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Densely populated coasts are vulnerable to storm damage. Epi-
sodic storm-induced redistribution of coastal sediment is known to
have major geological and ecological implications [1,2], but little is
known about storm-driven delta erosion and longshore sediment
transport. The Yangtze (Changjiang) Delta and Zhejiang-Fujian
coasts (Fig. S1 online) are among the world’s largest coastal depo-
sitional systems, and play an important role in supporting China’s
socioeconomic development [3,4]. Previous studies have suggested
that East Asian winter monsoon wind is the key factor driving
southward sediment transport from the Yangtze Delta, creating a
1000-km-long mud wedge on the inner shelf of the East China
Sea. Summer (flood season) wind waves are relatively weak and
sediments from the Yangtze River are deposited in the delta area,
while in winter the northerly monsoon winds drive strong waves
and longshore currents, leading to sediment resuspension and
removal from the delta [5-7]. However, the role of storms in
Yangtze Delta erosion and southward sediment transport has
received little attention. Here, we find that episodic storms occur-
ring not only in winter but also in other seasons contribute most to
the delta erosion and southward sediment transport.

We defined a fair weather as wind speed < 5.4 m/s, storm
weather as a wind speed > 10.8 m/s, a storm event as a storm wind
period > 6 h, and a major storm event as a storm period > 2 d (see
Methods in the Supplementary materials online). On the Yangtze
Delta, longshore wind is dominated by southward winds, particu-
lar for storm winds of which 86% are southward (Table S1 online).
In the Northern Hemisphere, storm winds derived from polar out-
breaks are southward. Likewise, typhoon-driven storm winds are
usually southward, with typhoons commonly being formed over
the ocean southeast of the Yangtze Delta and rotating counter-
clockwise as they approach and commonly move northward on
the east side of the Yangtze Delta (e.g., Malakas track in Fig. S1a
online). Storm winds contribute >30% of the total net southward
wind component, although storm winds occur on only ~5% of days
per year (Tables S1 and S2 online).
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Our observations indicate that wind speed and wave height
during storm events were respectively 2-4 and 3-5 times higher
than during fair weather (Fig. 1a, b, Figs. S2-S4, and Table S3
online). Wave energy is proportional to the square of wave height
[8], so wave energy during storm events is an order of magnitude
higher than during fair weather. Storm surges enhance sediment
resuspension in shallow waters and initiate sediment resuspension
in deeper waters where the seabed is not disturbed during fair
weather.

For example, during Typhoon Malakas in 2016, the daily aver-
age surficial suspended sediment concentration (SSC) at Station A
(7 m depth; Fig. S1b online) reached a maximum of 1.45 kg/m?
on 19 September, 34 times that during fair weather one week ear-
lier (0.043 kg/m> on 11-12 September) (Fig. S3f online). Under the
assumption of no storm impact, and based on the power-law rela-
tionship between daily average SSC and tidal range in fair weather
(Fig. S5d online), the maximum SSC increase on 19 September due
to increased tidal effect alone would have been 0.676 kg/m’
(Fig. S3f online). Therefore, ~45% of the increased SSC from
11-12 to 19 September was due to the increased tidal range,
while ~55% was attributable to storm impact. Thus, storm impact
alone increased the SSC by 18 times. At Station B (20 m depth;
Fig. S1b online), the mean SSC on 19 September (0.432 kg/m?)
was 55 times that on 11-12 September (0.0078 kg/m?) (Fig. S4g,
h online). Thus, ~30% of the SSC increase (16 times) from 11-12
to 19 September resulted from the increased tidal range, while
~70% (38 times) resulted from storm-induced sediment
resuspension.

To better understand sediment resuspension during Typhoon
Malakas, we compared the SSC among phases. During Phase 1 (four
tidal cycles), when both waves and currents were weak, the SSC
was low. During Phase 2 (eight tidal cycles), the SSC increased with
wave height and current velocity due to the approaching typhoon
and the transition from neap to spring tide. During Phase 3 (five
tidal cycles), the SSC further increased as both the wave height
and current velocity reached their maxima (Table S3 online). From
Phase 1 to Phase 3, the SSC at stations A and B increased by 22 and
35 times, respectively. Based on the relationship between SSC and

2095-9273/© 2023 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

Please cite this article as: S. Yang, T.J. Bouma, K. Xu et al., Storms dominate the erosion of the Yangtze Delta and southward sediment transport, Science
Bulletin, https://doi.org/10.1016/j.scib.2023.03.005




