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A B S T R A C T

Intertidal wetlands are widely considered to be vulnerable to storm impacts. While much attention has been
given to the effect of hurricane/typhoon landfall on local erosion/deposition in intertidal wetlands, less is known
about how distant hurricanes/typhoons can affect an intertidal wetland or about the comprehensive effects of
hurricanes/typhoons on hydrodynamics, sediment transport and seabed stability. Here, we investigate the
possible impacts of thirteen typhoons that occurred in the western Pacific during summer–autumn 2016 on an
intertidal wetland in the Yangtze Delta. We detected the impacts from eight of the typhoons during half of their
duration when these typhoons were 450–2000 km away (nearest distance ever for each typhoon) from the delta.
These remote typhoons caused 2–5 times maximum increases in hydrodynamics and suspended sediment con-
centration. Correspondingly, considerable net mudflat erosion and marsh deposition were observed. We
therefore conclude that intertidal wetlands can be strongly affected by typhoons, even those passing by hundreds
of kilometres away. These findings contribute to understand how far and in what extent hurricanes/typhoons
can affect intertidal wetlands and to increase knowledge needed for coastal management.

1. Introduction

Intertidal wetlands are among the world’s most valuable ecosystems
(Costanza et al., 1997), because they provide important ecosystem
functions and services (Barbier et al., 2011; Kirwan and Megonigal,
2013; Temmerman et al., 2013). The environmental stability of inter-
tidal wetlands is presumably a key factor for the health of this eco-
system. The long-term stability of intertidal wetlands is influenced by
sediment supply and relative sea-level changes (Blankespoor et al.,
2014; Yang et al., 2018). Its responses to fluvial sediment decline, land
subsidence and global sea-level rise has been widely addressed (Yang
et al., 2005; Blum and Roberts, 2009; Kirwan, and Megonigal; Schuerch
et al., 2018). The short-term stability of intertidal wetlands is strongly
disturbed by storms. Tropical cyclones (hurricanes/typhoons) are ex-
treme storms that frequently impact the coasts of the Pacific, Atlantic

and India Oceans (Emanuel, 2005; Knutson et al., 2010). Although
there is great uncertainty about whether or not the frequency of tropical
cyclones will increase, most studies show that the tropical cyclone in-
tensity should increase as the climate warms (Webster et al., 2005;
Sobel et al, 2016). Intertidal wetlands are widely considered to be
vulnerable to storm attack (Leonardi et al., 2016). However, most
previous studies have focused on the strong erosion/accretion caused
by hurricanes/typhoons when they landed at the intertidal wetlands
(Yang et al., 2003; Turner et al., 2006; Williams and Flanagan, 2009;
Van Ormondt et al., 2015; Liu et al., 2017). In contrast, less is known
about the remote effect of hurricanes/typhoons or about their com-
prehensive effects on hydrodynamics, sediment transport and erosion/
accretion. There is a great need to strengthen research in these fields
because the sphere of influence of hurricanes/typhoons may be much
greater than their landing area and because the aspects of storm impact
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may be much more than the bed-level change.
Here, we bridge the above knowledge gap by studying the Yangtze

Delta as a model system because it is one of the world’s largest deltas in
terms of size, and its intertidal wetland areas are known to be typically
affected each summer by typhoons (Wang et al., 2016, 2018; Zhu et al.,
2017). Through combination of qualitative description and quantitative
analysis, we attempt to: (1) Divide the remote typhoons or typhoon
durations into two parts, i.e., the impacting and non-impacting ones;
(2) Address the quantitative characteristics of the impacting typhoons;
(3) Quantify the magnitudes of the average and maximum typhoon
impacts; and (4) Develop an impact factor for quantitative relationship
between a remote typhoon and its impact. This study is unique in that it
focuses on how many typhoons that form in the Pacific Ocean and
during how long duration they affect the wetlands in this delta, the
quantitative characteristics of the impacting typhoons (i.e., their
strength and distance from the delta), and the comprehensive effects of
typhoons, including the hydrodynamic mechanism, sediment transport
and bed-level and marsh changes, based on high temporal-resolution
field measurements.

2. Materials and methods

2.1. Data mining

Data of typhoon tracks and maximum wind speeds near the typhoon
centers during the typhoon season (July through September) in 2016
were obtained from the National Meteorological of China (http://www.
nmc.cn/). The 3-hourly wind speed and 6-hourly wave height data at
the nearshore station in the Yangtze Delta during the same period were
obtained from the European Centre for Medium-Range Weather
Forecasts (https://www.ecmwf.int/). The astronomical tide data were
provided by the East China Sea Branch of State Oceanic Administration.

2.2. Field observations

Field observations were carried out using a tripod system from
August 29 to September 28, 2016, on a tidal wetland in the Yangtze
Delta front (Fig. 1). The winds in the Yangtze Delta are influenced by
monsoons and typhoons, and the multi-year average of wind speed is
ca. 4 m/s (Yang et al., 2008). The tides in this area are mixed semi-
diurnal, with a mean tidal range of 3.2 m in our study site (Gao et al.,
2008). The intertidal area is approximately 900m in width, which
consists of a salt marsh (upper 150m) and a mudflat (lower 750m)
(Fig. 1c). The observation site is below the mean sea level (MSL) and
650m seaward from the seawall.

An SBE 26plus Seagauge Wave and Tide Recorder (4 Hz) (Sea–Bird
Electronics Inc., USA) was mounted horizontally on the bed surface to
measure the wave parameters and water depth at an interval of 10min
(the burst lasted for 256 s and conducted 1024 measurements). An
Aquadopp HR–Profiler (1 Hz) (Nortek, Norway) was deployed on a
tripod, and its downward-facing probe was at a height of 0.7 m above
the seabed to measure the current profile. An Alec Current Meter (1 Hz)
(Alec Electronics, Japan) was attached to the tripod to measure the
point currents at a height of 0.5m. The currents were measured at an
interval of 5min. An Argus Surface Meter IV (ASM) (5 Hz) (Argus,
Germany), which has an array of sensors with a measuring profile of
approximately 1m, was mounted to obtain the turbidity profile at an
interval of 2.5min (Fig. 2).

