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Highlights

e Storm-induced energetic hydrodynamic forces infgnsisediment
resuspension and dispersal significantly.

 Wave-induced bottom stress promotes sediment plangeenhances local
resuspension.

e Storms increase suspended sediment concentratibroffsshore sediment
transport.

e Storm-induced accumulative effect on seabed s@mdstto cause long-term

erosion.
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Abstract

Morphological evolution of large river deltas isghily vulnerable to extreme
storm events due to insufficient sediment supply. ah abandoned delta lobe, the
coasts along the northern Yellow River Delta (YR&)d Gudong Oil Field have
recently suffered serious erosion due to extremmmstevents and become
increasingly vulnerable. In this study, a well dalied and tested Delft 3D module by
the observing hydrodynamic and sediment data talat@® the hydrodynamics and
seabed erosion during a storm event in the littarea of YRD. Observed wave,
current and sediment data under both fair-weathet storm conditions were
collected in the study area and used to validagentbdel. The results indicated that
the model can reproduce well the hydrodynamic aatinsent transport processes. A
series of numerical experiments were carried ouexamine the hydrodynamic
changes and sediment transports. In the numengedrienent of normal condition,
there is hardly any sediment transport off the YRIDe numerical experiment of
storm condition showed that storms enhanced tekitlual currents, weakened tidal
shear front, and significant wave heights up to 2considerably intensified the
sediment resuspension and dispersal. The locamsediresuspension due to the
increased wave-induced bottom stress promotedetlienent plume to expand to the
central area of Laizhou Bay, which seemed to pewaddiment source for offshore
and southward transport. During the storm, the vacthearshore sediment
resuspension provided sediment source for offslam@d southward transport. The

intensive dynamics and sediment transport undemstmnditions caused significant
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changes in seabed erosion and siltation. The nrasiom occurred off the Gudong
and northern YRD, while the main siltation appeairedhe central area of Laizhou
Bay. No significant recovery after a storm and @rewf strong winds have an
accumulative effect on the erosion, which is vékglly to dominate the erosive states
of the YRD coast in the future.

Keywords. Yellow River Delta; Storms; Tidal shear front; 8wdnt transport;

Seabed erosion; Morphodynamics

1 Introduction

Fluvial discharge, wave energy and tidal range emgcal in determining
morphological evolutions of most deltas worldwi@ediment input to deltas has been
reduced or eliminated (Syvitski and Kettner, 200kng et al., 2011; Dai et al., 2016;
Liu et al.,, 2019), which causes delta erosion am#irsg, and increasing delta’s
wetlands will be drowned (Tessler et al., 2015; t&fsl and Kuenzer, 2015; Murray et
al., 2019). Lack of knowledge on erosion mecharasm deltaic processes may lead
to erroneous conclusions about how deltas functMore recently, sea level rise,
insufficient supply of sediment, human interveni@nd climate changes, which may
cause more extreme event, such as flood and staxe heen the emerging key
factors to reshape mega-deltas (Nicholls and Caee2910; Blum and Roberts 2009;
Yang et al., 2011a; Bi et al., 2014; Liu et al.120Becker., 2020).

As we known, hydrodynamic changes and sedimentsp@h control
morphological evolution of deltas (Gong et al., 20Wu et al., 2015). These control

impacts varied at different time scales. Whereyarbdynamic changes and sediment
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transport in storm event can belong to a short-teffact (Ralston et al., 2013;
Anthony, 2015; Florin et al., 2017). However, itifficult to observe them during the
storm event. Therefore, the numerical model, whitbgrate hydrodynamics, wave
propagation, sediment transport and morphologit@nges numerical model, has
provided new indispensable tools to examine thece&dfof storm events. Numerous
numerical models have been developed with enhanapdbility of simulating the
processes of currents, waves, salinities and sedéme delta areas, such as ECOM-si,
and FVCOM for estuarine circulations; ECOMSED fedignent transport; SWAN for
nearshore wave climates; and many other modeliistgms, such as ROMS, MIKE 3
(DHI Water and Environment), and Delft3D for regabnhydrodynamics and
morphodynamics.

The YRD has been gradually formed in the westerhaB&ea (Fig. 1a), since
the Yellow River migrated its main watercourse frtira Yellow Sea to the Bohai Sea
in 1855. With the subsequent frequent avulsion$ bwttural and engineered, the
YRD has developed several delta lobes (Fig. 1bj, the significant morphological
evolution of the abandoned delta lobes have beserebd in recent decades. For
example, the coastline along the northern YRD anddBg Oil Field have suffered
serious erosion in recent years (Qi and Liu 20M®reover, the energetic winds and
waves generated by storm events have been foumsigmdficantly impact on this
coastal region. During storm events, the wave ads@articularly prominent off the
YRD, becoming a key factor in controlling sedimeesuspension (Jia et al., 2012;

Zhang et al., 2018). Many studies have addressedhdreline dynamics (Zhang, 2011;



88 Kuenzer et al., 2014; Fan et al., 2018), morphafaigthanges (Kong et al., 2015; Xu
89 etal, 2016; Jiang et al., 2017; Wu et al., 204 sediment dispersals (Wang et al.,

90 2010; Bi et al., 2014; Wu et al., 2015).
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92  Fig. 1. (a) Computational domain and topography of the BSlea; (b) Detailed study area, where
93  blue triangles mark the locations of the verticatitological and sediment measurements and
94  other marks represent the locations of continuamgey during the storm event in April 2013.
95  Two alongshore sections are also indicated forilddtaomparisons.
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However, little research has been focused on thensinduced hydrodynamic
and morphological processes, especially in relatmrthe mechanism of coastal
erosion. Therefore, this study focuses on explotireghydrodynamic and sediment
characteristics in the YRD during storms using Diedft3D model together with the
measured sediment, wave, and tidal data duringransévent in April 2013, in an

attempt to reveal the storm-induced hydrodynamanges and seabed erosion.

