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Abstract The drastic decline in sediment discharge experienced by large rivers in recent years might
trigger erosion thus increasing the vulnerability of their extensive deltas. However, scarce information

is available on the erosion patterns in mega-deltas and associated physical drivers. Here a series of
bathymetries in the South Passage, Changjiang Delta, were analyzed to identify morphodynamic variations
during high riverine flow and tropical cyclones (TCs). Results indicate that high river flow during flood
season triggers large-scale net erosion along the inner estuary, generating elongated erosion-deposition
patches. Erosion magnitude gradually weakens moving seaward with few localized bottom variations in the
offshore area. TCs transport sediment landward and are accompanied by an overall weak erosion, with a
less organized spatial pattern of erosion-deposition. TCs can therefore significantly alleviate erosion,
reducing the sediment loss induced by riverine flows by over 50%. These results highlight the role of TCs on
the sediment dynamics of mega-deltas.

Plain Language Summary In recent years, climate change and reduced riverine sediment inputs
have significantly affected the morphology of large deltas. However, it is unknown whether typhoons
cause erosion or deposition in the submerged part of a delta, due to challenge in capturing infrequent events.
Here we study the impact of high river flow and typhoons on the South Passage, Changjiang Delta.
Results show that high riverine flows can cause large-scale erosion. Typhoons reduce fluvial erosion by
transporting offshore sediments in the delta. The relative accretion caused by a typhoon is more than half the
net erosion induced by riverine floods. This research sheds light on the sediment budget of large deltas
and inform policy measures that can mitigate the effect of increasing anthropogenic pressure, extreme
events, and sea level rise on delta morphology.

1. Introduction

Large deltas around the world are shaped by riverine inputs and oceanic forces, which undertake important
eco-environmental services like land building and biological habitat construction (Fagherazzi &
Overeem, 2007; Woodroffe et al., 1989). Unfortunately, many deltas have been experiencing serious erosion
induced by a drastic decline in suspended sediment discharge (SSD) from upstream (Ortiz et al., 2017;
Syvitski et al., 2005). Estuarine erosion induced by insufficient SSD could also be aggravated by an increase
in the frequency of tropical cyclones (TCs) triggered by global warming (Filgueira et al., 2014; Masselink
etal., 2016). Recently, the impact of upstream dams on delta morphodynamics has received global attention,
but few studies have explored the geomorphic response of deltas to large tropical storms, due to the chal-
lenge in collecting detailed bathymetries prestorm and poststorm events (Gracia et al., 2018).

Energetic TCs can generate significant changes in estuarine-deltaic morphology. In 2005, Hurricanes Cindy,
Katrina, and Rita eroded 9.1 x 10° m> of sediment from a 47.9 km? area of the Mississippi Delta, USA, and
accounted for 63% of the total erosion in the distal ebb-tidal region (Miner et al., 2009). However, Hurricane
Sandy in 2012 only caused minor estuarine morphological change in Barnegat Inlet, New Jersey, and
induced a sediment deposition of 3 cm across the near shore and inner shelf of the Mid-Atlantic Bight
(Miles et al., 2015; Miselis et al., 2016). Therefore, whether erosion or deposition occurs during TCs is still
undetermined, particularly in mega-deltas experiencing a reduction in riverine sediment inputs.

The Changjiang Delta (Figures 1a and 1b) is frequently impacted by periodic East Asian Monsoons. Large
amounts of riverine water and SSD are discharged in the funnel-shaped estuary during the monsoon
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Figure 1. Study area. (a) Location of the Changjiang River in China; the Datong hydrological station is located at the
tidal limit. (b) Bathymetric map of the Changjiang Delta in 2011, the black solid line and corresponding nodes represents
the pathway of Typhoon Ampil on 22 July 2018; the red polygon is the South Passage (SP), divided into inner

estuary and offshore area. (c) Timing and wind speed of Typhoon Ampil passage across the Changjiang Delta. (d) Wind
speed on 22 July 2018 measured at Sanjiagang meteorological station. (e) The 110 transverse sampling section (TSS)
along the SP used for the calculation of 1-D fast Fourier transform, the 64 transverse sampling points (TSP) are evenly
spaced along each transverse section. The background is the bathymetric map of June 2018.