S. Yang et al.

Science Bulletin xxx (XXXx) XXX

= |(a Storm event —10 m/s N 16 Sep. 2000
*8 (@) A (End,dfastorm)
2 A, )\ N AN Jiangsu £
2 ) //”/// / 1 \ 7 = S
= A Station A"
R j | ' ! ) " . Yangtze
E 4 Shanghai Delta E
Z 3]® 5
= A Sou_thward
© 24 ¥ed g sediment
c Bay transport
s ' ' | =
=0 T T T T . . 3
~ 5
€ 4@
=8 z
g 2 t5
3]
Fo . T . . . .
3 =
@ d o)
%, 2_( ) Satellite image B
X
O 14 100 km
8 1 W/ N
0 s
0 120°E 121°E 122°E 123°E 124°E
Date, Sep. 2000
Phase 1 Phase 2 Phase 3 Phase 4
(fair weather) (transitional weather)  (storm weather) weather)
(f) Residual wind W~ 5 m/s Jiangsu (i) Phase 1
N 7
VAV A A e N/ / / I - (fair weather)
) t 9%1g/s
(g) Depth averaged reS|dual current ~—0 5 m/s
s \ ¢ 0 b g Shanghai
18 (Ih),ReS|dua’l ctﬂrrent’proflle B W‘—O/Sr/'n/s East
T T T e Chine
16 | PR A R § 9 ; } ll - - ay Sea
A 2 A "
15 | : A A v X § } j i t i Zhejiang
~ 14 IR o VAR 0 50 100km
S ; P = B« 7 , ! N e
5 13 PR R Y °
o) 7 IR S . 5 \ / i { I Observation
S 12 . Lo k A site (Station B)
& 1 o= T2 8 s 8 i { i i : | Jiangsu (i) Phase 3
e 8 o o [ - REEEEREEY (storm weather)
E 10 | : > B o f } : o Yangtze 1480%+93 g/s
o 9 N D 5 s s o s } R
= * A - R . ¢ b ¢ Shanghai
581 10 AN
° .0 Sl R East
6 i CIC A China
1 = = R [ S
. £ T R Sea
5 1 - - - T T N Vo
= s & e = = N R Zhejiang
4 ) : ' o S 0n 0 0 50 100km
3 < - - - - I =
- - v .
2 S = e o = : : 8 o Observation
1 5B & 8w & L 5 site (Station B)
TI T2 T3 TA T5 TS T7 TB T T1DT11T|2T13T14T15T16T17T18T19
Tide sequence (11 —21 Sep. 2016)
~ 4001 (k) mStorm's contribution ®Nonstorm wind's contribution
Z 300
]
o
+ 200+
o
Qo
2 1001
i
|_
0.
1979 1982 1985 1988 1991 1994 1997 2000 2003 2006 2009 2012 2015 2018



S. Yang et al.

tidal range in fair weather (Fig. S5d online), 68% of the SSC increase
at Station A and 46% at Station B from Phase 1 to Phase 3 is attrib-
uted to the increased tidal effect. It follows that 32% of the SSC
increase at Station A and 54% at Station B can be attributed to
storm impact.

Storm-induced sediment resuspension results in an expansion
of the turbid zone toward deeper waters. A satellite image taken
near the end of a storm event associated with Typhoon Sonamu
shows an ~80-km-wide turbid zone in the offshore subaqueous
Yangtze Delta (Fig. 1e), which is ~40 km wide under normal
weather conditions [9]. Considering that wind speed, wave height,
and SSC during the strongest period of the storm (2-3 d before the
time when the satellite image was obtained) were much higher
than when the image was taken (Fig. 1a, b, d), the turbid zone in
the offshore subaqueous Yangtze Delta during the strongest period
of the storm would have been wider than that shown in the image.

Southward storm winds drive southward residual currents in
the offshore subaqueous Yangtze Delta. Under fair-weather condi-
tions prior to Typhoon Malakas, residual currents of individual
tidal cycles had low velocities and varied directions that were
inconsistent with residual wind directions. However, during the
typhoon event, the residual current velocities were increased
markedly, and their directions were consistent with the residual
wind direction in both vertical profiles and time series (Fig. 1f-h
and Table S4 online). During fair weather, when the residual wind
speed and direction were 5.3 m/s and 59°, the depth-averaged
residual current velocity and direction were 0.07 m/s and 354°
(the flow direction is the direction of on-going flow), respectively.
During the storm event, the residual wind speed and direction
were 10.1 m/s and 12°, and the depth-averaged residual current
velocity and direction were 0.32 m/s and 180° respectively
(Table S5 online).

