreline, passed across three sand dunes (groups S4, S5,
and S6), which show asymmetric morphologies that are quite steep along the NW (shallow water)
direction but relatively flatter along the SE (deep-water) direction (Figure 2b). The central measurement
line L, which was nearly parallel to the shoreline, passed across four sand dunes (groups L4, L5, L6,
and L7), which also show asymmetric morphologies that are steeper on the west side and flatter on
the east side (Figure 2c).

Regarding the detection results at different times (three times for the measurement line S and two
times for the measurement line L), the geomorphology and location of the sand dunes show significant
variations (by using the morphology and distribution of the submarine bedrocks as references),
while the measuring lines of different times basically coincide, with mostly less than 10 m apart
(Figure 2d). Ten days after the typhoon, the height of the sand dunes was reduced compared with
the height before the typhoon, with slightly increased sand dune wavelength (Figure 2b-4,c-3). A more
significant difference is that on the stoss side of the sand dunes, relatively small-scaled secondary sand
dune groups (S5 and L6) were newly formed (Figure 2b-4,c-3). They were distributed with an irregular
zigzag pattern, with a height of approximately 0.5 m. In the S section, whole sand dunes moved
towards the SE direction, with a movement distance ranging from several (S5-1 and S6) to several
tens of meters (S4 and S5-2) (Figure 2c). In the L section, whole sand dunes also moved towards
the SE direction by several meters (L4–L7) (Figure 2b). Approximately one and a half months after
the typhoon, the morphology and location of the submarine sand dunes in the study area showed no
significant variations, but the sand dune wavelength decreased compared with the wavelength right
after the typhoon (Figure 2b-4,c-3).

According to the results given above, we can summarize that after a strong dynamic typhoon
process, whole submarine sand dunes move towards the deep-water region, i.e., the southwest direction
of the study area, by up to several tens of meters perpendicular to the shoreline by several meters
parallel to the shoreline. Furthermore, the sand dune morphology was also significantly changed, such
that the sand dunes became relatively lower and longer, with relatively small-scaled zigzag-shaped
sand dune groups forming on the stoss side of the sand dunes (Figure 2b-4,c-3).

The typhoon process significantly influenced the submarine geomorphology in the study area
(Figure 3). Prior to the typhoon, the sand dunes (groups) and the submarine geomorphology
and distribution of the exposed bedrocks can be clearly seen in the side-scan sonar images, which are
consistent with the detection results from the sub-bottom profiler (Figure 3). The side-scan sonar images
show that ten days after the typhoon, the submarine sand dunes (groups) and the exposed area of
bedrocks were clearly enlarged and that numerous secondary sand dunes (groups) appeared on the stoss
side of the sand dunes, which is also reflected in the sub-bottom profiles (Figure 3). One and a half
months after the typhoon, the images of the submarine sand dunes (including secondary sand dune
groups) were similar to those collected ten days after the typhoon (Figure 3). In the submarine sand
flat region, the seabed was relatively smooth and flat prior to the typhoon. The side-scan sonar images
reveal visible small-scaled sand dunes and anchor traces from fishing boats (Figure 3c). In comparison,
ten days after the typhoon landing, the anchor traces of fishing boats on the seabed were erased
and smoothed; small-scaled submarine sand dunes prior to the typhoon were further developed
and echelon-lined sand dune groups formed and still clearly existed one and a half months after
the typhoon (Figure 3).
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4. Discussion and Conclusions

Accurate repeated observation is the key to guaranteeing comparative study of geomorphological
evolution. Slight line inconsistencies between the two surveys may result in obvious differences in
geomorphological profiles, especially in the 2D Chirp profiles, which might bring significant errors to
our study results. In this case, we used the geomorphology and distribution of the submarine bedrocks
as references to minimize the errors, in addition to high-resolution accurate navigation. The locations
and morphology of the bedrocks varied relatively less than that of the sand dunes in different surveys,
which also shows the true migration of the sand dunes caused by Typhoon Soudelor. In our study,
although the migration velocity of the sand dunes and slight geomorphological changes could not be
accurately calculated due to the absence of multibeam bathymetry data, we can still find that Typhoon
Soudelor had a significant impact on submarine geomorphology and sand dune migration, according
to the sub-bottom profiler and side-scan sonar data (Figures 2 and 3).

A comparison of the results given by the high-resolution sub-bottom profiler and the side-scan
sonar illustrates that Typhoon Soudelor greatly affected the distribution of sand dunes (groups),
and submarine geomorphology in the study area (Figures 2 and 3). After the typhoon, the submarine
sand dunes (groups) moved in the direction of the deep water by several tens of meters (Figure 2).
The sand dune geometry was changed such that: (1) the sand dune height was reduced; (2) secondary
sand dune groups formed on the stoss side of the sand dunes; and (3) sand dunes and exposed
bedrocks were distributed over larger areas (Figure 2). In addition, the submarine geomorphology
was also significantly changed, including smoothed fishing boat anchor traces and the formation of
small-scale secondary sand dune groups (Figure 3). All these geomorphological changes remained
during the post-typhoon observation period (one and a half months).