The elevations along the cross-shore intertidal wetland profile were
surveyed before and after typhoons, using a high-resolution, high-ac-
curacy, real-time kinematic global-positioning-system unit (Trimble
Company, USA) with horizontal and vertical errors of± 2mm. All
surveys were based on the same reference benchmark that was built
into a concrete seawall at the starting point of the central cross-shore
profile, and all repeated surveys of elevation were conducted at fixed
sites on the wetlands. To avoid the influence of the footprints on the

results of surveys, we were careful not to trample on the soft soils at the
survey points. While reading the elevation, we held the RTK-GPS and
placed it just onto the sediment surface, preventing it from sinking into
the soils. Water samples were acquired at the observation site for sus-
pended sediment concentration (SSC) calibration. Surficial bed sedi-
ments were collected each day during the ebb period to measure the
water content and the grain size. We used a buried-plate method to
measure relative bed-level changes between tidal cycles (Zhu et al.,
2017). To avoid the disturbance of the tripod, the buried-plate site was
5m away from the tripod in the longshore direction. Specifically, we
buried a square ceramic tile 0.3 m beneath the sediment surface. Then,
we smoothed the sediment surface to be consistent with the sur-
rounding areas. The first measurement was performed two tidal cycles
after burial of the tile, by which time the mudflat had been restored to
its undisturbed state. We measured the distance between the sediment
surface and the plate using 16 thin sticks inserted vertically into the
sediment. To minimize the impact from the ripples, we positioned eight
sticks on ripple crests and a further eight within ripple troughs. Relative
bed-level changes were calculated from the difference between the two
measurements.

2.3. Data processing

In situ turbidity data obtained from the ASM were converted to
suspended sediment concentration data via a calibration equation in the
laboratory using water samples collected in situ (Fig. 3). Grain size
analyses were measured in laboratory for the surficial sediment samples
using a Laser Diffraction Particle Size Analyzer, Coulter LS100Q
(Coulter Inc., USA), after removal of organic matter to obtain the grain
size distribution curves of the sediment. Mean bed shear stress caused
by combined wave-current action (τcw) during 10-min periods and
critical shear stress for the erosion of bottom sediment (τe) were com-
puted (see details in Appendix A) to study sediment transport and bed-
level changes.

To quantifiably describe the potential impacts of a remote typhoon
on coastal meteorological hydrodynamics, we developed a dimension-
less impact factor of a typhoon (IFT), which was defined as

=IF S
D
100

T
T

T CÂ (1)

where ST is the maximum wind speed near the typhoon center (m/s),
DT-C is the distance between the typhoon center and the coast (km), the
number 100 is used to ensure that the IFT values range from 1 to 10.
This factor is based on the assumption that a typhoon impact is mainly
determined by the wind speed of the typhoon center and the distance
between the typhoon and the coast, and that IFT is proportional to ST
but inversely proportional to DT-C. Correlations between IFT and wind
speed (WSY) and wave height (HN) in the Yangtze Delta were estab-
lished, and the significance levels of the correlations were tested, using
regression approaches.

To investigate the time lag in WSY and HN after IFT, we established
correlations with time lags of 1–5 tides, and compared their correlation
coefficients with the correlation coefficient of the in-phase correlation.
We selected the correlation with the highest correlation coefficient. We
defined the time lag as that has the highest correlation coefficient.

The rate at which the wave group as a whole travels across the open
ocean between the typhoon and the coast was calculated using the
following equation:

=C Tg /(4 )g (2)

where g is the acceleration of gravity, T is the wave period, and π is the
circumference ratio (Komar, 1976).

3. Results and discussion

During July through September 2016, thirteen typhoons were

S.L. Yang, et al. Journal of Hydrology 575 (2019) 755–766

756

http://www.nmc.cn/
http://www.nmc.cn/
https://www.ecmwf.int/


formed and moved northwestward through the western Pacific (Fig. 1).
The maximum sustained wind speed near the typhoon center ranged
from 17 to 70m/s, the typhoon circle radius of 17m/s wind speed was
between 100 and 600 km, and the distance between the typhoon center
and the Yangtze Delta varied from 200 to 4000 km (Fig. 4a). The
duration of these typhoons together amounted to 65% of time of the
three months.

3.1. Remote impacts of typhoons on coastal winds

At the Yangtze Delta, the tide-averaged wind speed ranged from 1.5
to 8.4 m/s (4.8m/s on average) during the non-typhoon periods.
Among the 115 tides when one or two typhoons were moving across the
Pacific Ocean, 10 tides were accompanied by wind speeds higher than
the maximum wind speed during non-typhoon periods. The wind
speeds during these 10 tides were 10m/s on average (Fig. 4b, Table
S1). During these 10 tides, the wind speed at the Yangtze Delta were
most likely influenced by typhoons. On average, the< 6.5m/s wind
speeds at the Yangtze Delta in the typhoon periods were equal to the
wind speeds in the non-typhoon periods. Thus, the 6.5–8.4 m/s wind
speeds at the Yangtze Delta in the typhoon periods may also have been

Fig. 1. Study area. (a) The northwestern Pacific showing the tracks of typhoons, each begun at the black point. (b) The Yangtze Delta showing the locations of wind,
wave and tide gauging stations and studied intertidal wetland. Dashed lines are isobaths in meters. (c) Cross-shore wetland profile showing the site of tripod
measurements. Elevation is based on the lowest astronomical tide. MSL: Mean sea level.

Fig. 2. Schematic figure of instrument deployment on a tripod. Blue parts in-
dicate the locations of instruments’ sensors. See tripod location in Fig. 1c.

Fig. 3. Calibrated regression relationship between turbidity (T) measured by
ASM and SSC (C) in the laboratory. R2 is correlation coefficient. NTU is
Nephelometric Turbidity Unit. Blue and red dots represent low and high tur-
bidities, respectively.
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influenced by typhoons. These wind speeds were observed during 22
tides (Table S1). Therefore, we conclude that the wind speeds at the
Yangtze Delta were more or less influenced by typhoons during 32
tides, or 28% of the duration of the typhoon periods.

During the impacting typhoons, defined as the periods when a ty-
phoon impact on wind speed in the Yangtze Delta was detected, the
distance between the typhoon center and the Yangtze Delta (DT-Y), the
maximum wind speed near typhoon center (WST), the impact factor of
typhoon (IFT) and the wind speed in the Yangtze Delta (WSY) were on
average 1650 km, 38m/s, 4.4 and 8.4m/s, respectively. During the
non-impacting typhoons, defined as the periods when a typhoon impact
on the Yangtze Delta was undetected, the values of DT-Y, WST, IFT and
WSY were on average 1800 km, 29m/s, 2.2 and 4.8m/s (equal to the
mean wind speed under no typhoon conditions), respectively. During
the impacting typhoons, the correlation between WSY and IFT was
statistically significant (R2= 0.35 and p < 0.001 for all the impacting
periods, and R2 ranging from 0.70 to 0.99 and p < 0.001, for the three
individual typhoon events) (Fig. S1). However, there was no significant
correlation between WSY and IFT (R2=0.009, p=0.4) during the non-
impacting typhoons (data shown in Table S1).