2 Model description
2.1 Study area and model grid

The YRD, located in mid-latitude region, is susdaptto storms throughout the
year, especially storms generated by cold-air eatks in winter, or in
autumn-to-winter and winter-to-spring seasonal diteon (Wu et al., 2002). Such
storms usually lead to intense hydrodynamic changmed significant sea-level
anomalies around the YRD nearshore zone. In 20@3tdrm surges occurred in the
littoral area of Yellow River Delta, all of which exe extratropical storm (Beihai
Branch of State Oceanic Administration People'suRip of China, 2014). Among
them, the storm occurring in April 2013 was selddte simulate based on a coupled
model, which combines hydrodynamic model (Delft3DEW), wave
(Delft3D-WAVE) and sediment transport (Delft3D-SED) the early stage of this
storm, the northwest wind was dominant. On April 2813, the wind direction
turned to north, and then gradually turned to reat. The storm event began at 2:00
on April 13 and ended at 3:00 on April 15, andddstearly 50 hours from growth to

decline, covering two tidal cycles, in which thendispeed maintained at about 20
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m/s for 20 hours, from 12:00 on the 13th to 8:0@lmn14th (Fig. 2).
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Fig. 2. The wind process during the examined storm.

Since the Bohai Sea is a semi-enclosed sea, adehrabutbreaks mostly occur
northerly in this region, the model domain wasteeatover the entire Bohai Sea, with
an open boundary in the north Yellow Sea near thieaBStrait. Curvilinear grid cells
that cover this domain were generated by Delft3DFRB&ID with a refined high grid
resolution used in the areas of interest at thioWeRiver subaqueous delfBhe total
number of grid cells was 771x432 (Fig. 3 a). Therage grid cell spacing was about
1 km; varying from the maximum mesh size of ne@rlkm at the open boundaries to
the minimum mesh size of approximately 150 m altveg YRD coast (Fig. 3 b-d).
The topography data were based on the YRD survagsed out in 2012 for the
subaqueous delta, with a spatial resolution of 300-m, and coastal surveys carried
out in 2009 for the other part of the Bohai Sedhwi spatial resolution of 2000-5000
m, respectively (Fig. 3 a). In winter, due to firevalence of strong northerly wind
and concomitant high waves (Bi et al., 2011), ttstrithution of salinity, temperature
and sediment in the littoral area of YRD is foumd ke vertically homogeneous,
indicating a well-mixed water column (Yang et @&Q011). Thus, the model adopted

seven layers in the vertical direction, and frora bHottom layer to surface layer, the
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values ofsc were setto 0.1, 0.1, 0.2, 0.2, 0.2, 0.1, and 0.1.
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Fig. 3. (&) Numerical model mesh with the details of:tfi® Gudong coast (c) the northern YRD,
and (d) the active river mouth. The three red bare®) from top to bottom mark the northern
YRD, the Gudong coast and the active river mowbpectively.
2.2 Initial and boundary conditions

Using the modelling system above described, sinmuatstarted initially with a
static state from the mean sea level, and zero fl@locity and sediment
concentration in the domain. The coastline bouedawere determined from the
high-water lines with a spatial resolution of 15wijich were extracted from the false
color composite images of Landsat OLI data. The ehadas driven by the tide
forcing along the open boundary, consisting of 8nntigal constituents, i.e. M2, S2,
N2, K2, K1, O1, P1 and Q1, as well as surface fyédrom the ECMWF (European

Centre for Medium-Range Weather Forecasts) wind antbspheric pressure data

with a spatial resolution of 0.25°x0.25° (latitudéongitude). Compared with the
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storm scale in the Bohai Sea, this resolution #icsent for modeling land-ocean
gradients (Lv et al, 2014).

Suspended sediment concentration (SSC) at seawardiéry was set to 0, since
the open boundary is far from the interested anektlae water depth is mostly deeper
than 30 m, so that the impact of sediment condstivom the open boundary on the
sediment transport in the nearshore region whick besed on the local equilibrium
transport formula can be neglected. At landwardndany, distinct seasonal variation
of sediment delivery occurs from the Yellow Rivé&iver discharge boundary
conditions were imposed appropriately based oryd@aieraged water discharge and
sediment concentration recorded from the Lijin I}yolgical station, provided by the
Yellow River Water Resource Commission.

2.3 Parameter settings

The bottom friction was parameterized using the iNi@g coefficientn,

calculated from the water depth (Xing et al., 2012)

n=(0.015 + 0.0H) , h>1 1)

where h is the water depth (m). The bottom roughnessdgions water depth below
1 m is prescribed by a uniform Manning coefficieft0.025, which is the result of
verification of the coupled model. It should beetbthat the Manning coefficient was
defined differently in Delft3D asM,=1/n. The horizontal eddy viscosity and
diffusivity are calculated with the Horizontal Largddy Simulation (HLES) sub-grid
model.

According to Ren et al. (2012), the seabed comipositff the YRD is highly
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variable in space, and the median grain dixg)(varies widely from ~ 5 to ~133m.
Therefore, multiple sediment fractions were con&ddn the morphological model.
In this study, four mud fractions (fine to coarsenated as md1l-md4) were used to
represent nearly the full range of cohesive sedirgesin sizes (4, 7.5, 28, and 62.5
um). Specifically, one sand fraction (1@@n) was included in the model, i.e., the
dominant fine sand fraction (denoted as sd1l), taaedhe overestimation of erosion
along the coasts. The settling velocitys)( of each mud fraction was determined
relative to the grain size after calibrating thed®loagainst the spatial distribution of
depth-averaged SSC.