We estimated the residual sediment transport rate per unit
width of cross-section as the product of water depth, depth-
averaged residual current velocity, and depth-averaged SSC. The
residual sediment transport rate per meter width of the water col-
umn at Station B during Typhoon Malakas was 1480 + 93 g/s (see
Methods in the Supplementary materials online for uncertainties)
(direction of 180°), far exceeding the fair-weather value of 9 * 0.
7 g/s (direction of 354°) (Fig. 1i, j and Table S5 online). We also
found increased median sizes of suspended and bottom sediments
during and immediately after the typhoon event, suggesting
storm-induced southward transport of coarser-grained sediments.
To estimate the residual sediment transport rate through the cross-
shore profile, we first quantified the cross-shore changes in SSC
(Fig. S6 online). The depth-averaged residual current velocity at
Station B was then used to represent the mean residual velocity
in the cross-shore profile, considering that (1) the offshore sub-
aqueous delta is open (Fig. S1a online) and cross-shore changes
in wind speed and direction during the storm were negligible
(Fig. S7 online), (2) the coastal slope is very gentle (gradient < 0.0
3%) and smooth (Fig. S1c online), and (3) Station B is located cen-
trally in the offshore subaqueous delta (Fig. S1b online). The water
depth for each unit width was then calculated from Fig. S1c (on-
line). Finally, the total longshore sediment transport flux during
the storm event was estimated as the product of the residual
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sediment transport rate through the cross-shore profile and the
duration of the storm.

We found that ~63 * 4.1 Mt of sediment was transported south-
ward from the offshore subaqueous delta during the Malakas event
(Table S6 online). This is 126 times the sediment supplied by the
Yangtze River during the event (0.5 Mt) and indicates that 99% of
the southward sediment transport was derived from delta erosion.
Considering that the offshore subaqueous Yangtze Delta covers an
area of ~10,000 km? (Fig. S1b online) and the mean dry bulk den-
sity of Yangtze River sediment is 1.3 g/cm® [4], the mean erosion
depth during the Malakas event was ~5 = 0.3 mm. Our optimal
estimate of the storm-induced southward sediment transport from
the Yangtze Delta during 2016 was 275 + 54 Mt, or 89% of the total
sediment transport. Optimal estimates of storm-induced annual
fluxes of southward sediment transport from the delta over the
past 40 years have varied between 25 = 4.5 Mt in 1995 and
282 £ 55 Mt in 1979, with an average of 175 + 69 Mt/a. The marked
interannual changes in storm-induced southward sediment trans-
port from the Yangtze Delta (Table S7 online) reflect the impact of
climatic variability. On average, 52% of the storm-induced annual
net southward sediment transport has occurred in winter, 39%
has occurred in autumn, and 9% has occurred in spring (Table S8
online). The storm contribution to total sediment transport ranges
from 23% in 1995 to 92% in 2010, with an average of 62% (Fig. 1k
and Table S7 online).

Prior to the closure of the Three Gorges Dam (TGD) (1979-
2002), Yangtze sediment discharge to the sea was 379 + 79 Mt/a,
while our estimate of southward sediment transport from the
Yangtze Delta was 300 + 90 Mt/a with 176 + 69 Mt/a being con-
tributed by storms. After the TGD closure (2003-2018), the
Yangtze sediment discharge rate was 133 + 42 Mt/a, while our esti-
mate of sediment transport from the Yangtze Delta was 254 + 67
Mt/a with 175 + 69 Mt/a being contributed by storms (Table S7
online). Thus, the Yangtze Delta underwent a transition from
pre-TGD accretion to post-TGD erosion, which is in agreement with
measured bathymetric changes [10]. The annual storm-driven
transport exceeded the post-TGD discharge and was less than the
pre-TGD discharge, thus causing the Yangtze Delta transition.

We developed a conceptual model of the fate of Yangtze-
derived sediments. In fair weather, when waves are low and resid-
ual longshore currents are weak, fluvial sediments from the
Yangtze tend to be deposited on the offshore subaqueous delta.
However, in stormy weather, when wave energy and bottom per-
turbation are greatly increased and southward longshore currents
are stronger, previously deposited sediments are resuspended and
transported southward (Fig. S8 online). The southward transport
distance during a storm event is typically <100 km. For example,
the distance of southward sediment transport during the Malakas
event was ~70 km, based on the duration (2.6 d) and mean resid-
ual flow velocity during the storm period (0.32 m/s) (Table S5
online).