season, developing bifurcations with migrating channels and tidal bars. Some studies indicate that the
fluvial SSD input has decreased by 70% after the construction of the Three Gorges Dam (TGD) in 2003,
triggering local erosion in the offshore area of the Changjiang Delta (Dai et al., 2016; Wang et al., 2018).
Recent studies suggest that sediment supplied from the ocean can alleviate the current estuarine erosion,
providing material to tidal flats and shoals (Dai et al., 2013, 2018; Yang et al., 2017). However, it is still
debatable whether different deltaic areas are eroding or depositing during and after TCs. Previous work
suggests that summer typhoons cause large-scale erosion in the Changjiang deltaic front (Hu et al., 2009;
Yang et al., 2003; Zhang et al., 2018), while winter storms evacuate alluvial sediments deposited in the
northern part of Changjiang Delta and transfer the eroded material to deeper channels (Wan
et al., 2014). Extreme storms and riverine floods might also cause large-scale erosion and deposition in
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the subaqueous delta (Dai et al., 2014), but for the inner part of the Changjiang Estuary, such a study has
not been carried out.

Here we select the South Passage (SP) (Figure 1b) to study how Typhoon Ampil, which landed during the
flood season in July 2018, affected the estuarine and offshore bathymetry. The SP is the main venue for water
and sediment transport in the Changjiang Delta (Text S1 in the supporting information). Owing to a reduc-
tion in sediment inputs after the TGD impoundment, the natural deltaic evolution has been affected by large
erosion (Dai et al., 2015) (Figure S1 and Table S1). During the flood season, huge amounts of fluvial sedi-
ments are transported to the outer part of the delta. In the dry season, the sediments accumulated offshore
are transferred back to the SP by tidal currents (Chen et al., 2006; Yun, 2004). In particular, during extreme
runoff events, shoals are eroded by shifting distributaries, changing the morphology of the delta (Mei
et al., 2018; Wei et al., 2019; Yun, 2004).

The main objectives of this paper are to (1) measure morphodynamic variations induced by the Changjiang
high flow during the flood season, (2) identify morphodynamic changes generated by TCs, and (3) compare
the contributions of high riverine flow and TCs to the sediment budget and morphology of the Changjiang
Delta. Our results can enhance the understanding of geomorphic processes caused by extreme events and
reassess the role of different drivers in the long-term evolution of the delta, thus providing important infor-
mation for the management and sustainability of these environments.

2. Data Acquisition and Analysis
2.1. Typhoon Ampil

Typhoon Ampil was the third tropical cyclone directly landing in the Changjiang Delta over the past 70 years.
It formed in the Western Pacific Ocean east of Luzon Island on 17 July 2018, then gradually strengthened
and moved northwestward maintaining its peak strength. Ampil landed in Chongming Island, Shanghai,
on July 22 2018 at 12:30 p.m. (Figure 1b). The Ampil track almost coincided with the channel axis of the
SP. The maximum wind speed at Okinawa Island was 31.4 m/s and increased to 33.1 m/s at JiguJiao, off-
shore of the Changjiang Delta (Figures 1b and 1c). At an adjacent ground meteorological station at
Sanjiagang, terrestrial wind speed measured about 5 m above local mean sea level sharply increased on 22
July from 4.1 m/s to nearly 9.0 m/s at 7:00 a.m. and did not decrease until 23:00 p.m. (Figure 1d).