Critical erosion shear stress, was a key parameter for simulating fine-grained
sediment transport. For the critical shear streksghe cohesive sediment, the

following formulas were used (Dou, 1999; Lu et 2011):

Yo 5 (050D ghé,/5ID5o

rce—kzp( s 6 = g+ ( ) )
where p_ is the specific sediment density, 2650 k@”;np is the fresh water density,
1000 kg m% g is gravity acceleration, anbs, is median size of sediment; is
comprehensive cohesion coefficient, 1.75/emk is a coefficient of different status
of incipient motion, 0.128p is the thickness of pellicular water, add= 2.31X 10°
cm. In this study,d'= 0.5 mm whenDgy < 0.5 mm, andd = 10 mm accordingly.
Initial dry bulk densityy, is
Yo=Ps(1-€0) 3)

and steady dry bulk density* is:

10
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where g, is the maximum porosity, and we usegl =0.625. For all the mud
fractions, the erosion parametht is 5.0x10° kg/nf/s, the specific density is 2650
kg/m®, and the dry bed density is 500 kd/m
The erosion and deposition fluxes for cohesive sedin(< 64 um) were

calculated applying the following Partheniades-Krdormulations:

E=M; (%’1) whenr, >t elseE=0  (5)
i

Di=Ws iCy i (6)

where £;, D; and M; are the erosion flux, deposition flux and erosioraipeter of
theith mud fraction (kg/rfis), respectivelyws; is the settling velocity of thith mud
fraction (m/s);c,; is the depth-averaged concentration of ttke mud fraction
(kg/m®); 7, is the combined bed shear stress due to curredtsvaves (N/m); and
1p,i IS the critical shear stress for erosion of itte mud fraction (N/rf). For 2D
depth-averaged flow bed shear stress induced lbybalént flow is assumed to be
given by a quadratic friction law:

_P09U|U|
= Chp

(7)

Where U is the magnitude of the depth-averaged horizorgiicity. Due to finest
fractions can be entrained into the seabed (Wirdgywet al., 2007), the critical shear
stress for deposition was omitted in the model, cwhimeans that continuous
deposition was specified in the model. All thoseapssters used in the mode

simulations are summarized in Table 1.
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Tablel

Sediment and mud fractions considered in the mdogieal model

Type Fraction Dg, (um) Tee (N/MY) w, (mm/s) M (kg/nfls)
md1l 4 0.06

Mud md2 7.5 Spat.lally 0.14 5.0 x 10°
md3 28 varying 0.22
md4 62.5 0.26

Sand sdl 100 - - -

The sediment transport processes responsible tbievel changes vary greatly
off the YRD due to the spatial variations of thel ls=diment grain size. Therefore,
our model considers both non-cohesive (sand) ahdstee sediment (mud), which
are treated separately in Delft3D, and sand-mugractions are excluded as a first
approximation. Suspended sediment transport is uledéxd by solving the
depth-averaged advection-diffusion equation, whiatiudes source and sink terms
and is presented below:

ahq+8huq+8th_ 0 h oc; +8 h oci N -
o Tax oy axengx) Yoy (engy) *S (7)

where ¢, is the sediment concentration of ilfe sediment fraction (kg/fh u and v
are horizontal velocity components (m/s), is horizontal eddy diffusivity (ffs),
and § is the source and sink term of tith sediment fraction representing the
exchange between the water colum and the bed. dfecohesive sediment transport

(= 64 um), we follow the approach of Van Rijn (1993).

3 Mode validations
3.1 Tidal regime
The tides in the Bohai Sea are relatively small afadl into the

micro-tidal/mixed-semidiurnal categories. Tides nfrothe northwest Pacific

12
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propagates into the Bohai Sea through the BohaitSirhere are two amphidromic
points for semidiurnal tidal constituents (M2 ang) $1 the Bohai Sea: one at the
offshore area of Qinhuangdao and the other nearYdiew River mouth. One
amphidromic point for diurnal tidal constituentsl(kand O1) appears in the Bohai
Strait. The tidal model ran 30 days in order toaobttidal constituents harmonic
constants. Harmonic constants of tidal elevatioreaxh constituent are obtained by
applying harmonic analysis to modeled time seriesea level at each model grid.
The results showed that our model successfully Isited tide systems. The co-tidal
and co-range lines for M2, S2, K1, Ol constitue(fgy. 4) fitted well with
observations (Chen et al., 1992) and the resultduaing (1995). The changes of the
YRD influenced its surrounding tidal wave and obsted tidal energy (Pelling et al.,
2013), and the amphidromic points here calculagdgunew coastlines were farther
to land than previous studies. Also, this resuliead well with other publications

(Hao et al., 2010).
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Fig. 4. Co-tidal charts of M2, S2, K1, O1 constituents frtile model simulations (dotted and
solid lines indicating the amplitude and phasepeetvely.

3.2 Tidevelocity

The accurate prediction of flow velocity and direntwas a crucial step for the
simulations of sediment transport which stronglypel®s on the shear stress,
deposition criterion, and turbulence charactessiicthe bottom boundary layer. The
time series of currents and SSCs measured alongRBecoast were used to validate
the model in normal conditions. The observationsewiaken at eight sites, as shown
in Fig. 1b, at N1, N2, N3 and N4 in July 2009, &1d S2, S3 and S4 in October 2009.
The correlation coefficient (CC), the skill score&SfSand the root mean square errors

(RMSE) were calculated to evaluate the qualityhef model performance:

— Z(Xmod'xmo;)(xobs'xobg)
O B o Xomsd? S o X2 ©)
1 2o Xobs)
S RnorXans? ©
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whereXoq IS the modeled result and,,,s is the observed data. The performance of
model is classified as suggested by Allen et &072 Ralston et al., 2010; Luo et al.,

2017 as show in Table 2.