Our optimal estimate of the mean rate of southward sediment
transport from the Yangtze Delta over the past four decades
(280 + 85 Mt/a) is consistent with results of previous studies based
on observations and sediment budgets [7,11]. The sediment trans-
port is generally dominated by storm-induced resuspension and

Fig. 1. Storm-induced changes in hydrodynamics and sediment transport. (a-d) Daily average wind vector, significant wave height, tidal range, and suspended sediment
concentration (SSC) at Station A. (e) Satellite image at the end of a storm showing turbid zone and southward sediment plums. (f-h) Tidal-cycle residual wind vector, depth-
averaged current, and current profile at Station B. (i, j) Residual sediment transport rates and direction per meter width of the water column at Station B in fair weather and
storm event. (k) Storm’s and nonstorm wind’s contributions to annual net southward sediment transport from the Yangtze Delta. Note: the broken line in (d) is an estimate of
missing SSCs for 12-15 September, when sediment-sampling efforts failed because of dangerous storm winds and surges. The estimate was based on a binary regression
between SSC and wave height and tidal range in the other 26 d in September (R? = 0.65, P < 0.001).
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1. Regional setting

The Yangtze River, which at 6,400 km long is one of the world’s longest rivers, has a drainage area of 1.8 million
km? [1], discharges 900 km?/a of water, and (prior to dam construction) discharged 500 Mt/a (Mt: million tons) of
sediment; The Yangtze Catchment is currently home to 450 million people [2]. The Yangtze Delta is among the world’s
largest deltas in terms of size, ecosystem, population, and economy [3]. Shanghai, currently the largest harbor city in
the world, lies at the mouth of this river. The offshore subaqueous Yangtze Delta has an area of ~10,000 km? (Fig.
S1b). The loose sediment in the offshore subaqueous delta is composed mainly of silt, clay, and very fine sand, which
are easily resuspended by waves and currents [4]. The median size of the suspended sediments is 3—7 um [5]. The tides
in this delta are semidiurnal with a diurnal inequality. The tidal range in the offshore subaqueous delta is 2.7 m on
average, but can exceed 4.0 m during spring tides [3]. The tidal flow in the offshore subaqueous delta is rotating [6].
Located on the exposed northwestern Pacific coast, the Yangtze Delta is frequently affected by typhoons and cold
fronts. Annually, more than ten major storms (typhoons and polar outbreaks) affect the Yangtze Delta. Between 1949
and 2020, the number of typhoons passing across the East China Sea reached 524, which was 27% of the total number
of typhoons formed in the Western Pacific Ocean [7]. Most of these typhoons affected the Yangtze Delta [8, 9-11].
The typhoon-generated storms affecting the Yangtze Delta occur mainly in summer and autumn [9-11]. Climate
models project an increasing Typhoon intensity in the 21st century over the Western North Pacific [ 12]. The significant
wave height at Sheshan Station (30 km offshore) is <1.0 m during fair weather but increases to several meters during
storm events [10]. The suspended sediment concentrations (SSCs) in the offshore subaqueous delta range from <0.1
to > 2.0 kg/m’, increasing from neap to spring tides, from fair to stormy weather, from surface to near-bed water layers,
and from offshore to the mouth-bar areas [13]. Furthermore, the offshore subaqueous Yangtze Delta is characterized
by a southward longshore current (Fig. S1a), which is believed to be driven mainly by the East Asian winter monsoon
[14-16].

In the administrative division, Zhejiang and Shanghai border the middle part of the north bank of Hangzhou Bay
(Fig. 1e). In other words, the Zhejiang Coast is located just south of the Yangtze Delta. Fujian is located south of
Zhejiang (Fig. S1a). Since the mid Holocene, a vast longshore mud wedge has formed in the inner shelf of the East
China Sea along the macrotidal coasts of Zhejiang and Fujian provinces, southeastern China, mainly as a result of
southward transport of sediment from the Yangtze Delta [17,6,18]. The mud wedge is approximately 1,000 km in
length, 100 km in width, and 40 m in thickness (Fig. 1a) [17]. The sediments of this mud wedge are dominated by silts
and clays, with a gradual fining trend from north to south [1]. This mud wedge is even larger than the Yangtze Delta
in terms of both area and volume [17,19], suggesting that more than half of the sediments from the Yangtze River have
been transported southward to build the longshore mud wedge. The mud wedge extends into coastal embayments and
leads to the formation of tidal wetlands. Historical reclamation of tidal wetlands in these embayments has produced a
large amount of new land and promoted socioeconomic development. For example, the reclamation rate in Zhejiang
Province during the past decades reached 37 km?/a [20], markedly exceeding the contemporaneous reclamation rate
in the Yangtze Delta (20 km?/a) [21].

2. Methods

2.1. Field observation
We conducted field observations at Stations A (122.248° E; 31.432° N) and B (122.440° E; 31.401° N) in the
offshore subaqueous delta (Fig S1b) during different periods in 2016 to sample the water and measure hydrodynamics
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and turbidity before, during, and after storms. Station A is 1 m off the fore-end of an exposed wharf built on the
landward side of a small island (Sheshan, area 0.04 km?), where the time-averaged water depth is 7 m. Station B,
where the time-averaged water depth is 20 m, is ~20 km more seaward than Station A.