In addition to increasing wind speed, typhoons often changed wind
direction and sometimes reduced wind speed at the Yangtze Delta. This
is because in summer, the monsoon-induced winds in the East China
Sea are typically northward or northwestward (Fig. 4b; Sun et al.,
2016). On the other hand, the typhoon-generated winds at the Yangtze
Delta tended to be southwestward or southward (Fig. 4b) because the
typhoons were often to the southeast or east of the Yangtze Delta
(Fig. 1) and because typhoon systems rotate counter-clockwise in the
Northern Hemisphere (Bridges, 1987). Thus, at the beginning and end
of the typhoon impact, the winds at the Yangtze Delta tended to be
weaker and change directions (Fig. 4b).

3.2. Remote impacts of typhoons on coastal hydrodynamics

3.2.1. Impact on waves
During our observations of the mudflat in the Yangtze Delta, the

tide-averaged significant wave height at the mudflat station was closely

correlated with the tide-averaged significant wave height at the near-
shore station (R2=0.56, data shown in Table S1). Thus, the wave
heights at the nearshore station prior to our mudflat observation can be
used to understand the wave conditions on the mudflat for a longer
time period. At the nearshore station in the Yangtze Delta front, the
lowest wave heights were all found during calm weather (wind
speed < 2–3m/s). For example, at the nearshore station, where the
water depth is 5m on average, the significant wave height (6-hour
average) was lowest (ca. 0.2m) on 15 July, 4 August and 9 September
(Fig. 4c). These minimal wave heights likely had little relation to tidal
conditions because they were recorded under different tidal conditions
ranging from neap (15 July) to spring tides (5 August) (Fig. 4). On the
other hand, the highest wave heights were recorded during remote
typhoons that increased the wind speed in the Yangtze Delta. Specifi-
cally, the significant wave height at the nearshore station reached 1.5m
on 28 August (T113) when Typhoon Lionrock was passing more than
1500 km away with a maximum wind speed 51m/s near the typhoon
eye (Fig. 4); this wave height was 7.5 times higher than the wave height
under calm weather (Fig. 4). The second largest wave height, 1.4 m,
was recorded during T155 (September 18–19) when Typhoon Malakas
was passing 450 km away with a maximum wind speed 46m/s near the
typhoon center. The third largest wave height (1.35m) was observed
during T173 (September 28) when Typhoon Megi was passing 770 km
away with a maximum wind speed of 29m/s near the typhoon center
(Fig. 4).

Similar to the wind speed in the Yangtze Delta, the wave height at
this delta was affected by only some remote typhoons and only during
part of their duration. The maximum tide-averaged significant wave
height during the non-typhoon periods was 0.65m. Among the 115
tides when one or two typhoons were moving across the Pacific Ocean,
37 tides were accompanied by tide-averaged significant wave heights
higher than the maximum wave height during the non-typhoon periods.
The significant wave heights during these 37 tides were on average
0.9 m. The waves in the Yangtze Delta were most likely affected by
remote typhoons during these 37 tides. On average, the<0.59m sig-
nificant wave heights in the typhoon periods were equal to the sig-
nificant wave heights in the no typhoon periods. Thus, the 0.59–65m

Fig. 4. Time series of remote typhoon information, and wind, tide and wave at the nearshore station in the Yangtze Delta front. (a) distance between typhoon center
and Yangtze Delta, and maximum wind speed near typhoon center, (b) wind vector at the Yangtze Delta and (c) astronomical tidal level, nearshore significant wave
height and impact factor of typhoon. Gray background bars indicate the periods when the impacts of the typhoons on the Yangtze Delta were significant. See
Appendix B (Table S1) for more details.
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significant wave heights in the typhoon periods may also have been
influenced by typhoons. These significant wave heights were observed
during 12 tides (Table S1). Therefore, we concluded that the significant
wave heights were influenced to different extents by typhoons during
49 tides, or 43% of the duration of the typhoon periods. Thus, the
number of tides associated with a detectable typhoon impact on waves
in the Yangtze Delta was much greater than the number of tides asso-
ciated with a detectable typhoon impact on wind speed. This result
suggests that the impacts of remote typhoons on waves in the Yangtze
Delta included not only an increase in wind-driven waves in the delta
itself but also swells that propagated into the Yangtze Delta area from
the remote Pacific Ocean where one or more typhoons generated tall
waves. Thus, even if the winds in the Yangtze Delta are not affected by a
remote typhoon, the waves generated by this typhoon in the far ocean
may partly propagate into waters near the Yangtze Delta.

For typical typhoon events that significantly influenced the waves in
the Yangtze Delta, the wave height in the Yangtze Delta nearshore
station (HN) was closely correlated with the impact factor of the ty-
phoon. For example, the correlation coefficient R2 between HN and IFT
reached 0.94 (significance level p < 0.05) during Typhoon Malakas
(Fig. S2a). For Typhoon Meranti, when a 0.5 day (1 tide) lag in wave
height was considered, the correlation coefficient between HN and IFT
reached its peak (R2= 0.58, p < 0.05) (Fig. S2b). A similar time lag in
wave height in the Yangtze Delta after the impact factor of typhoon was
also observed during Typhoon Lionrock. For this typhoon, when a 2-day
(4-tide) lag in wave height was considered, the correlation coefficient
between HN and IFT was at its highest (R2= 0.82, p < 0.01) (Fig. S2-
c). For all the impacting typhoons, defined as the periods when a ty-
phoon impact on wave height in the Yangtze Delta was detected, the

correlation coefficient between HN and IFT reached its maximum at
R2=0.43 (p < 0.001), when a 0.5 day lag in wave height was con-
sidered (Fig. S2-d). In contrast, for the non-impacting typhoons that did
not affect the Yangtze Delta, the correlation coefficient between HN and
IFT decreased to only R2= 0.07 (data shown in Table S1).