Table 2
Classification of model performance
SS >0.65 0.65-0.5 0.5-0.2 <0.2

Performance Excellent Verygood Good Poor

We first validated the simulations with the norm@dnditions. The model
simulation began June 15, 2009. After running falf & year with the observed runoff
and 6-hourly ECMWEF re-analyzed wind, the model ltsswere output for
comparison. Comparisons of the depth-averaged flacity and direction with the
model results and the observation data are showAgins. The type of tidal current
was semidiurnal and rectilinear, and the velocitywe showed four peaks and four
valleys within one day. Statistical assessmentsabflation are shown in Table 3. It is
clear that the averadeC of flow velocity at N1-N4 was 0.78, which was lovikan
those at S1-S4, 0.89, because those sites locatee aiver mouth, the estuarine
circulation is rather complicated. The aver&fgat S1-S4 and N1-N4 was 0.62 and
0.49 (Table 3), respectively, ranking “very goodhd “good” according to the

categories described above. RI&ISEwere also reasonable.
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3.3 Suspended sediment concentration

The computed SSCs were compared with the obser8&$ &t Sites S1-S4 and
N1-N4 (Fig. 6). The computed SSC was well reproduagth tidal variation. For
example, the tide had a transition from springgitteneap tide during Oct 11 to Oct
15, 2009, so the modeled SSCs of sites S1-S4 dthgeriod had decrease trends.
The modeled SSC had the same order of magnitudéheasneasurements. The
relatively large errors between the modeled anctmvesl data appearing at sites S3
and S4were mainly due to the erosion caused by wavesctwhias difficult to
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estimate during neap tides. The aver&§ef SSC at sites S1-S4 and N1-N2 (not with
N3 and N4 because of less samples) were 0.24 @6d(Table 3), indicating that the
model preformed satisfactory. TREC andRMSEin Table 2 also illustrated the good
performance of the model. The results clearly iatiichat the model was properly set
up and can be used to study the dynamics of sedliprecess off the YRD coast

during normal conditions.
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Fig. 6. Comparison of depth-average flow velocity and fldirection between the simulated
(solid line) and the observed (blue dots) at egifiets.

Table 3
Correlation Coefficient, Root-Mean-Square Error, 8kdl Score of each measured site

S1-S4 (average) N1-N4 (average)

CC SS RMSE CC SS RMSE
Velocity (m/s) 089 0.62 0.08 078 049 0.11
SSC (kg/m) 057 024 005 062 0.26 0.04

3.4 Storm validations
The measured data during a storm in April 2013 wamgployed for storm
verification of hydrodynamic and sediment charasti&s. More details of this survey

can be seen in the work by Quan (2014) and Biaa €016). Thevater levels data
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were provided by Central Platform of Shengli Oieli (P1, locations are labeled in

Fig. 1b) and Gudong gauge station (P2). The flowvaade data were collected with

an ADCP (Acoustic Doppler Current Profilers) at 83d the SSC data were collected
with a turbidity meter (OBS-3D) at P4.

To verify the accuracy of the coupled Delft3D-WAVRodel, the P3 site was
selected to compare the wave height and perioddsgtwbservation and simulation
during the storm period of April 15-17 2013 (Fig- The SWAN model generally
well-reproduced variations of the significant wagght and period (Fig. 7a). A cold
front passed on the April 13, resulting in a markextease in wave height (maximum
wave height of approximately 2.0 m). The simulateave heights were slightly
underestimated due to the low temporal resolutibrthe meteorological forcing,
which was unable to capture the peaks of wind védscvalues adequately. The skill
assessments are summarized in Tabléh& SSof wave height was 0.41, ranking
“good” according to the categories described aoVvheCC and RMSEwere also
reasonable. Through comparison between simulatddobserved storm tide at P1
and P2 sites (Fig. 7b), the maximum and minimumewtdvel as well as the phase
were in reasonable agreement with the measuremEmsSSof storm tide at site P1
and P2 was 0.26 and 0.27, respectively, which atdit the reasonableness of storm
tide verification. The flow and SSC validations dreven in Fig. 7c and Fig. 7d. The
model reproduced a similar sectional pattern tostireey, specifically, th&S of flow
velocity and SSC were 0.51 and 0.21, andGiewere 0.65 and 0.49, respectively.
Verification results showed that model predictionsirty storm period based on the
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model were quite consistent with the observatidribese sites.
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Fig. 7. Comparison of depth-average flow velocity andaion between the simulated (solid line)
and the observed (blue dots) at eight sites.

Table4
Correlation Coefficient, Root-Mean-Square Error, 8kdl Score of each measured site
P1, P2 (average) P3 P4
CC SS RMSE CC SS RMSE CC SS RMSE

Wave height (m) - - - 0.84 0.71 0.13 - - -
Storm surge (m) 0.89 0.73 0.18 - - - - - -
Velocity (m/s) - - - 065 051 0.11 - - -
SSC (kg/m) - - - - - - 049 021 0.06

4 Resultsand discussion

In total, three runs were considered in this stisdgxamine the impacts of storm
conditions on hydrodynamics and sediment transpeetr the nearshore seabed of
YRD, as shown in Table 5. Run 1 (control run) wasibedded into a
wave-tide-circulation coupled model and driven Ihiynatological daily mean river
discharge and calm wind (speed below 3 m/s) as agelvater flux and salinity in

open ocean boundary. We can understand the chastcseof hydrodynamics and
19
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sediment in normal conditions from the control rim.Run 2, the calm wind and
normal atmospheric pressure conditions used in Ruere replaced by strong wind
and low atmospheric pressure conditions (data fEe@MWF) for setting storm
conditions. By comparing the results of these twasy we can quantitatively identify
storm impacts. In addition, Run 3 was conductedh wibrm conditions without tides.
The impacts of storm-induced wave on the seabedicgrowere examined by
comparing the results of three runs.. All the nuoarexperiments were run over a
period of one month, beginning on April 1, 2013 éine data calculated by the model
from April 13 to April 15 were used to analyze thgdrodynamic processes and

sediment transport.