2.2. Data Acquisition

We systematically collected four data sets to analyze delta morphodynamics. The first data set includes a
total of 12 biannual bathymetries from 2000 to 2018 (Table S2) and nautical charts in 1979 and 2000 of
the SP. This data set was used to reveal bottom variations and erosion-deposition patterns. Data collected
in February or May refer to normal hydrological conditions, while data collected in August represent the
impact of high riverine flow during the flood season or during an occasional typhoon event. Ancillary data
indicate that 2011, 2013, and 2016 were high flow years, while in 2000 and 2015 Typhoon Kai-tak and
Chan-hom landed near the delta (Figure S2). The second data set encompasses specific parameters of
typhoons landed in 2000, 2015, and 2018, including tracks, timing, central pressures, and wind speeds
(Figures 1c and S2 and Table S3). These data were provided by the Chinese Central Meteorological
Administration (Figure 1d). A third group of data includes monthly water discharge and SSD of the
Changjiang River at the Datong between 2000 and 2018. Data were acquired by the Changjiang Water
Resources Commission. Finally, multiple Landsat images were used to explore deltaic flow-sediment trans-
port patterns under normal, high flow, and typhoon conditions (Table S4).

2.3. Methods

Bathymetric variations from May to August in the SP in the absence of typhoon events were used to quantify
the effect of large river discharge on delta morphology. In years when a typhoon landed, bathymetric varia-
tions from May to August characterize the combined impact of typhoons and high-water discharge on delta
morphology. An ArcGIS 10.1 analysis of bathymetric data determined geomorphic features and variations in
sediment volumes (Texts S2-S3). To this end, SP was divided in two subregions: (i) the inner estuary and
(ii) the offshore area. The inner estuary includes the main channel and it is relatively sheltered from waves,
this area is mostly affected by fluvial discharge and SSD. The offshore area in front of the mouth bars is domi-
nated by tidal currents and wind waves (Figure 1b).
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Figure 2. Bathymetric changes in the SP induced by high riverine flow in the flood season from May to August 2016.
(a) Erosion and deposition patterns in the inner estuary and offshore area. (b) Frequency histogram of erosion and
deposition magnitudes. (c) Longitudinal variation of the total spectral energy computed at the 110 transverse sampling
sections of Figure le. (d) Mean bathymetric change in each elevation interval. () Changes of thalweg elevation

(black solid line) with respect to the original thalweg in August 2016 (red dashed line).

The one-dimensional fast Fourier transforms (1-D FFTs) were utilized to quantify the spatial periodic char-
acteristics of bathymetric changes (Kroon et al., 2008) (Figure 1e and Text S3). A high spectral energy indi-
cates rhythmic bathymetric changes, typical or migrating bars or shifts in channel thalweg. The Shannon's
diversity index (SHDI) was adopted to compare bathymetric changes driven by erosion or deposition
(Castagno et al., 2006) (Text S3).

3. Results

3.1. Morphodynamic Variations in the Absence of Typhoons

3.1.1. Patterns of Erosion and Deposition

Large-scale erosion occurred along the entire SP during the flood season of 2016, in the absence of typhoons
(Figure 2a). The inner estuary was characterized by severe scour with elongated areas of erosion alternated
with elongated areas of accretion (Figure 2a). Weak erosion with some scattered depositional patches char-
acterized the offshore area (Figure 2a), and few areas with substantial scour were detected at the margin of
the Jiuduansha shoal. Erosion magnitude was larger in the inner estuary and decreased toward the offshore
area. The eroded area covered 465.0 km?, corresponding to 74.7% of the total area; the deposition area was
157.9 kmz, and the net eroded volume was up to 64.5 X 10°m? (Table S5). In 2016, the volume eroded in the
offshore area was only 25.0% of that in the inner estuary, while the average elevation change was only 27.8%
of the change experienced in the inner estuary (Table S5).

Frequency histograms show that the erosion magnitude mainly ranged between —0.15 to 0 m in 2016; the
area affected by these erosion rates covered 42.3% of the total area (Figure 2b). The SHDI of bathymetric var-
iations for the entire SP was 2.0, which indicates that erosion occurred at all scales of magnitude (Table S6).
The SHDI in the inner estuary (2.3) was larger than that in the offshore area (1.4), suggesting that the
upstream morphological change displayed a larger range of variations probably due to coherent erosion
structures affecting the main tidal channel, while downstream the erosion was more uniform (Table S6
and Figure 2a). The total spectral energy of each transverse section computed with the 1-D FFT gradually
diminished moving offshore, with six peaks in the inner estuary caused by the elongated erosion and deposi-
tion zones (Figure 2c).
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Figure 3. Bathymetric changes triggered by Typhoon Ampil in July 2018 along the SP. (a) Erosion and deposition
patterns in the inner estuary and offshore area from May to August. (b) Frequency histogram of erosion and
deposition magnitudes induced by Ampil. (c) Longitudinal variation of total spectral energy computed along the 10
transverse sampling sections of Figure le. (d) Mean bathymetric change in each elevation interval. (e) Changes of
thalweg elevation (black solid line) with respect to the original thalweg elevations in August 2018 (red dashed line).