At Station A, 600 ml of surface water was sampled twice daily (08:00 and 14:00). The water samples were filtered
through preweighed 0.45-um filters, rinsed and dried at 45°C for 48 h, and then weighed. The SSC was calculated as
the ratio of dry suspended sediment weight to the filtered water volume. Wind speeds and directions 10 m above the
sea surface were measured using an XFY3 Swirl Wind Sensor (National Marine Technology Centre, Tianjin, China).
Significant wave heights and mean wave periods were measured using an SBY 1-1 pressure wave sensor (Institute of
Oceanographic Instrumentation, Qingdao, China) fixed on a buoy next to the station.

At Station B, hydrodynamics and turbidities were synchronously measured during 11-21 September 2016 using
instruments fixed on a tripod. Significant wave heights, mean wave periods, current profiles, and water-depth changes
were measured using an acoustic Doppler current profiler (ADCPWaves; Teledyne RD Instruments, Inc., San Diego,
USA). The ADCPWAVES sensor was 0.5 m above the seabed and facing upward, with a blind spot of 0.7 m and a 0.5
m layer interval. Turbidities and water-depth changes were measured at 1-min intervals using two optical backscatter
sensors (OBS; OBS-3A, Campbell Scientific, Inc., Salt Lake City, USA) fixed at 0.5 m and 1.2 m above the seabed;
the water-depth changes measured by the two instruments were highly consistent (<1% difference).

2.2. Data mining

Data on typhoon tracks and maximum wind speeds near the typhoon centers in 2016 were obtained from the
National Meteorological Center of China (http://www.nmc.cn/). In addition, predictions of the wind speed, wind
direction, significant wave height, and mean wave period (6-h temporal resolution) were obtained from the European
Centre for Medium-Range Weather Forecasts (ECMWF; https://www.ecmwf.int/). The longitudinal and latitudinal
resolutions of the ECMWEF predictions are 0.125° x 0.125°. We obtained ECMWF data for points as close to the two
stations as possible, designating these locations Station A’ (122.250° E; 31.375° N) and Station B’ (122.500° E; 31.375°
N), which are the closest grid points to Station A and Station B, respectively. The astronomical tide data at Station A
were obtained from the East China Sea Branch, State Oceanic Administration of China. Data on the 2016 daily water
discharge and SSC of the Yangtze River measured at Datong Station which is located at the tidal limit (Fig. S1a) were
obtained from the Yangtze Water Resource Committee. A satellite image of the turbid zone along the inner shelf of
the East China Sea was obtained from the United States Geological Survey (USGS; https://www.usgs.gov/core-

science-systems/nli/landsat)

2.3. Definitions

Here, we use the term “storm” to refer to an extreme weather event (typhoon or polar outbreak) during which the
wind speed is significantly higher than that during fair weather [22-23]. Wind speed is classically divided into thirteen
units (Beaufort scales 0—12) [24]. Considering the wind-speed characteristics in the study area and taking into account
the customary rule on wind scales [24], we defined fair wind as wind scales 0-3 (average wind speed < 5.4 m/s),
moderate wind as scales 4-5 (average wind speed of 5.5-10.7 m/s), nonstorm wind as wind scales 0—5 (average wind
speed < 10.8 m/s), and storm wind as wind scales > 6 (average wind speed > 10.8 m/s). In addition, we defined a storm
event as a storm wind period > 6 hours and a period-averaged wind speed > 10 m/s and a major storm event as a storm
period > 2 days.

The typhoon force index (TFI) is defined as the ratio of the maximum wind speed near the typhoon center to the
distance between the typhoon center and the point of interest (here, one of the two observation stations in the Yangtze
Delta). Because the units of wind speed and distance are m/s and km, respectively, the unit of TFI is 10%/s. The TFI
is a useful value for reflecting the potential impact of a typhoon, even though the unit of TFI has no physical meaning.

The net wind component is defined as the algebraic sum of wind components. The cumulative force of a wind
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component is defined as the sum of the products of the wind component and its duration. For example, given a 6-h-
average eastward wind component of 5 m/s and a 6-h-average eastward wind component of —4 m/s, the cumulative
force of the eastward wind component in the 12-h period is 5 m/s X 6 h % 3,600 s/h —4 m/s x 6 h x 3,600 s/h = 21,600
m. We defined a tidal cycle as the duration between two successive low tides.