Table5

Three different conditions for model simulations

Simulation Tide Wind Waves
Run 1 (control run) Yes No (normebndition) Yes
Run 2 Yes Strong Yes
Run 3 No Strong Yes
4.1 Waves

Calm winds forcing for Run 1 typically produced weawwith significant wave
height of less than 0.8 m (Figure 8a), and periddss than 3 s in the study area. The
weak wave dynamic is attributed to the causes okbvirathis area. The Bohai Sea has
poor water exchange capacity with open ocean duts tearrow strait occupied by
islands. Surface waves are generated by local winds

The time series of wind stress for Run 2 are shiowkig. 8c from April 12 to 14,
2013. The wind vectors were surface area averadgedhe YRD, and on the

conventional geographical coordinate system. Asvshim the Fig. 8c, strong wind
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(more than 12 m/s) began in the morning of April igh directions moved from
northwest to the northeast on April 13 and moves ribrthwest again on April 14.
The northeasterly wind speeds shown two accel@rgtiocesses, in the morning and
the end of April 13, respectively. The results frRmn 2 showed that the wave height
of approximately 2 m along the Gudong coast undernhaximum wind speed, and
the wave height of more than 1.2 m along the nontiékD coast (Fig. 8b). The time
series of significant wave height, direction andiquk of site N3 is presented in Fig.
8d to show the changes at temporal scales of weateires. It can be seen that the
significant wave height and period were generalboetant with wind speed, and the
wave directions changed with wind directions. Tigmisicant wave height reached its
maximum, more than 2 m, at site N3, during thet fivshd acceleration process of
northeasterly wind, and reached more than 1.5 mduhe second wind acceleration

process.
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Fig. 8. (a) Significant wave height during calm conditiarding for Run 1. (b-d) Wave features
during the examined storm: (b) significant wavegheiand direction with the maximum wind
speed; (c) time series of surface area averaged weiator off the YRD (118-120°E, 37.3-38°N);
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(d) significant wave height (black line), directi¢gray arrow) and period (blue line) at site N3.

4.2 Currents
4.2.1 Water mass transport

Storm-induced seaward coastal sediment transpartoeakey for to the inner
shelf (Goff et al., 2010). To investigate the imigaaf storm-surge flood and ebb on
sediment transport, we first examined storm-inducexdent fields. The model runs
were either forced by calm wind (Run 1), or stravagtherly wind (Run 2). Fig. 9a
shows the current was reciprocated with southeaslieod and northwestern ebb in
normal conditions, with areas of high current vélpotocating off the northern YRD
coast and the active river mouth. Reciprocatedectirwas predominant in shallow
area (roughtly within the 15m isobaths), while riadually turned into rotated current
with the increase of water depth. In storm condgionot only the current velocities
increased, especially the flood velocity, but tireations were also changed: rotated
current was predominant (Fig. 9b). Special attensbould be paid to the feathers in
the shallow area: most of these current vectorsevedong the flood-ebb axis or
directed to the right side of the ebb directionnNwear interaction between the tide,
wind-driven current, and the Coriolis force shobh&dresponsible for this phenomenon.
Huang et al. (1996) and Cao and Lou (2011) sugdettat on the surface, the
wind-driven current flows along the wind directidnuring flood tide, wind-driven
current added to tide current, the water mass céiald to southeast with higher
velocity. During ebb, when the sea surface elenatiecreases, the tidal water
returned to the outlets hard and flowed north-neegtward, opposing with

wind-driven current, and the water mass could ftuto right-neighbored outlets.
22



393  Wind intensity and direction can generate changegsidual currents in the shallow
394 areas, which are also found in the shore of thei§&gtuary (Vaz and Dias, 2014).

395 In order to quantitatively reveal the contributioosthe storm to water mass
396 transport, the residual transport of watér,j through a unit width was calculated,

397  which can be defined as follows:

17
TrW:_I—_ j J V(x,y,zt)dt (11)
0 J-H

398  wherey is the surface elevatiot is the still water depth, an¥f is the horizontal
399  velocity vector, andr is the time period. Previous studies (Wu et al1420®018)
400 showed that residual transport velocity is a measonable method than the Eulerian
401  residual current to index the subtidal transporthe shallow coastal water. In this
402  study, 3 d (from 0:00 on April 13 to 16 April), weused as an statistical time window

403  to obtain theTr,, in normal and storm conditions, respectively, s in Fig. 10.

385
38.5

Latitude {°E)

Latitude (°N)
38

38

375
7.5

404 Longitude (°E) Longitude (°E)

405  Fig. 9. Tide velocity vectors of depth-averaged curremtrduan ebb-flood process in (a) normal
406  conditions and (b) storm conditions.
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Fig. 10. Residual water mass transport in (a) normal andt@)m conditions.