The time lag of HN after IFT was presumably relevant to the pro-
gradation of the swells across the open Pacific. For example, the dis-
tance between the Yangtze Delta and the storm center was on average
1600 km during Typhoon Lionrock. Based on Equation (2), the period
of waves travelling across the 1600 km distance over 2 days would be
ca.12 s, which is supported by the wave periods in the western Pacific
during the Typhoon Lionrock predicted by the European Centre for
Medium-Range Weather Forecasts (ranging from 11 to 15 s, and being
12.1 s on average). Although the origin and progradation of waves on
the open ocean could be more complex than addressed above, our
coarse estimation likely explains the main mechanism of the time lag
among the waves in the Yangtze Delta after a remote typhoon occur-
rence.

During the impacting typhoons, the distance between the typhoon
center and the Yangtze Delta, the maximum wind speed near the ty-
phoon center, the impact factor of typhoon and the significant wave
height at the nearshore station in the Yangtze Delta were on average
1600 km, 38m/s, 4.3 and 0.85m, respectively. During the non-im-
pacting typhoons, they were on average 2100 km, 27m/s, 1.9 and
0.42m (equal to the mean significant wave height under no typhoon
weathers), respectively.

At the mudflat station, the tide-averaged significant wave height
was positively correlated with the tide-averaged water depth during the
periods of no typhoon, non-impacting typhoon and impacting typhoon.

Fig. 5. Time series of remote typhoon information, wind speed at the nearshore station in the Yangtze Delta front, and hydrodynamics and suspended sediment
concentration measured at the mudflat site. (a) distance between typhoon center and Yangtze Delta, and typhoon circle radius of wind speed 17m/s, (b) maximum
wind speed near the typhoon center, wind speed at the Yangtze Delta, and impact factor of typhoon, (c) water height and significant wave height at the mudflat
measurement site, (d) near bed current velocity (0.5 m above bed), (e) bed shear stress due to combined current–wave action (τcw), critical shear stress for erosion of
sediment (τe) and relative bed level (RBL) changes, (f) suspended sediment concentration (SSC) profiles (Enlarged comparisons between T120, T149, T156 are shown
in Figs. 7 and 8).
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The correlation between wave height and water depth under no ty-
phoon was similar to that under non-impacting typhoon. However, the
correlation trendline of the impacting typhoon was far above the cor-
relation trendlines of the no typhoon and non-impacting typhoon
(Fig. 6a), suggesting that the wave height during impacting typhoons
were substantially higher than the wave heights during no typhoon and
non-impacting typhoon periods at equal water depths. Based on the
correlation equations, the wave heights under the impacting typhoons
(0.55m) were on average 2.2 times higher than the wave heights under
no typhoon and non-impacting typhoon conditions (0.25m). The
maximum typhoon impact on wave height occurred during the twin
Meranti and Malakas Typhoons when the tide-averaged significant
wave height measured at the mudflat station reached 1.16m during
tidal cycle T150 (Fig. 5 and Table S1), which was 4.2 times higher than
that (0.28m) predicted by the correlations for non-impacting typhoon
and no typhoon situations in Fig. 6a (for 2.06m of water depth in tidal
cycle T150). Considering that the tide-averaged water depth over the
mudflat is mainly determined by tidal range, the correlation between
tide-averaged wave height and water depth basically reflects the tide
control.

The wave height measured at the mudflat station tended to show
peak values in the flood phase of each tidal cycle (Fig. 5c). The asym-
metry in the intra-tidal wave height curve likely reflects the difference
in influencing factors between the flood and ebb phases. During the
flood phase, the wave propagation direction was the same as the on-
shore tidal current direction. On the other hand, during the ebb phase,
the wave propagation direction was opposite the offshore tidal current
direction. The intra-tidal pattern of wave height (i.e., increasing in the
flood phase and decreasing in the ebb phase) also reflects the strong
influence of water depth on waves in tidal wetlands (Yang et al., 2012).
This intra-tidal pattern was present because of the high resolution of the

wave measurements, i.e., 10-min average. If the resolution of wave
height was 6 h, as at the nearshore station, then the above intra-tidal
pattern could not be observed. Despite the intra-tidal pattern of wave
height, the impact of typhoons on wave height in the Yangtze Delta was
clearly detectable. In addition to the statistical result for the impacting
typhoons as a whole (Fig. 6a), typhoon impacts were also reflected in
individual typhoon events. Specifically, the wave heights during the
Twin Typhoons Meranti and Malakas and Typhoon Megi were sig-
nificantly higher than in other impacting typhoon periods. The com-
parison of the intra-tidal wave height curve between two typical tidal
cycles, T120 and T149, which were equal in tidal range (4.44 vs 4.43m)
and high tide height (5.20 vs 5.17m) but were different in weather
condition (No typhoon vs Twin Typhoons Meranti and Malakas) (Fig. 5,
Table S1), strikingly shows the storm impact on waves at the Yangtze
Delta (Fig. 7c). During the non-typhoon tidal cycle T120, the mean wind
speed at the Yangtze Delta was 5.31m/s, and the mean significant wave
heights at the nearshore and mudflat stations were 0.46 and 0.34m,
respectively. In contrast, during the typhoon-affected tidal cycle T149,
the mean wind speed was 8.44m/s, and the mean significant wave
heights at the nearshore and mudflat stations were 0.87 and 1.07m,
respectively (Fig. 5 and Table S1). The intra-tidal maximum wave
height at the mudflat station was 0.72m in T120 and 2.50m in T149
(Fig. 5c).

3.2.2. Impact on currents
Tidal current velocity increases with tidal range (Alvarez, 2010; Call

et al., 2015). This scenario is supported by our finding that the tide-
averaged near-bed current velocity at the mudflat station was closely
correlated with the astronomical tide range (Fig. 6b). However, the
correlation trendline of the impacting typhoon situation was sig-
nificantly above the correlation trendlines of the non-impacting