2.4. Testing for reliability of the ECMWF-predicted wind and wave data

We created scatter diagrams and performed statistical analyses to examine the correlations between variables.
The ECMWF-predicted wind speeds and directions were similar between Points A’ and B’ (R° = 0.99, p < 0.001; Fig.
S7). The ECMWEF predictions were similar to our observations obtained nearby (R’ = 0.85-0.91, p < 0.001 for wind
speed, Fig. S9; R? = 0.87-0.88, p < 0.001 for wave height in fair-weather and storm conditions, Fig S10a—b; and R’ =
0.63-0.75, p <0.001 for wave height in fair-weather, storm, and poststorm conditions, Fig. S10 c—d). Close correlations
existed between the ECMWF-predicted mean wave periods at Points A’ and B’ (R° = 0.95, p < 0.001; Fig. S11a) and
the measured significant and mean wave periods at Station A’ (R? = 0.99, p < 0.001; Fig. S11b). Therefore, we used
the ECMWEF predictions and correlation equations to investigate the temporal trends of wind speed and significant
wave height and wave period when measured data were missing. Hence, regression equations were employed to

simulate the wind and wave data for the remainder of 2016.

2.5. Calibration of turbidity and conversion to SSC

In situ turbidity data obtained from the OBSs at Station B were converted into SSC data via regression equations
with close correlations (R” = 0.99, p < 0.001) calibrated using the water and sediment samples collected in the field
(Fig. S12). Specifically, the sediment was fully mixed with water in a barrel (0.6 m diameter) to generate turbidity.
The turbidity was measured using the two OBS sensors that were used in the field, and the turbid water was sampled.
We changed the turbidity by increasing water or sediment into the barrel. By doing so, we obtained a series of SSC
and turbidity data (from low to high levels). The water samples were filtered, rinsed, dried, and weighed, and SSC
values were calculated, as described above. Subsequently, the SSC and turbidity datasets from indoor calibrations
were used to establish the correlations in Fig. S12.

2.6. Differentiating tide- and storm-induced sediment resuspension

To differentiate tide- and storm-induced SSC changes during storm events, we found a significant correlation
between the SSC and tidal range under fair-weather conditions with a 1-day lag in the SSC behind the tidal range (R’
=0.8, p <0.001; Fig. S5). We subsequently employed this regression relationship and used the tidal ranges measured
during the storm events to predict tide-generated SSC changes alone. The differences between the SSC measurements

and the SSC predictions from this regression relationship reflect the storm-induced SSC changes.

2.7. Calculation of current profiles

The water depths measured at Station B ranged from 17.7 to 22.3 m. Because the ADCP sensor was 0.5 m above
the seabed and the blind spot of this sensor was 0.7 m, the currents in 33 layers between 1.2 and 17.7 m above the
seabed (each layer was 0.5 m thick) were completely measured, whereas the currents in the upper layers were only
partly measured. As a result, we used only the measurements from the lowest 33 layers to calculate the current profiles,
and the currents within 1.2 m above the seabed were estimated using an extrapolation method.

2.8. Calculation of SSC profiles
Based on 402 individual SSC profiles measured at various stations throughout the offshore subaqueous Yangtze
Delta during various seasons and tidal cycles, Liu et al. (2014) found an average relative SSC profile (i.e., SSC changes
with relative water height), in which the SSC showed an exponentially increasing trend with depth (R? = 0.99) [8]. The
relative vertical change in SSC obtained in that study is in good agreement with the finding of Whitehouse et al. (2000)
for estuarine SSC [25], suggesting that their relative vertical change is overall typical and can be used to simulate SSC
3



profiles. We utilized the relative vertical changes in SSC and the measured SSCs at 0.5 and 1.2 m above the seabed at
Station B to simulate the SSC profiles during fair and stormy weather. The results of the two sets of simulations were
generally consistent. To minimize the error in simulation, we calculated the average of the two sets of SSC profiles.
During the weakening and immediately after the disappearance of Typhoon Malakas, sediments in the upper water
column largely settled to the near-bed layer; therefore, the near-bed SSCs (i.e., the SSCs 0.5 and 1.2 m above the
seabed) were significantly increased rather than decreased, distorting the SSC profile. To describe these distorted SSC
profiles, we assumed that the poststorm surficial SSC decreased to the prestorm level with hydrodynamics similar to
those in the poststorm period. The predicted surficial SSCs, combined with the measured SSCs at 0.5 and 1.2 m above
the seabed, yielded simplified poststorm SSC profiles. Subsequently, we simulated the tidal cycle-averaged SSC
profiles using a power regression approach (R’ = 0.99) and calculated the tidal cycle-averaged SSCs for the rest of the

layers.

2.9. Calculation of residual wind, current, and sediment transport

Residual wind speed and direction, residual current velocity and direction, and residual sediment transport rate
and direction were calculated using a vector approach for eastward (westward) and northward (southward) components.
To minimize the influence of tidal flows on the calculation of residual current, we employed the tidal cycle as the
elementary unit of calculation for the residual current velocity and direction, because the net water movement induced

by tidal flows during the tidal cycle is expected to be minimal.