In normal conditions, the influence of wind was Weand the residual currents
were greatly affected by tidal current. In the Ehalarea, theTr,, was generally less
than 0.1 n¥s. Affected by the northerly strong wind, the desil transport of water
was transported southward in storm conditions, tedTr,, was generally greater
than 0.2 n¥s, which was 2 to 4 times as large as that in mbronditions. Deep
water mass transports southwest as a whole, whbegins to transports southeast
gradually after reaching the central part of then&®Bay. Off the northern YRD, the
residual currents flow eastward along the E-W cddse. direction of residual current
along the Gudong coast was southeast in storm womnsli basically consistent with it
in normal conditions. While, converging the watesisses from the shallow area of
the Bohai Bay and the northern YRD, and supportedhle water mass from deep
area, water mass in this area performs a notablesport rate, which was 4 times
larger than it in normal conditions. The water s@ort rate off the river mouth also
significantly increase, and massive water was fraried to the central area of the
Laizhou Bay with the northward inflow. This watearisport model also explains why

high water level always occurs in the Laizhou Bag ¢he Bohai Bay during storms
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(Li et al., 2016).
4.2.2 Tidal shear front

Tidal shear front is an interface between two waiedies with opposing flow
directions and significant low velocity zone, whiate instantaneous extraordinary
gradients closely related to sediment dynamicsmaarphological variabilities (Wang
et al., 2007). Tidal shear front in the littoratarof the YRD has been observed and
modeled in the previous studies (Qiao et al., 20U8ng et al., 2017). The front was
first reported by Li et al. (1994) who concludedtttiee shear front, occurring twice
during a tidal cycle, could be classified into twpds: inner-flood-outer-ebb (IFOE)
and inner-ebb-outer-flood (IEOF).

From Run 1, both types of tidal shear front wersewsbed in normal conditions,
and shown in Fig. 11a and Fig. 11c, respectivehe TEOF type was closer to land
and grows to the northern YRD with larger rangenttiee IFOE type. While, strong
winds had a predominant impact on tidal shear fronder the pressure of northerly
wind, both the IFOE type (Fig. 11b) and the IEOReay(Fig. 11d) have been
weakened with smaller ranges of tidal shear fréwaintin the normal conditions.
Besides, the trends of tidal shear front changethetqperpendicular to the coasts
comparing with the parallel trends in normal comdis, and the low velocity zones
along the YRD coast disappeared, especially atR@& type happens (Fig. 11b).
These changes of tidal shear front were becaugedbrmation of rotated currents in
deep area in strong wind circumstance: tides tHrootated currents complete phase
changes, not entirely form oppose-direction flowghallow area. The changes such as
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447 weakened shear front, disappearance of low velaoitlye, were benefit for the

448  sediment resuspension and dispersal.
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449

450  Fig. 11. Locations of tidal shear front of (a) and (b) IF®fe in Runs 1 and 2; and (c) and (d)
451  |EOF type in Runs 1 and 2. The yellow solid linepresent the fronts, and the dashed lines
452  represent the ranges of rotated currents.

453 4.3 Sediment process

454 4.3.1 SSC

455 The suspended sediment off the YRD is either intced by river sources or
456  resuspended from the seabed in response to vaftwosg conditions. We first
457  performed process study to examine suspended seddistributions. The simulated
458  distribution of depth-averaged SSC from Run 1 and R are shown in Fig. 12a and
459  Fig. 12b, respectively. When using Landsat dateréate sediment color images, we
460  can estimate the simulated results. For examplehese the Landsat ETM+ data for
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22 March 2014 (3.6 m/s average wind speed at SArR84AN1-N4) and 27 November
2012 (10.2 m/s average wind speed at S1-S4 and NldNshow the turbid water
distribution in normal and storm conditions, respety. The model reproduced
distribution of SSC matches well with the satelliteages in Fig. 13, and compared
well with the observed data (Yang et al., 2011bn@vat al., 2014) and the satellite
ocean color data (Zhang et al., 2014).

Bottom shear stress is an important dynamic fafdorsediment erosion and
deposition. When the bottom shear stress is greagter the critical bottom shear
stress, the bottom sediment will be suspended.tdta¢ bottom shear stresg,f) is
composed of current-induced bottom shear stresgesrfd wave-induced bottom
shear stresses,{) under wave-current interaction. Thg and 7, could be obtained
from the Run 1 and Run 2, by Formula (7). To furtinederstand the effect af, on
the formation of the sediment plume, a numericalt Rwas conducted in which only
wave and strong wind were included. Fig. 14a, 140 BRig. 14c show the 3-day
averager, 7, and z., inthe storm conditions, respectively.

High SSC values were observed in two regions undemal conditions (Fig.
12a) and formed two substantial sediment plumes, r@arshore the northern YRD
and the other at the active river mouth, with augahbout 1.5 kg/fh The sediment
plume of the river mouth diffuses to the south, ehhiesults in the higher SSC in the
northern area of Laizhou Bay. Off the Gudong cahst,SSC was relatively low, less
than 0.5 kg/m The distribution of high and low SSC is consisteith that of z.
(Fig. 14a), which indicates that thg is strong enough to stir the bottom sediment,
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and formed the sediment plumes off the northern YaRD the river mouth.

Compared with the normal conditions, the rangeshigh SSC area enlarge
significantly under storm conditions (Fig. 12b).eTmaximum SSC off the northern
YRD and the active river mouth was more than 2.8mkgHigh SSC was profound
off the Gudong coast, which was 3 times as largiéaisin normal conditions, with a
maximum value of 2.5 kg/fnappearing at the most prominent point of Gudoyiged
toward the sea. Off the river mouth, the weakerezhis front and disappearance of
low velocity zone were benefit for the sedimentpdisal. Thus, the sediment plume
of the river mouth diffuses to the central aredahef Laizhou Bay, which causes high
SSC appearing at this area.