Similar large-scale scouring also took place during the flood seasons of previous years in the absence of
typhoons (in 2011 and 2013; Figures S3a and S3b). Although the total net erosion in these years was similar
to 2016 (eroded volumes of 54.5 x 10° m> in 2011 and 29.8 x 10° m?® in 2013) (Table S5), the upstream erosion
was relatively lower (Figures 2a, S3a, and S3b). The longitudinal patches of erosion and deposition were
consistent with those observed in 2016 and mainly developed in the middle of the inner estuary and on
the northwest side of the offshore area (Figures S3a and S3b). In 2011, the total spectral energy of bathy-
metric change decreased less in the downstream direction, and the spectral peaks were smaller and located
slightly upstream (Figure S3c). In 2013, the spectral peaks increased significantly of about 3-5 times with
respect to 2011.

3.1.2. Estuarine Bathymetric Changes

Mean bathymetric changes were different within different elevation intervals (Figure 2d). In the flood sea-
son of 2016, the high flow caused significant erosion in tidal flats shallower than —3 m bordering the main-
land, where the mean erosion exceeded 27.6 cm (Figure 2d). The erosion magnitude within the subtidal zone
and in medium-depth channels (between the —3 and —8 m) was relatively moderate, with a mean value of
8.6 cm and a small standard deviation (Figure 2d). On the contrary, the erosion in channels deeper than
—8 m increased to 13.7 cm. Bathymetric variations after the flood seasons in 2011 and 2013 had similar dis-
tributions, except for net deposition occurring in 2013 in the shallow Nanhui tidal flats (Figure S4).
Longitudinal changes in thalweg elevation are presented in Figure 2e. In 2016, the thalweg elevation did
not change uniformly in the inner estuary, with erosion up to 0.8 m is some areas and deposition of 0.4 m
in others; fluctuations were present also downstream with deposition near the mouth bar at 37 km.
Seaward of this location, the elevation change was relatively small, especially in areas deeper than —8 m
(Figure 2e).

3.2. Changes in Estuarine Bathymetry After Typhoons

3.2.1. Patterns of Erosion and Deposition

Typhoon Ampil in 2018 caused distinct changes in bathymetry and generated a broad and uniform weak
erosion (0.1-0.5 m) in the offshore area close to the TC track (Figure 3a). In the inner estuary, areas of
erosion and deposition were scattered and not organized in a spatial structure (Figure 3a). Areas
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affected by strong erosion after the flood season of 2016 in the middle of the inner estuary and near the
Jiuduansha Shoal were replaced by scattered patches of erosion and deposition. Deposition patches cov-
ered a surface between 2 and 12 km? (Figure 3a). In 2018, erosion was much smaller throughout the SP:
the area under erosion was 434.9 km? (69.7% of total area), while the area affected by deposition increased
to 189.3 km? (30.3%), with a net decrease in eroded volume of 33.3 x 10° m> (Table S5). Net variations in
sediment volume and mean erosion thickness in the offshore area were 2.3 and 2.6 times those in the
inner estuary.

Frequency histograms show that erosion magnitude for elevations between —1.0 m and —0.2 m decreased in
2018 with respect to 2016, while erosion increased for elevations between —0.2 m and 1.0 m (Figure 3b). The
SHDI in the inner estuary decreased to 2.1 while it increased to 1.5 in the offshore area (Table S6), these
values are consistent with the upstream scattered erosion-deposition patterns triggered by Typhoon
Ampil. The SHDI of the entire SP decreased to 1.9 with respect to 2.0 in 2016, which indicates that the ran-
dom disturbances triggered by the strong TC reduced the diversity of bathymetric variations. In 2018, the
peaks in cross-sectional spectral energy moved slightly upstream, while the number of secondary peaks
increased (Figure 3c).