2.10. Calculation of wavelength
We calculated wavelengths using equations for Airy wave theory:

Laeep= gT*2m (W/L > 0.25) (1)
for deep-water conditions,
Luansitionar= (gT%2m) (tanh[21th/L]) (0.25>h/L > 0.05) 2)
for transitional water depth, and
Lsnatiow= T (gh)*> (h/L < 0.05) 3)

for shallow-water conditions, where L is the wavelength, g = 9.81 m/s, T is the wave period, = = 3.1416, and 4 is the
water depth [26].

2.11. Estimate of annual net southward sediment transport
~57% (the average from Stations A and B) of the SSC increase during the Malakas event was attributable to
sediment resuspension resulting from the increased tidal range from neap (Phase 1) to spring tides (Phase 3). If
Typhoon Malakas had occurred during a mean tide (tidal range 2.7 m), rather than a spring tide (tidal range 4.1 m), the
tidal effect on SSC would have decreased by 83%, based on the relationship between SSC and the tidal range (Fig.
S5d). Thus, the SSC during the Malakas event under a mean tidal condition would have been ~47% lower than the
observed SSC. In total, the amount of sediment transported southward from the Yangtze Delta during Typhoon Malakas
can be reduced from 63 to 33 Mt for mean tidal conditions. We identified four other major storm events in 2016 that
were similar to Malakas in terms of duration and southward wind component. Thus, the longshore sediment transport
from the Yangtze Delta associated with these five major storm events (including Malakas) would have been around
165 Mt. These five major storms contributed ~45% of the total southward wind component generated by the twenty-
nine storms that affected the Yangtze Delta during 2016. Considering that a persistently blowing duration is more
effective in the generation of waves and residual currents than several discontinuous short blowing durations under
equal wind directions, wind speeds, and cumulative wind durations [27], the southward sediment transport induced by
the twenty-four minor storm events was most probably less than that resulting from the five major storm events. In
addition, 4% of the southward storm component was neutralized by the northward storm component in 2016 (Table
S1). Thus, we roughly estimate that the total amount of southward sediment transport from the offshore subaqueous
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Yangtze Delta driven by storm events in 2016 was approximately 250-300 Mt/a. The rationality of this estimate of
annual storm-induced residual sediment transport based on extension from a typhoon event is that the mechanisms of
different storms (typhoon or polar outbreak) affecting longshore sediment transport are similar. That is, the southward
storm winds not only increase wave power and sediment resuspension (thereby increasing SSC) but also drive strong
longshore currents. The ratios of the net southward storm wind force in 2016 to the net southward storm wind force in
other years were employed in estimating the storm-induced annual southward sediment transport in other years.
Estimate of the nonstorm wind-induced annual southward sediment transports is described in the note below Table S7.

2.12. Uncertainty estimate

In this study, uncertainties in data and estimations include measurement errors, calculation errors, and standard
deviations from average values. According to the instrument instruction manuals, the flow velocity error measured
using ADCPWAVES is £0.25%, and the turbidity error measured using OBS-3A is £0.1 NTU for turbidities of 0-100
NTU, +£1 NTU for turbidities of 100-500 NTU, and +5 NTU for turbidities of 500-4000 NTU. Our measured turbidities
range from 3 to 3950 NTU, and are 185 NTU on average. That is, the errors of the measured turbidities are between
0.13% and 3% and are 0.5% on average. Our estimates of tidal cycle- and depth-averaged SSC range from 4 to 422
mg/l. The square of the correlation coefficient (R°) between SSC and turbidity is 0.99 (Fig. S12). In this study, we
employed the mean SSC profile by Liu et al. (2014) to reconstruct tidal cycle-averaged and phase-averaged (two to
eight tidal cycles) SSC profiles (see Section 2.8). The R’ between SSC and relative depth in the mean SSC profile by
Liuetal. (2014) is 0.99 [5]. Because the mean SSC profile by Liu et al. (2014) is based on 402 individual SSC profiles
measured at various stations throughout the offshore subaqueous Yangtze Delta during various seasons and tidal cycles,
we assume that the change in SSC relative to depth shown in their mean SSC profile is applicable in this study. Most
importantly, we used the mean SSC profile by Liu et al. (2014) to reconstruct tidal cycle-averaged and phase-averaged
SSC profiles (750 individual measurements of near-bed SSC in each tidal cycle) rather than reconstructing any
instantaneous individual SSC profile. In the cross-shore profile, the R? between the depth-averaged SSC and water
depth is also 0.99 (Fig. S6). Based on statistics, an R? of 0.99 indicates that the deviations of variables from the trendline
are 1%, with 95% confidence [28]. Comprehensively speaking, the combined error of our estimate of the sediment
transport rate is most likely less than ~8%. In addition, the uncertainty range of the average of a set of data is calculated
using the standard deviation. The average and standard deviation were calculated using Microsoft Excel software. In
estimating the uncertainty ranges of residual sediment transport and its influential factors (flow velocity and SSC)
during tidal cycles and phases (several tidal cycles), we included errors in measurements and calculations but excluded
the standard deviations in time series data (Table S5—S6) because the standard deviations were mainly derived from
tide-induced cyclic changes in the influential factors. In estimating the uncertainty ranges of multiyear-averaged annual
net sediment transport, however, we included both the errors and standard deviations (Table S7) because the standard