The characteristics of SSC distribution were relate the z, andz,, under
storm conditions. The,, was higher along the Gudong coast due to largerewa
height, where its value reached approximately 7®°Fig. 14b). The high value of
7, at the river mouth was attributed to the shalloatexr of the mouth bar. In the most
of the littoral area of YRD, the,, reached approximately 1.1 NfiFig. 14c), and
the Gudong coast with larger values which waskaited to the highet,, (Fig. 14b).
This fact indicates that the high SSC along the dagdcoast is generated by local
sediment resuspension in storm conditions. Durtogrss, researchers found that the
waves as an important agent in the reworking atreaeat the mud-rich deltas that
are generally considered as eithrerer-dominated’, such as the Mississippi (Anthony,

2015) or ‘tide-dominated’, such as the Chao Ph(bghara et al., 2010).
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Fig. 12. The depth-averaged SSC: (a) in normal conditiond;(B) in storm conditions.
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Fig. 13. Surface SSC (SSSC) retrieved from Landsat in thB Yé&gion under: (a) in normal
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Fig.14. Bottom shear stress (units: Njnn the littoral area of YRD: (a) current-induceH) (
wave-induced; and (c) total.

4.3.2 Sediment transport

In this section, the sediment transport charadiesiswere analyzed by
calculating the residual transport of sedimémtd) through a unit width, which can
be defined as follows:

1077
0 J-H
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wherey is the surface elevatiorH is the still water depth, and is the horizontal
velocity vectorC is the sediment concentration, ahis the time period. As shown in
Fig. 7, the whole process of the repeated stortedaf®r nearly 50 hours. During the
whole process, a wind turn occurred, forming tworsg wind periods with different
directions, i.e. the northeasterly wind period (N&Rd the northwesterly wind period
(NWP). The dividing time of these two periods wapm@ximately the middle time of
the whole storm process, thus we can take 25 htascalculateTrg.4 Of these two
periods. The average SSC and residual of sedimamédort rate are shown in Fig.
15.

From Fig. 15, we can see that the NEP was the granwt duration of storm
process with larger average wind speed, while tiéPNshowed a downward trend.
Therefore, the NEP appeared a larger maximum \afltlean the NWP. Although the
wind speed was weakening as a whole during the NiAPe was also a process of
wind acceleration with a maximum wind speed of 1®8/3. During the process of
offshore and southward transportation of sedimantarge amount of suspended
sediment diffuses to the sea and Laizhou Bay. Thexeduring the NWP the area of
high SSC was more widely distributed, and the éeger than 1.5 kg/fhincreased

by nearly 50% compared with the NEP.
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Fig. 15. The sediment transport features: (a) the suspesddinent concentrations and (b)
residual sediment mass transport during northdgstemd; (c) the suspended sediment
concentrations and (d) residual sediment masspgoanduring northwesterly wind.

T
118.5°E

During the NEP, the residual transport of sediniecreased with the decrease of
water depth. The larger value appeared off the Ggdmast, with the value of 0.23
kg/s. Although the residual transport of sedimamnirdy the NWP was less than that
during the NEP, it also showed a trend of incregasvith the decrease of water depth,
with a high value of more than 0.18 kg/s off thedGuog coast and river mouth. The
directions of sediment transport were similar dgrinese two periods, and basically
consistent with the direction of water transpotieTmain difference of them occurred
in the deep area, but the rates were mostly lems ®05 kg/s. In both periods, the
sediment was transported offshore and southwarch ashole. Specifically, the

sediment along the northern YRD coast was mairgydported eastward. After
31



548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

arriving at the Gudong coast, sediment was tramsgaoutheast, and continued to
transport to the central area of the Laizhou Ba#grafassing the river mouth.

Different from the offshore transport in the litbrarea of YRD during storm
surge, the sediment is transported landward bystitven surge in the Yangtze River
submerged delta (Dai et al. 2015). Coastal geonme#ty account for this difference:
compared with Bohai Bay and Laizhou Bay, the maiastline of the Yellow River
Delta protrude toward the sea, which makes tharstmergy easier to gather in its
near shore; while the Yangtze River Delta is chierazed as a channel-shoal system
with multiple outlets and shallow shoals, and tediment can be transported to the
shore along the channel. Similarly, along the Ebrelta coast (Spain) whose
geometry is cusp, researchers found that futuredsran sea level risproduce
exacerbated cross-shore sediment transport by $twomg (Grases et al. 2020).

4.4 Seabed erosion

Having identified the main directions and magnitgidé sediment transport, the
resulting morphological changes due to the storm mwestigated. The final
bathymetric changes, obtained from Runs 1 ande2staown in Fig. 16a and Fig. 16b,
respectively. Positive values hereafter represestreion and negative values
represent erosion. It can be seen that in moss pédirthe littoral area the bed level
changed within the confines of -0.05 m to 0.05 manmal conditions (Fig. 16a). The
seabed erosion off Gudong was also slight duestmgignificant sediment transport.
Whereas in storm conditions, the changing hydrodyos and sediment transport
induced significant nearshore erosion. Fig. 16bashthat the seabed erosion of the
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Gudong and the northern YRD reached 0.1 m to 0.1Buwan more than 0.2 m near
the dike area. While, the main siltation occurnedhie central area of Laizhou Bay.
Overall, the area (off the YRD, 118°E -120°E, 3R 338°N) of seabed erosion in
storm conditions was 362.67 knmearly 3 times as large as that in normal cooat;
and the erosion volume is 0.0543 ¥mabout 20 times as large as that in normal
conditions. Therefore, the seabed erosion causetthdoghanges of hydrodynamics
and sediment transport under storm surge is anrianofactor in the coastal seabed
erosion of the YRD.