After Typhoon Kai-tak in 2000, erosion in the inner estuary reached 10.3 cm, but large siltation patches were
present between eroded areas (Figure S5a). After Typhoon Chan-hom in 2015, the inner estuary mainly
experienced weak erosion similar in magnitude to the effect of Typhoon Ampil in 2018 (Figure S5b). The
two typhoons in 2000 and 2015 also significantly affected the cross-sectional spectral energy, with peaks
moving upstream and peak values higher than those after river floods (Figure S5c).

3.2.2. Estuarine Bathymetric Changes

In 2018, tidal flats bordering the mainland and areas shallower than —3 m were affected by a mean deposi-
tion of 2.1 cm (Figure 3d), while erosion occurred in areas of medium water depth (—3 to —10 m). Deeper
channels showed a complex response with both siltation and erosion. During the typhoon seasons of 2000
and 2015, local erosion or deposition did not exceed 20 cm (Figure S6). Changes in thalweg elevation after
Ampil show that siltation was around 0.5 m in the upstream part of the inner estuary and near the mouth
bars (located at 38-52 km), while the offshore zone was characterized by erosion (Figure 3e).

3.3. Mitigation of Deltaic Erosion Driven by Typhoons

In this study, data spanning several years were used to quantitatively estimate how typhoons reduce the ero-
sion induced by high riverine flow during flood season. To this end, we use the following formula:

ptyphoon = (Aryphoon - Aﬂow) /Aﬂow (1)

where Aypnoon is net bathymetric change induced by a typhoon event during the flood season and nega-
tive/positive values represent net erosion/deposition volumes; Ay, is net bathymetric change caused by
high riverine Changjiang flow in the absence of typhoons, and p;,ko0n is the fraction of erosion/deposition
volumes to be ascribed to a typhoon with respect to the volume change triggered by the Changjiang high
flow.

Bathymetric changes in 2016 (high riverine flow) and 2018 (typhoon) were compared: Typhoon Ampil
reduced erosion by 31.2 x 10° m?, with Diyphoon = —0.484 (—48.4%). Overall, Typhoon Ampil appears to have
weakened the severe erosion caused by high flood flow in 2016 by 80.7% in the inner estuary and increased
erosion in the offshore area by 81.2%. Similarly, Typhoon Chan-hom in 2015 alleviated the net erosion caused
by the high Changjiang flow in 2013, with a total erosion of 17.8 x 10° m?, equivalent to 59.8% of the erosion
in 2013. The reduction was more prominent in the inner estuary (40.1%) than in the offshore area (63.1%).
Considering the frequency and intensity of TCs, the yearly total amount of seaward sediment carried
upstream by them is about 8.91 to 46.83 x 10° m?, which is equivalent to 8-46% of the terrestrial input after
the TGD construction. Therefore, we conclude that typhoons alleviate the net erosion caused by the high
Changjiang flow during the flood season. We found a significant relationship between the recovered erosion
thickness and the average of the top 30 daily values of river discharge in 1 year. The recovered thickness grows
linearly with discharge both in the inner estuary and for the entire SP but decreases linearly in the offshore
area (Figures 4a—4c).
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Figure 4. Relationship between annual recovered erosion thickness and average value of the top 30 river water
discharges in each year: (a) inner estuary, (b) offshore area (value in red ellipse was excluded), and (c) entire SP.
Conceptual model showing the hydrodynamics, sediment dynamics, and bathymetric changes in the inner estuary and
offshore area induced by (d) high riverine flow and (e) typhoon.