Fig. 6. The typhoon impacts on hydrodynamics and SSC reflected by scatter diagrams of variables under conditions of an impacting typhoon, non-impacting typhoon
and no typhoon. (a) The correlations between the tide-averaged significant wave height and tide-averaged water depth measured at the mudflat station. (b) The
correlations between the tide-averaged near-bed current velocity measured at the mudflat station and astronomical tidal range. (c) The correlations between the tide-
averaged bed shear stress due to combined current-wave action and astronomical tidal range. (d) The correlation between tide-averaged SSC and tide-averaged bed
shear stress. (e) The correlation between the tide-averaged SSC and tide-averaged impact factor of typhoon with a 2-tide lag of the SSC behind the impact factor of
typhoon (for the non-impacting typhoon category, C= 0.695 IFT+ 2.311, R2=0.36, p= 0.032) (original data shown in Table S1). “Impacting typhoon” represents
the periods when the impacts of remote typhoons on the Yangtze Delta were detected. “Non-impacting typhoon” represents the periods when the impacts of remote
typhoons on the Yangtze Delta were undetected. “No typhoon” represents the periods when no typhoon occurred.
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typhoon and no typhoon situations, whereas the correlation trendlines
of the non-impacting typhoon and no typhoon situations were similar.
This result suggests that given the same tidal range the current velocity
during impacting typhoons was significantly higher than the current
velocity during non-impacting typhoons and no-typhoon periods. Based
on the correlation equations, the current velocities during the im-
pacting typhoons (0.41m/s) were on average 24% higher than the
current velocities during the non-impacting typhoon and no-typhoon
periods (0.33m/s). The maximum typhoon impact on current velocity
occurred during the twin Typhoons Meranti and Malakas when the tide-
averaged current velocity measured at the mudflat station reached
0.6 m/s (Tidal cycle T150) (Fig. 5 and Table S1), which was 67% greater
than that (0.36m/s) predicted by the correlations for the non-impacting
typhoon and no typhoon situations in Fig. 6b (for 4.25m of tidal range
during tidal cycle T150). Strikingly, the maximum typhoon impact on
current velocity occurred at the same time as the maximum typhoon
impact on wave height, i.e., on September 16 (T150) (Fig. 5 and Table
S1).

The typhoon impact on current velocity in the intertidal wetland
was also reflected in the comparison of intra-tidal velocity curves be-
tween two tides that were equal in astronomical tidal ranges but were
different in wind speeds and wave heights. For example, during the two
tidal cycles of T120 and T149, the astronomical tidal ranges were 4.44
and 4.43m, and the wind speeds were 5.31 and 8.44m/s, respectively
(Table S1). During these two tides, the overall v-shaped intra-tidal
pattern of the velocity curves hardly changed. That is, the velocity
decreased during the flood phase, reached a minimum approximately at
the high tide, and then increased during the ebb phase. However, the
current velocity of T149 was generally higher than the velocity of T120.
The increased velocity occurred mainly in the earlier (or shallower)
flood stage (Fig. 7d). On average, the current velocity was 0.37m/s
during tide T120 and 0.55m/s during tide T149, corresponding to a
significant wave height of 0.34m in T120 and 1.07m in T149 (Table S1).

The overall increase in current velocity due to a typhoon impact was
attributable to wind-induced currents (Wu, 1975; Weber, 1983; Chang
et al., 2012) and wave-induced flow (Shaikh and Siddiqui, 2011). The
wind- and wave-induced near-bed currents are assumed to be inversely
proportional to water depth and to be significant in shallow waters such
as that over the intertidal wetland. The correlation coefficient between
current velocity and tidal range was relatively lower under a typhoon
impact (R2= 0.56) than under conditions of a non-impacting typhoon
and no typhoon (R2= 0.75–0.79) (Fig. 6b). This result likely reflects
that the superposition of typhoon-induced currents, which are in-
dependent of tidal range, somewhat disturbs the relationship between
current velocity and tidal range. Furthermore, the storm-induced cur-
rents observed during this study likely varied among the typhoon
events.

3.2.3. Impact on bed shear stress
As an indicator of combined current-wave action for estimating

sediment pick-up rate, τcwmeasured on the mudflat showed spring-neap
and storm-no storm patterns similar to current velocity and wave height
(Fig. 5). The change in τcw was the comprehensive impact of tidal
variation, local winds and typhoons. Like the tide-averaged wave height
and current velocity, the tide-averaged τcw was closely correlated with
the tidal range. However, the correlation trendline of the impacting
typhoon category was far above the correlation trendlines of the non-
impacting typhoon and no typhoon categories. Based on the equations
of these correlations, the τcw values under the impacting typhoons were
on average 0.40 N/m2, or 60% higher than the mean τcw value (0.25 N/
m2) predicted for the no typhoon and non-impacting typhoon condi-
tions. The maximum typhoon impact on tide-averaged τcw was also
occurred during the twin typhoons Meranti and Malakas. The measured
τcw in the tidal cycle T147 was 0.61 N/m2, which was 2.3 times higher
than the 0.26 N/m2 predicted for the non-impacting typhoon and no
typhoon situations using the correlations in Fig. 6c, given the 3.86m in

Fig. 7. An example of typhoon-generated overall increases in intra-tidal water
height/submergence duration, wave height, current velocity, bed shear stress
due to combined current-wave action (τcw) and suspended sediment con-
centration (SSC), reflected by comparison between two similar astronomical
tides (T120 and T149 indicate the orders of the two astronomical tides. The as-
tronomical tide range was 4.44m during T120 and 4.43m during T149, whereas
the wind speed was 5.31m/s during T120 and 8.44m/s during T149. The intra-
tidal series of the typhoon parameters and the wind speed in the Yangtze Delta,
and the comparison between T120 and T149 and other tidal cycles are shown in
Fig. 5).
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tidal range). That the time of the maximum typhoon impact on τcw
slightly deviated from the time of the maximum typhoon impacts on
wave height and current velocity is probably because the τcw is de-
termined by not only wave height and current velocity but also water
depth and velocity profile (Whitehouse et al., 2000).

The comparison of τcw between T120 and T149 that are equal in tidal
condition was most convincing for the typhoon impact during an in-
dividual tidal cycle. The average τcw was 0.29 N/m2 during the no-ty-
phoon tide T120 and 0.53 N/m2 during the stormy tide T149. The intra-
tidal patterns of τcw in the two tides were similar, but τcw during T149
was significantly greater than during T120 for most of the tidal cycle
(Fig. 7e). Under no-typhoon and neap tidal conditions, τcw was close to
the critical shear stress for erosion (τe). For example, during the no–
typhoon neap tide T136, the τcw ranged from 0.01 to 0.45 and 0.12 N/m2

on average, in comparison with τe (0.09 N/m2). This suggests that
bottom sediment can be resuspended only in part of the tide duration in
the period of calm weather and neap tides. However, during typhoon-
affected tidal cycles (e.g., T147−T151, T153−T156), all τcw values could
be greater than τe, and the averaged τcw could be 5 times higher than τe.