deviations reflect the impact of aperiodic wind changes.

3. Reliability and Limitations

Overall, our estimate of the multi-year average southward sediment transport rate from the Yangtze Delta (~280
Mt/a) is consistent with the results of previous studies (210-350 Mt/a) [ 1415, 29-31], suggesting that our hypothesis
regarding the dominant role of storms in this southward sediment transport is reasonable. However, because of
difficulties in field work and inadequate instrumentation, our observations were incomplete. There are two major areas
of uncertainty associated with our estimate of storm-driven southward sediment transport. First, the vertical SSC trend
described by Liu et al. (2014) is a spatiotemporal average [5], and our use of this trend to predict the vertical SSC
distributions at depths of 7 and 20 m in the offshore subaqueous delta is a possible source of error. Second, the stations
at depths of 7 and 20 m and the intertidal flat station were some distance apart and not located along a cross-shore
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profile, even though the observations were conducted simultaneously. Hence, the cross-shore distribution of longshore
sediment transport based on only these three stations is probably somewhat different from the actual distribution. Thus,
further work will be needed to verify our findings. Specifically, field observations of hydrodynamics and SSCs should
be improved by adding cross-shore transects on the Yangtze Delta and the mud wedge areas, adding observation
stations along the cross-shore transect, adding turbidity sensors to the vertical profile, and using research vessels to

collect data during storm and nonstorm events in different seasons.
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Fig. S3. Storm-induced sediment resuspension at Station A. (a) Maximum wind speed near the typhoon center and distance between the
typhoon center and Station A. (b) Typhoon Force Index (TFI), defined as the ratio of the maximum wind speed near the typhoon center
to the distance between the typhoon center and Station A (because the units of wind speed and distance are m/s and km, respectively, the
unit of TFL is 107%/s). (¢) Wind speed, (d) Significant wave height, (¢) Tidal range, and (f) near-surface SSC at Station A. All data are day-
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near-surface SSC at Station A decreased rapidly in the post-Malakas phase (Fig. S3F, Table S3).
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the improved 1-day lag relationship was used to predict the tide-induced SSC changes in this study.
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Fig. S8. A simplified conceptual model for the fate of Yangtze-derived sediments in (a) fair weather and (b) storm weather conditions.
This model excludes the effects of tides and monsoon nonstorm winds on sediment transport. Although tides cause frequent alternation of
deposition and resuspension, tide-induced net longshore sediment transport is negligible. The effect of the winter monsoon nonstorm
winds is thought to be mostly neutralized by the effect of the summer monsoon nonstorm winds, and the monsoon-induced net southward
sediment transport is minor in comparison with the storm-induced net southward sediment transport.
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Fig. S10. Power-law correlations between the significant wave height measured in this study () and the significant wave height predicted
by ECMWF (H)). Both (a) and (b) represent a continuous period covering first a fair-weather stage and then a storm stage (a: 18:00 Sep
10-0:00 Sep 20, 2016; b: 12:00 Sep 11-0:00 Sep 20, 2016), whereas both (c) and (d) represent a continuous period covering first a fair-
weather stage, then a storm stage, and afterwards a poststorm stage (c: 18:00 Sep 10-6:00 Sep 22, 2016; d: 12:00 Sep 11-6:00 Sep 21,
2016). The measured significant wave heights were shown in Figures 3 and 4. (c) and (d) suggest that the poststorm wave heights were
notably higher than predicted, presumedly because of the propagation of wells from the open waters.
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Fig. S11. Power-law correlations between the wave periods during the observation period. (a) Correlation between the mean wave periods
at Stations A" and B'; (b) Correlation between the significant and mean wave periods at Station A'.
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Fig. S12. Power-law correlations between the OBS turbidity (7) and SSC (C) based on a calibration using in situ sediment samples.
NTU: nephelometric turbidity unit.

5. Supplementary tables (shown below)
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