4. Discussion
4.1. Impact of High Riverine Flow

High flow during the flood season typically scours the bottom of estuaries, transporting sediment offshore
and triggering net erosion (Figure 4d). These dynamics have been showed to exist in most estuaries as, for
instance, in the Gironde Estuary in France, in the Mgeni Estuary in South Africa, and in the Ba Lat
Estuary in Vietnam (Allison et al., 2017; Castaing & Allen, 1981; Cooper, 2002; Van Maren &
Hoekstra, 2004). In the Changjiang Delta, a large volume of fine-grained SSD is transported seaward under
high runoff (Figures S7a-S7c). River runoff is dominant in the inner estuary where the flow is confined.
When the flow spreads moving seaward, the erosion gradually weakens and it is sometimes replaced by
deposition in the offshore area (Figure 4d). Similar erosion and deposition dynamics as a function of riverine
flow occur in the Gironde Estuary, France. Here during high freshwater flow, the mud deposits are progres-
sively scoured and then redistributed across the shelf covering an area double of that affected by low flow
(Lesourd et al., 2003). However, some studies suggest that only extreme floods, rather than normal high flow
during the flood season, can induce estuarine erosion. This may depend on the dimension of the estuary and
sediment characteristics; in the Changjiang Delta, fine mud deposits are typically remobilized during each
flood season, because of the large river discharge (Cooper et al., 1990; Gallagher & Ross, 2018).

Our study also compared morphodynamic changes during the extreme riverine discharge of 2016 to those
occurring during normal high flow in the absence of typhoons (in 2011 and 2013). We found that
erosion-deposition patterns in the flood season were almost the same during extreme and normal high
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flow and were characterized by strong erosion (accompanied by localized siltation) in the inner estuary and
weak erosion (except for strong erosion near the Jiuduansha shoal) in the offshore area (Figures 2a, 3a, S3a,
S3b, S5a, and S5b). In particular, elongated patches of erosion and deposition developed with a strong spatial
correlation. The SHDIs of bathymetric change caused by high riverine flows were larger and peak of
cross-sectional spectral energy were located in the inner estuary (Table S6 and Figures 2c and S2c). It should
be noted that variations in Changjiang discharge in different years prompted different levels of erosion in the
delta (Figure S8). For example, in 2011 and 2013 with normal riverine flow, the net erosion volumes were
—54.55 x 10° and —29.79 x 10° m3, respectively, while in 2016 the erosion increased to —64.48 X 10° m?
due to significantly higher runoff. Therefore, flow during the flood season triggers estuarine erosion, and
the larger the runoff the larger is the sediment volume scoured (Figure 4d).

4.2. Impact of TCs

TCs can transport landward resuspended sediments and deposit them in inner estuaries, due to enhanced
bottom shear stresses caused by energetic waves and storm surge currents (Cho et al., 2012; Warner
et al., 2008). This landward flux of sediments can counteract the erosion induced by riverine flow during
the flood season (Figures 4e, S7d, and S7e). In particular, the depocenter located offshore may move
upstream, reducing the erosion in the inner estuary but increasing the erosion in offshore areas
(Figures 3a and S5b). After Typhoon Ampil in 2018, large-scale erosion of more than 10 cm affected the off-
shore area, while alleviating the strong erosion that occurred near Jiuduansha shoal in 2016. The typhoon
also triggered irregular deposition in the inner estuary, increasing size of bedforms and tidal bars (high spec-
tral energy in the cross-sectional variations). Similar geomorphic changes were also detected in other estu-
aries worldwide, with TCs triggering morphodynamic processes that transform estuarine offshore areas in a
short time span (Freeman et al., 2015; Nowacki et al., 2015; Vested et al., 2013).

In recent decades, the inner SP has been weakly affected by waves during the flood season even in the pre-
sence of typhoons (Yun, 2004); tidal currents have also been stable, giving rise to a relatively steady morphol-
ogy along the SP (Dai et al., 2015). Anthropogenic modifications mainly occurred several decades ago and, in
recent years, were minimal with little impact on its bathymetry (Wei et al., 2019). An upstream diversion
project was completed in 1998 (Figure S9), and tidal flat reclamations were carried out mostly before 2014
(Figures S9g and S9h). Therefore, the morphological variations detected in 2018 can be largely attributed
to Typhoon Ampil.