In order to explore the seabed changes after trensthe bathymetric changes
during the recovery period after the storm werewated. The time range of recovery
period was determined according to the wind speeddirection observed in P2 site.
As shown in Fig. 17, the end of this strong windB&0 on April 15, indicating the
recovery period began at this time. At the time2@f00 on April 18, strong wind
occurred again, indicating the recovery period begjathis time and it lasted totaling
91 hours. Similar to the SSC calculated in the raronditions in experiment 1, the
SSC off the north YRD and the active river mouthaawas about 1.5 kgAnwhile in
other areas it was less than 0.5 kf(ffig. 18a). The residual transport of sediment
through a unit width was also similar to that céted in Experiment 1 in light wind
conditions. There was no strong deposition or eroarea, and it was basically in the
equilibrium state during recovery period (Fig.18B)ong Guong coast, which had
been severely eroded during storm period, the batly did not change significantly.
It can be seen that it was difficult to recover seabed erosion in the short term after
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the storm, due to the insignificant sediment tranispand deposition.
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4.5 Frequency of strong wind
The northern YRD and the Gudong coast are abandde#d lobes, which
underwent erosion after the river channel shiftedtlsward. Despite of the coastal

defenses (dikes) being built, the overall coastahaontinued to be in the state of
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erosion and coastal managers were obliged to lpudtection works constantly, for
example the pipe pile projects outside the destrogikes in 2004 and in 2016.
Previous studies attributed the long term erosiothé avulsion of Yellow River and
subsequent lack of sediment supply (Li et al., 20009 et al., 2016), while this short
timescale event hardly explain the long-term erostates.

Although the winter storm surge is an extreme evtmd storm-induced coast
erosion plays an important role in the coastal gapihmological changes of the YRD.
On the one hand, the effects of a storm give andigished interpretation for the
seabed erosion, and on the other hand, storms at@higher frequency. Based on
the hourly wind field data of P2 site from 20052014, the time series variation
process of wind speed is analyzed. As shown in Fg.the wind speed series has
obvious seasonal variation characteristics. In eviaind spring, the wind speeds are
larger, while in summer, the wind speed is smalkeom the monthly scale change
process of wind speed, the average probabilitytrohg wind (speed more than 10.8
m/s) for 7 consecutive months from October to M&ynext year is 10.28%, the

maximum is 22.14%, which appears in February 08200

40

Wind speed Signal variation

30 A
20 A
P N A A N AN A i
0 T T | T T | 1 | 1
2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
Time

Wind speed (m/s)

Fig. 19. Time series of observed wind speed and the si@rations in a monthly scale.

Using the ECMWF wind data, the frequency and irdktime of strong wind in
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624 autumn-winter-spring (October 15 to April 15 of heyear) since 1976 can be
625 calculated. The results are shown in Fig. 20. Stes show that the average number
626  of strong wind occurred 39 times per period, 3le8mat least, from October 1981 to
627 May 1982, and 48 times at most, from October 2@lL&ay 2017. Since 1976, the
628 number of strong winds has fluctuated slightly umlyawhile the average time
629 interval of strong wind has fluctuated slightly domard. Thus, in the past 40 years,
630 the YRD has seen more frequent strong winds. Tdus$ ihdicates that the erosion
631 state is mainly due to the accumulative effect @dus during storms, not merely

632  attributable to the frequent avulsion.
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634  Fig. 20. Variation of the number of strong winds in autumimer-spring and the mean time
635  between two strong winds since 1976.

636 5 Conclusions

637 In this study, the effect of storms on the hydragwcs and sediment transport
638  off the YRD were examined using a coupled modelfiggtem including tides, waves,
639 and sediment processes. Verifications of flow fieldyvevheights, tides, sediment
640  concentrations demonstrated that the model carodepe the hydrodynamic and
641  sediment processes and indicated storm erosiorrrougun nearshore zones of the

642  northern YRD and Gudong.
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The results of numerical experiments show thainteractions between the tide
and wind-driven current during a storm period gjtben the residual currents and
weaken the tidal shear front in the shallow ardasaddition to hydrodynamic
changes, the strong northerly wind used in thiserical model causes the maximum
wave heights of more than 2 m appearing at the 8gidoast. Under the influence of
changing hydrodynamics during the storm, resuspansind sediment transport
occurs, which leads to higher sediment concentratiith the maximum SSC
exceeding 2.5 kg/fnearshore the northern YRD. The local resuspendion to
greater wave-induced bottom stress promotes themeat plume to shift to the
Gudong coast. Besides, the sediment transporteshay# and southward. The
dynamic and sediment transport changes under stomditions caused significant
changes in seabed erosion and siltation. The dreaated erosion area was nearly
three times as large as that under normal conditiand the erosion volume was
nearly 20 times as large as that under normal tiondi No significant recovery after
a storm and frequent strong winds have an accuivelaffect on the seabed erosion.
The results from this study improve our understagdif the formation mechanism of
the eroded coast in the YRD: the accumulated sterasion is more likely to
dominate the long-term erosive coastal statesjusttthe frequent avulsion and of

Yellow River and subsequent discontinuity of seditrsupply.
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Highlights

e Storm-induced energetic hydrodynamic forces intensify sediment
resuspension and dispersal significantly.

Wave-induced bottom stress promotes sediment plume and enhances local
resuspension.

e Storms increase suspended sediment concentration and offshore sediment
transport.

e  Storm-induced accumulative effect on seabed scour tends to cause long-term

erosion.
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