In addition, the water height and submergence duration on the in-
tertidal wetland increased during 80% of the storm-affected tidal cy-
cles. For example, the water height at the high tide of T149 increased by
0.15m, and the submergence duration on the intertidal wetland
lengthened by 0.25 h (Fig. 6b). The maximum increases in water height
and submergence were 0.43m and 0.7 h, respectively.

3.3. Remote impact of typhoons on coastal suspended sediment
concentration

The SSC measured in the 1m water column above the mudflat in the
Yangtze Delta showed a similar temporal pattern to that of τcw (Fig. 5).
There was a significant positive correlation between the tide-averaged
SSC and tide-averaged τcw (Fig. 6d). However, the highest τcw∼SSC
data couples were measured during the impacting typhoons, whereas
no significant difference between non-impacting typhoons and no ty-
phoons was found (Fig. 6d). Based on the correlation shown in Fig. 6d,
the SSC would be 7.9 kg/m3 for the mean τcw of impacting typhoon
(0.40 N/m2), and would be 5.5 kg/m3 for the mean τcw of non-im-
pacting typhoon and no typhoon (0.25 N/m2), suggesting that the SSC
was increased by 44% on average by the typhoon impacts. Similarly,
the SSC would be 11.3 kg/m3 during the tidal cycle T147 when the ty-
phoon impact on τcw reached its maximum (0.61 N/m2), and would be
5.7 kg/m3 for the corresponding τcw under presumed non-impacting
typhoon and no typhoon conditions (0.26 N/m2), suggesting that the
tide-averaged SSC during the maximum impacting typhoon was 2.0
times greater than the SSC under non-impacting typhoon and no ty-
phoon situations. That is, some of the remote typhoons significantly
increased the SSC in the intertidal wetland of the Yangtze Delta by
affecting the delta hydrodynamics.

In the classic comparison between two tides that are equal in tidal
range and high tidal level, the SSC in the typhoon-influenced tide T149
(6.81 kg/m3) was 1.7 times higher on average than the SSC in the no-
typhoon tide T120 (3.94 kg/m3), although the intra-tidal and vertical
patterns of SSC in the two tidal cycles were similar (Fig. 7f; Fig. 8).
During the typhoon-affected tides T153–T158, when the difference be-
tween τcw and τe becomes greater than during tide T149 (Fig. 5f, Table
S1), the tide-averaged SSCs reached 11.6–15.3 kg/m3 (Table S1), sug-
gesting that the amount of resuspended sediment is proportional to the
difference between τcw and τe. During these tides, the SSC in several
decimeters closest to the bottom even exceeded the upper detection
limit of ASM (17.3 kg/m3) (Fig. 8). It is necessary to indicate that the
tidal cycles of T153–T158 were spring tides (Fig. 5). The extremely high
SSCs during this period reflect the combined impact of typhoon and
spring tides. The tidal ranges of the tidal cycles T153–T158 were 4.75m
on average. According to the correlations between tidal range and τcw
under the non-impacting typhoon and no typhoon conditions (Fig. 6c),

the τcw would be 0.32 N/m2, given the tidal range 4.75. This τcw value
would result in an SSC of 6.6 kg/m3, based on the correlation between
SSC and τcw (Fig. 6d). The long-term average tidal range in the study
area is 3.2 m (Zhu et al., 2014), which would result in a τcw of 0.21 N/
m2 and an SSC of 4.9 kg/m3 under non-impacting typhoon and no ty-
phoon conditions, based on the correlations in Fig. 6c and d. The SSCs
observed during T153–T158 were on average 12.9 kg/m3 (Table S1).
Thus, compared with the SSC under normal weather and tidal condi-
tions, the SSC increased by 8.0 kg/m3 during the stormy and spring
tidal period of T153–T158. 21% of this rise in SSC was attributed to in-
creased tidal range, whereas 79% of the rise in SSC was due to the
impact of the remote typhoon (Malakas).

The SSC in the Yangtze Delta was closely correlated with the impact
factor of the typhoon. With a 2 tide lag in SSC after IFT was considered,
the correlation coefficient reached the maximum R2= 0.74
(p < 0.001) (Fig. 6e) that was significantly greater than the in-phase
correlation coefficient between the SSC and IFT (R2=0.36,
p < 0.001). For the non-impacting typhoon category alone, the in-
phase correlation between the SSC and IFT was not statistically sig-
nificant (R2= 0.01, p=0.92, correlation diagrams omitted), even
though the 2 tide lag correlation became closer (Fig. 6e). This suggests
that the above significant correlation between the SSC and IFT was
contributed mainly by the data of impacting typhoon. Based on Fig. 6e,
we conclude: 1) When IFT > 5.2, the remote typhoon was certainly an
impacting typhoon that would cause sediment resuspension and in-
crease SSC in the Yangtze Delta; 2) When IFT < 5.2, the remote ty-
phoon could be either an impacting typhoon or a non-impacting ty-
phoon. Considering that the SSC was also influenced by tidal range, we
established a binary regression relationship to reflect the combined
influences of typhoon and tidal range:

= + =
<p

in phase correlation: C 1.629 T 0.428 IF 1.045, R 0.57,
0.001

R T
2

(3)

= + + =
<p

2 tide C lag behind IF : C 0.654 T 0.929 IF 0.262, R 0.79,
0.001

T R T
2

(4)

where C represents the SSC (kg/m3), TR represents the tidal range.
These binary regressions suggest that, as an SSC lag was considered, 1)
the correlation coefficient significantly increased, 2) the module re-
flecting the weight of IFT increased (from 0.428 to 0.929), whereas the
module reflecting the weight of TR decreased (from 1.629 to 0.654).
The SSC lag presumedly resulted from the hydrodynamics lag after the

Fig. 8. Examples of typhoon-generated increase in SSC profile (each profile was
tide-averaged and was measured by ASM within the 1-m near-bed water
column. The astronomical tide range was 4.44m during T120, 4.43m during
T149 and 4.79m during T156, whereas the wind speed was 5.31m/s during
T120, 8.44m/s during T149, and 10.20m/s during T156). See Appendix B for
more details.
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remote impacting typhoon as shown above. Thus, it is necessary to
consider a time lag in studying the impact of remote typhoon on sedi-
ment resuspension and bed stability.