The submarine sediments were mainly composed of coarse-grained sand/gravel in the study
area (Figure 1d), and the transport method of these sediments mainly included a bed load movement.
As a result, moving these grains requires a relatively high starting flowing speed, which results
in great difficulties in transporting these grains. Influenced by monsoons and ocean circulations,
the offshore marine dynamic environment of the Taiwan Strait is relatively weak in the summer
and becomes stronger in the winter, thus forming a sediment dynamic pattern of “summer storage
and winter transport” near the shores of the Taiwan Strait [24,26]. Under normal marine conditions
in the summer, the hydrodynamic force in the study area is relatively weak, so the submarine sand
dunes cannot be moved on a large scale. In an extreme dynamic typhoon process, the strong cyclonic
wind stress overturns the original flow structure and forms short-term typhoon-induced currents.
Meanwhile, the typhoon-induced storm waves by strong cyclonic winds can directly stir the submarine
sediments, inducing re-suspension and re-transport of unconsolidated submarine sediments [8,12,13].
This strong dynamic process changes the water body (dynamic) structure and affects the suspension,
transport, and distribution of sediments, thus resulting in changes in the marine sedimentation process
and submarine geomorphology (i.e., movement of sand dunes and geomorphological changes). In sea
areas with sufficient substance supplies (i.e., river mouths and bays), the strong dynamic process can
form deposit strata caused by a typhoon event [2,4,17].

The wind stress calculation result shows that during the active period of Typhoon Soudelor,
a typical cyclonic wind stress field formed in the Taiwan Strait, and the maximum wind stress reached
3–4 N/m2, which is one order of magnitude higher than the wind stress a quiet summer sea conditions
(Figure 4). The strong wind stress can induce transport of submarine sediments, which in turn causes
the movement of submarine sand dunes. According to classic marine sediment dynamic theory,
a strong dynamic force can erode the stoss side of a sand dune [2]. The small dunes were oblique
and not parallel to the large dunes and the large dunes migrated towards the NW, while the small
dunes migrated to the SW after the typhoon process (Figures 2 and 3), which suggests that the small
dunes were formed by the typhoon related currents that re-transported the sand of the large dunes
and formed these superimposed small dunes and migration in the direction of the wind (Figure 4).
In regions with exposed submarine bedrocks, the strong dynamic force can erode the sediments
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surrounding the bedrocks (including coarse-grained sand/gravel), enlarging the exposed area of
the submarine bedrocks (Figure 3b). Meanwhile, typhoons can cause movement of the submarine
sediments and thus smooth the anchor traces of fishing boats on the seabed (Figure 3c). One and a half
months after the typhoon, the submarine geomorphology showed significant differences compared
to the geomorphology prior to the typhoon, but it was similar to the geomorphology ten days after
the typhoon (Figures 2 and 3). This indicates that the dynamic environment under normal summer sea
conditions does not significantly change the submarine geomorphology, while the marine conditions
during extreme typhoon events can greatly change the submarine geomorphology within short periods
of time. Thus, the effect of a typhoon event on submarine geomorphology cannot be easily erased
within a short period of time under normal summer marine dynamic conditions.

A strong typhoon dynamic force can result in the redistribution of submarine sediments and affect
the sedimentary processes in marine areas, thus inducing significant alteration of the submarine
geomorphology [14,15,27]. Large-scale changes of the submarine geomorphology (including rapid
erosion and accumulation and wide range transport of sand dunes) and a sharp increase in the sediment
transport flux, in fact, threaten the stability of marine geological environments. In river mouths, bays,
and submarine canyons with abundant sediments supplies, submarine instabilities by typhoons can
enhance sediment particles fluxes (including gravity flows) and cause damage for marine navigation
(e.g., sudden sedimentation in the navigation channel) [28] and damage submarine infrastructures
(submarine cables and pipelines) [29]. Thus, it is of great importance to investigate the effects of
typhoons on submarine geomorphology, to facilitate the study of the marine sediment dynamic process
under the influence of extreme events and the associated mechanisms. High-resolution modern marine
geophysical detection techniques provide a new effective method to study the effect of typhoons on
the modern marine sediment dynamic process [2,4].

Figure 4. Distributions of wind stress in the Taiwan Strait on (a-1) 8 August 2015 00 a.m.; (a-2) 8 August 2015
12 a.m.; and (a-3) 9 August 2015 00 a.m. The black dotted line in the figures shows the track of Typhoon
Soudelor, and the red dot shows the location of the typhoon center at a given time.

In summary, this study used the high-resolution Chirp sonar sub-bottom profiler and side-scan
sonar to determine the Typhoon Soudelor-induced offshore movement of sand dunes and submarine
geomorphological changes. Our results showed that the typhoon process can significantly change
submarine geomorphology along the typhoon path within a short period of time, and that such changes
cannot quickly recover (within one and a half months). Wind field simulations showed that the strong
cyclonic wind stress accompanying a typhoon is a key dynamic force for reshaping the submarine
geomorphology. Conducting multidisciplinary fixed-point mooring observations, including marine
sediment dynamics, is an important method to further study the effect of the typhoon process on
submarine geomorphology, and subsequent recovery. Mooring observations allow researchers to
investigate the associated mechanisms, assess the degree of influence and potential geological hazards,
and conduct research on the effects of factors, including seasonality, path, intensity, and moving speeds.
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The usage of a multibeam echosounder system has unique advantages in the accurate study of sand
dune movement and geomorphological changes. The studies of the evolution of sand dunes and its
influencing factors would integrate the applications of a multibeam echosounder system, sub-bottom
profiler, side-scan sonar, and mooring hydrodynamic observations system. In the in situ measurements,
accurate navigation observations using the same instruments with the same installation method is
the key to the comparative study of geomorphological evolution. In-depth studies in the future
would also focus on the impact of extreme typhoon events and human activities (e.g., bottom trawling
and sand excavation) on geomorphological changes and sand dune movement.
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