Bathymetric changes induced by Typhoon Kai-tak and Chan-hom in the SP show that erosion-deposition
dynamics were consistent during tropical cyclones. Erosion increased in the offshore tidal flats, while
decreased in the inner estuary. Therefore, geomorphologic changes generated by three typhoons all indi-
cated that TCs cause accretion with scattered patches of deposition-erosion (Figures 3a, S5a, and S5b), which
can effectively alleviate the erosion produced by the river high flow, especially after the reduction of sedi-
ment load triggered by the TGD construction (Dai et al., 2018). However, some differences arose from varia-
tions in typhoons path and intensity. For instance, Typhoon Chan-hom in 2015 was strong, but its track was
located far from the SP; as a result, few deposition patches over 30 cm of thickness developed upstream the
mouth bars area (Figure S5b). Typhoon Ampil and Typhoon Kai-tak directly landed in Shanghai and trig-
gered scour that extended upstream (Figures 3a and S5a). Typhoon Winnie in August 1997 eroded a large
amount of offshore sediment and transported it landward (Dai et al., 2014). Between 0 and 2 TCs with simi-
lar magnitude hit the Changjiang Delta every year, affecting its morphodynamics (Table S7; Yun, 2004).
During these typhoons, waves eroded and deposited sediments in localized patches, resulting in more peaks
in the cross-sectional spectral energy and a smaller SHDI of bottom variations with respect to the case with
only river flow. The net erosion volume in the SP after the TGD construction (from 2005 to 2018) averaged
around 19.4 x 10° m®/year. Before the dam (from 1979 to 2000), the SP was characterized by an average
deposition of 13.8 x 10° m*/year (Table S1). The landward sediment transport triggered by one typhoon is
estimated here between 17.83—31.22 x 10° m®. We therefore conclude that typhoons have a long-term miti-
gation effect on the current erosive trend (Du et al., 2019; Palinkas et al., 2014; Wei et al., 2019). These find-
ings also explain why estuarine tidal flats and shoals are still prograding despite the SSD of the Changjiang
has dramatically decreased in recent years. Nevertheless, the vulnerability of some shorelines and channels
to erosion in Changjiang Delta needs to be recognized. Moreover, seaward sediment carried upstream by
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TCs should be efficiently intercepted and utilized to mitigate the scour triggered by sediment-depleted river
discharge.

5. Conclusions

This study sheds light on the morphological variations induced by typhoons in the South Passage,
Changjiang Delta, China, during the flood season. Our key conclusions are as follows:

1. High riverine flows cause massive net erosion during flood seasons, with the removal of 29.8 x 10° m? of
sediments in 2013 and 64.68 x 10° m® in 2016. High river flow scoured elongated patches parallel to the
river axis in the inner estuary, while erosion was weak in the offshore area. This resulted in a higher
SHDI of bathymetric change with erosion occurring at all scales.

2. Typhoons reduced the overall erosion during the flood season, with a reduction of removed volume equal
to 11.96 x 10° m® in 2015 and 33.26 x 10° m® in 2018. Typhoons triggered scattered erosion and deposi-
tion without spatial structure, thus generating a lower SHDI. An increase in landward sediment trans-
port led to localized depositional patches.

3. Typhoons effectively alleviated the erosion caused by high runoff up to 48.42% in 2018 compared to 2016
and up to 59.86% in 2015 compared to 2013. Reduction in net erosion was more apparent in the inner
estuary, while the offshore areas was characterized by mixed erosive and depositional processes.

Given the importance of storms and offshore morphodynamics on the long-term sediment budget of large
deltas, we advocate that more comprehensive studies of storm effects should be undertaken worldwide,
especially in the large deltas (Besset et al., 2019).

Data Availability Statement

The main statistical and analytical data involved in this study are available online (http://doi.org/10.5281/
zenodo.4050566), including bathymetric change magnitudes, morphodynamic characteristics, detailed
information of TCs, and the monthly water-sediment discharges of the Changjiang at Datong. More tropical
cyclones data can be obtained from the Japan Meteorological Agency (http://www.jma.go.jp/jma/jma-eng/
jma-center/rsmc-hp-pub-eg/trackarchives.html) and used Landsat remote imageries were downloaded from
the U.S. Geological Survey (https://glovis.usgs.gov/app?fullscreen=0).
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