The time duration of storm impact on SSC is likely longer than the
impact on hydrodynamics because the deposition of suspended fine-
grained sediments after the decline of hydrodynamics in the post-storm
period requires some time. This time lag of SSC decline was well shown
in the post-Malakas period. For example, during tides T159–T162 after
Typhoon Malakas, the SSC was 8.6–10.3 kg/m3, much higher than
usual, although the hydrodynamics had decreased to a very low level
(Fig. 5; Table S1). It is also due to this time lag that the SSC during
mean tides after spring tides tends to be higher than the SSC during
mean tides prior to spring tides, given similar weather conditions
(Osborne and Greenwood, 2010).

3.4. Remote impact of typhoons on seabed stability

In previous studies, it was found that typhoon or hurricane landfall
tends to cause severe erosion in the subtidal seabed, mudflat and low
marsh edges, whereas it causes rapid accretion in the inner marsh area
(Yang et al., 2003; Turner et al., 2006). In the present study, after the
passing of a series of remote typhoons, net erosion was found on the
mudflat, even though deposition was observed somewhere. The com-
parison between the cross-shore intertidal wetland profiles surveyed
before and after the typhoons suggests that most of the mudflat ex-
perienced erosion during the typhoon season. The net erosion in the
mudflat profile was 3 cm, and the maximum erosion reached 22 cm in
the transitional zone between the mudflat and the marsh. Deposition
was found only in the middle flat where the sediment surface was
originally low-lying (Fig. 9). At the tripod system observation site, the
erosion during the Twin Meranti and Malakas typhoons reached a
maximum of ca. 8 cm (Fig. 5e).

After the Twin Meranti and Malakas typhoons, the mudflat experi-
enced a week of deposition and bed-level recovery (Fig. 5e). In a pre-
vious study of typhoon impact on intertidal wetland stability in the
Yangtze Delta, the bed-level recovery period was also found to be ap-
proximately a week (Yang et al., 2003). Nevertheless, the one week of
bed-level recovery coincided with a transition period from spring to
neap tides both in the present and the previous study. Presumedly, the
SSC tends to decrease from spring to neap tides, and the mudflat tends
to experience deposition and bed-level recovery, unless this process is
interrupted by storm events. Thus, the bed-level recovery period would
be longer than a week under other conditions (e.g., transition from neap
to spring tides), given the same storm-generated erosion as found in this
study.

The temporal trend of the relative bed level is overall opposite to
that of the τcw on the mudflat (Fig. 5e), and the correlation coefficient
(R) between these variables is 0.6. This suggests that the mudflat tends

to erode as the τcw increases, and vice versa. As shown above, although
the increase in τcw during the Twin Typhoons was partly owing to the
spring tides, the impact from the typhoons was obvious. Therefore, the
erosion on the mudflat should be partly attributed to typhoons. Con-
sidering that the changes in SSC in the mudflat are the results of sedi-
ment deposition/pick-up, and that sediment deposition/pick-up are
directly link with bed-level changes, the significant increase in SSC
during typhoon events also suggests strong seabed erosion.

During the same period, we also found an erosion of 12 cm at the
low marsh edge. However, most of the marshes experienced deposition.
The mean marsh deposition in the cross-shore profile was 13 cm
(Fig. 9). Noticeably, we found the formation of a washover sand body in
the low marsh, which buried the existing plant (Scirpus mariqueter) and
silted up a tidal creek (Fig. 10). The comparison between the pre- and
post-typhoons profiles suggests that the formation of this washover
sand likely linked with the landward movement of an earlier washover
sand body, and the maximum deposition in the center of the present
washover sand body reached 31 cm (Fig. 9). The washover sand body
was composed of fine sands (median size d50=0.13–0.16mm), which
are much coarser than the mud found both on the mudflat
(d50=0.04–0.06mm) and on the inner marsh
(d50=0.007–0.024mm). The elevation of the washover sand body was
10–30 cm higher than the marshland on the landward side. Excavating
the sand cover, residual stems of the marsh plant were exposed, sug-
gesting that the washover sand body was rapid deposition on the marsh.
We infer that the washover sand body was formed during typhoon
storm surges. We found that under non-typhoon conditions, waves were
low and currents were weak near the high tide, which were un-
favourable conditions for the movement of sands as bed load, leading to
only mud deposition in this area. In contrast, during typhoon storm
surges, extremely large and high waves hit the low marsh edge, leading
to strong wash flows, which eroded the mud and left sands. As a result,
a washover sand body was formed on the landward side of the low
marsh edge. Storm-generated washover sand bodies were often found in
backbarrier marshes (Donnelly et al., 2004). On other coasts of the
Yangtze Delta, washover sand deposits were also formed in low salt
marshes during the landfalls of strong typhoons (Yang et al., 2000,
2003). In the present study, we found that large washover sand bodies
also developed in low salt marshes during storm surges even if the ty-
phoons were passing hundreds of kilometers away. The different mor-
phological responses to typhoons between the marsh and the mudflat
also increased the elevation gradient in the mudflat-marsh transitional
zone (Leonardi et al., 2018).

3.5. Determinants of remote typhoon impacts

Our results suggest that the Yangtze Delta was affected by only some
of the remote typhoons and during only part of the impacting typhoons.
The impact of a typhoon on an intertidal wetland is presumedly de-
termined by the integration of multiple factors, such as typhoon
strength, distance between a typhoon and the coast, typhoon duration,
marine bathymetry, coastal configuration, sediment composition of the
intertidal wetland, marsh/swamp vegetation, tidal conditions (e.g.,
microtidal, mesotidal or macrotidal; spring or neap tides), and previous
state of erosion/accretion. The typhoons that did not affect the Yangtze
Delta were too far away or/and relatively weak. Specifically, Typhoon
Lupit had maximum wind speeds of only 18m/s near the storm center
and was more than 3400 km away from the Yangtze Delta, Typhoon
Nida had maximum wind speeds of 18–38m/s and was 1200–1600 km
away, Typhoon Conson had maximum wind speeds of 20–27m/s and
was 3200–3700 km away, and Typhoon Chanthu had maximum wind
speeds of 18–23m/s and was 1900–3200 km away. Our attempt to use
the IFT factor to quantify the remote impact of typhoons was not perfect
because it only reflects the impact of typhoon strength and the distance
between the typhoon center and the studied coast (Eq. (1)). This ap-
proach fails to incorporate the impacts of other influencing factors. As a

Fig. 9. Cross-shore intertidal wetland profiles surveyed before and after the
typhoons (MSL: mean sea level. The pre-typhoons and post-typhoons were
surveyed on July 10 and September 19, 2016).
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result, the correlations between IFT and coastal wind speed/wave
height were not close when all typhoon events were considered
(R2 < 0.45), although the R2 could exceed 0.95 for individual ty-
phoons (Fig. S1, Fig. S2). When the IFT was higher than 5.2, the in-
tertidal wetlands in the Yangtze Delta was clearly affected by the re-
mote typhoon. However, when the IFT ws lower than 5.2, the intertidal
wetlands in the Yangtze Delta could be impacted or could not be im-
pacted by the remote typhoon, depending on the influenced of other
factors. Considering the shortcomings of the IFT shown above, more
influencing factors need to be incorporated into this impact factor in
future studies to improve its accuracy and applicability.

4. Conclusions

The intertidal wetland in the Yangtze Delta was influenced to dif-
ferent extents by 8 of the 13 typhoons that occurred in the west Pacific
Ocean during July through September 2016. The delta was affected
during half of the duration of these 8 typhoons. During the influenced
periods, the distance between the delta and the typhoon center was
450–2000 km, and the maximum wind speed near the typhoon center
was 20–62m/s. The typhoons that did not affect the Yangtze Delta were
too far (> 2000 km from the delta) or/and relatively weak (< 20m/s
in maximum wind speed near the storm center). The typhoons im-
pacting the delta increased wind speed (11.5m/s with maximum im-
pact vs 4.8 m/s on average with no storm impact), water height (3.73m
vs 3.30m), duration of tidal inundation (8.8 h vs 8.1 h), wave height
(1.2 m vs 0.26m) and current velocity (0.60m/s vs 0.31m/s), thereby
enhancing the bed shear stress due to combined current-wave action
(0.65 N/m2 vs 0.27 N/m2) and resulting in sediment suspension
(15.3 kg/m3 vs 4.5 kg/m3 in near-bed SSC). During the periods of im-
pacting typhoons, the mudflat experienced considerable net erosion,
whereas the main marsh experience rapid deposition and the low marsh
was buried by a washover fine-sand body, and a creek there was silted

up. We conclude that the hydrodynamic, sedimentary and erosion/ac-
cretion processes in intertidal wetlands can be significantly influenced
by typhoons even if they pass hundreds of kilometers or more than a
thousand kilometers away. These findings contribute to increase
knowledge of how far and in what extent hurricanes/typhoons can af-
fect intertidal wetlands that is needed for coastal management strategy.

5. Data accessibility

The data of typhoon tracks and maximum wind speeds near the
typhoon centers are available at http://www.nmc.cn/; the data of wind
speeds and wave heights at the nearshore station in the Yangtze Delta
are available at https://www.ecmwf.int/. The data of tide-averaged
values of the factors are shown in Table S1. For other data, please
contact Fan, J. (719735027@qq.com).
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Appendix. A. The calculation of bed shear stress

The bed shear stress due to waves ( w, N/m2) can be expressed as follows (Van Rijn, 1993):

= 1
2

f Uw w w
2

(A1)

where wis the seawater density (=1028 kg/m3), and U and fware the peak orbital velocity and wave friction coefficient, respectively. The peak
orbital velocity U can be calculated by

Fig. 10. Typhoon-generated washover fine-sand body which buried the existing plant and silted up a tidal creek in the low marsh (The white bars in the two panels
delineate the same area which is 7m in the cross-shore direction and 50m in the longshore direction).

S.L. Yang, et al. Journal of Hydrology 575 (2019) 755–766

764

http://www.nmc.cn/
https://www.ecmwf.int/


= = ( )U A H
T hsinh L

2
(A2)

= ( )A H
h2 sinh L

2
(A3)

where ω is the angular velocity (= T
2 , s−1), A is the peak orbital excursion, H is the significant wave height (m), T is the wave period (s), sinh is the

hyperbolic sine, L is the wavelength (= gT( /22 ) tanh( h L2 / )), and h is water depth (m).
The wave friction coefficient fw is calculated using Eq. (A4) (Soulsby, 1997):
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where =Rew
U A

v is the wave Reynolds number, =r A
ks

is the relative roughness, ks (=2.5 d50) is the Nikuradse roughness (d50 is the median grain
size of bed sediment) (Fredsøe, 1984), and v is the kinematic viscosity of water (=1.36×10-6 m2/s).

The bed shear stress due to currents ( c, N/m2) is given by (Whitehouse et al., 2000):

= uc w c
3 (A5)

=u z u z
z

( ) lnc
c

0 (A6)

where w is the seawater density (=1028 kg/m3), u*c is the shear velocity (m/s), u z( )c (m/s) is the current velocity at the elevation z above the bed,
where z= 0.7+RBL (0.7 m is the initial distance between the HR–Profiler’ probe and the sediment surface measured prior to the first tidal
inundation, and RBL (m) is the bed-level change relative to the initial sediment surface (measured by the buried-plate method), is Von Karman’s
constant (=0.4), and z0 is the bed roughness length. According to the logarithmic velocity profile law, the near-bed current profiles (u z( )c ) collected
from the HR–Profiler instrument were regressed against ln(z) using the least-squares method (Zhu et al., 2016). The u*cwas subsequently obtained on
this gradient of regression line, and ultimately the c was calculated according to Eq. (A5).

The bed shear stress due to waves and currents (τcw, N/m2) during the 10-min periods is calculated as (Soulsby, 1995):

= +
+

1 1.2cw c
w

c w

3.2

(A7)

This equation reflects the mean value of bed shear stress due to waves and currents over the wave cycles (Whitehouse et al., 2000).
It is necessary to indicate that, in the presence of waves, the wave and current effects are difficult to clearly separate, due to their nonlinear

interaction. Therefore, the above method may need to be improved in future studies. However, in the present study, we focus on the typhoon impact
by comparing the τcw values during storm and calm weathers. The systematic errors, if there are, unlikely would affect the reliability of our
comparison.

The critical shear stress for erosion (τe, N/m2) is given by (Taki, 2001):

= +
+ sW

0.05 1
{( /6)(1 )} 1e 1/3

2

(A8)

where β (=0.3) is an electrochemical anchoring coefficient, s (=ρs/ρw, where ρs and ρw are the density of bed sediment (=2650 kg/m3) and seawater
(=1028 kg/m3), respectively) is the specific weight of sediment (Shi et al., 2017), andW is the water content of sediment sample defined as the ratio
of water weight to dry sediment weight, expressed as a percentage (measured in the laboratory).

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jhydrol.2019.05.077.
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