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Abstract Fluid mud (FM)is a unique sedimentary feature in high-turbidity estuaries, where it can make
a rapid contribution to morphodynamics. Insufficient field measurements and fixed-point monitoring lead
to deficient understandings of the formation, transport, and breakdown of the FM under extreme weather
conditions. A field survey was conducted in the Changjiang Estuary during the period of turbidity
maximum, just after Typhoon Haikui. The measurements captured the formation of the FM beneath the
suspended layers, particularly around the lower reach of the North Passage. The thickness of the observed
FM gradually decreased landward along the channel, with the maximum value reaching ~0.9 m. The major
features of the observed storm-induced FM were simulated using the Finite-Volume Community Ocean
Model. The results indicated that the initial appearance of the FM was the result of a typhoon-intensified,
salinity-induced stratification in the outlet region. The subsequent landward propagation of the FM was
driven by the combined effects of the FM-induced mud surface pressure gradient force and saltwater
intrusion near the bottom. Weak mixing during the subsequent neap tidal period sustained the FM as it
rapidly extended into the middle region of the North Passage. This produced a large velocity shear at the
interface of the FM and upper suspension layer, increasing the entrainment from the FM to the upper
suspension layer. As a result of the increased tidal mixing, the FM weakened and then finally broke down in
the subsequent spring tidal period.

Plain Language Summary The environment along the large river to estuary continuum is
generally turbid and frequently produces highly concentrated benthic sediment suspensions, that is, fluid
mud (FM). The FM is a sediment feature, with a concentration mostly in the range of 10 to >100 g/L. It is
difficult to track the FM's movement and breakdown. The response of the FM to extreme atmospheric
and oceanic conditions is therefore not well understood. In this study, a comprehensive field campaign
identified the large-scale formation of the FM after a severe tropical storm in the Changjiang Estuary. The
life cycle of the FM in this estuary cannot, however, be determined through the field observation alone. A
two-layer FM model was developed to achieve this goal. The experiments suggested that the key physical
factor was the stratification resulting from the typhoon-enhanced saltwater intrusion. This led to the
formation of the FM in the near-bottom layer. After the FM formed, it extended onshore along the channel
under the influence of an ambient saltwater intrusion. The FM was constrained in the benthic layer as a
consequence of weak mixing from the saltwater intrusion. The breakdown of the FM was governed by
enhanced tidal mixing in the subsequent spring tide.

1. Introduction

Fluid mud (FM), which refers to the concentrated benthic suspension, is a distinctive sediment feature in the
high-turbidity environment of coastal and estuarine regions, such as the Mississippi River estuary, Amazon
River delta, Jiaojiang river mouth, and Changjiang Estuary (Corbett et al., 2007; Guan et al., 2005; Wan
et al., 2014; Winterwerp, 1999; Winterwerp & Van Kesteren, 2004; Xie et al., 2010). The FM generally forms
an intermittent buffer between an upper relatively low concentration sediment suspension layer and a lower
consolidated bed layer. It is an active source for the upper suspension and lower bed layers, as a result of an
entrainment process and sedimentation, respectively. It also functions like a sediment sink from the upper
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layer by deposition and from the bed layer by erosion (Ge et al., 2018; Winterwerp & Van Kesteren, 2004; X.
Yang et al., 2015). The FM can cause a fast sedimentation rate, contributing directly to morphological pro-
cesses in a high-turbidity estuary.

It is quite difficult to detect the existence of the FM and even more difficult to track its movement and
breakdown. The typical sediment concentration within the FM is in the range of 10 to >100 g/L
(Winterwerp, 1999). The FM can sustain a very thin vertical thickness, which is not easily resolved
through the shipboard observations. Ge et al. (2018) developed a sophisticated monitoring system: a
bottom-mounted tripod equipped with various sensors. This system successfully captured the formation
and variation of thin FM layers in the Changjiang River Estuary, thus identifying the associated hydro
and sediment dynamics.

The FM formation process was simulated using a one-dimensional vertical (1DV) model (Ge et al., 2018;
Winterwerp, 2011). However, the FM transport is a three-dimensional (3-D) dynamic process that cannot
be resolved just from observations at a few sparsely distributed sites and a 1DV model simulation.
Developing a 3-D model is required to examine various rheological behaviors and to replicate the FM, or
a FM layer, which then can be observed in either laboratory-scale experiments or realistic estuarine condi-
tions (e.g., Guan et al., 2005; Knoch & Malcherec, 2011; Le Hir et al., 2000; Z. B. Wang & Winterwerp, 1992).
The most common 3-D FM models discretize the vertical into a two-layer system consisting of the water col-
umn and FM (L. Wang et al., 2008; X. Yang et al., 2015). These models are capable of resolving the FM from
the laboratory-scale experiments (Knoch & Malcherec, 2011; X. Yang et al., 2015) and an idealized estuary
(Hsu et al., 2009), but only a few have reproduced the FM within or around a realistic geometric river estuary
(Guan et al., 2005). Both laboratory experiments and numerical simulations were mainly focused on the
hydrodynamics responsible for the FM formation, which included tidal currents, surface waves, and
current-wave interactions (Winterwerp et al., 2002).

During the calm weather, the thickness of the FM was observed with a tidally averaged mean value of
<0.3 m around the Changjiang Estuary and its adjacent coastal regions (Ge et al., 2018; X. Yang et al., 2015).
Under some deposition events, much thicker FMs could occur, evidenced by previously recorded studies of
the Waipaoa River shelf, the northern California shelf, the Eel River shelf, the Louisiana shelf, and the
Elwha River (Eidam et al., 2019; Hale et al., 2014; Ogston et al., 2000; Traykovski et al., 2000, 2015).
However, it is a considerable challenge to monitor and simulate the FM features under extreme weather con-
ditions, particularly during a storm event (McAnally et al., 2007; Wan et al., 2014). A storm can cause rapid
changes in currents and surface waves. The fact that the FM is characterized with a lutocline forming ulti-
mately from the rapid settling flux suggests that it could not form under a strong vertical mixing condition.
The storm can produce a strong horizontal advection, which can push a newly formed FM into a remote area
from its origin and yield the appearance of the FM over there. The FM may be scattered over a wide area and
may vary greatly with time. Under a severe weather condition, the formation and movement of the FM can
produce a substantial morphological change, which can directly influence estuarine mixing, stratification,
and currents. The formation, transport, and breakdown of the FM involve complex 3-D dynamics that can-
not be symmetrically understood solely through observations and 1DV model simulation.

To investigate the formation and transport dynamics of the FM in a high-turbidity estuarine environment
under an extreme weather condition, we designed a rapid-response field measurement plan for the
Changjiang River Estuary. Under this plan we developed a monitoring network with various instruments
and sensors that were capable of measuring the spatial distribution of the sediment, water temperature,
and salinity, as well as the currents in and around the estuarine tidal channel over a short period of a few
hours to up to 1 day after a storm has passed. The measurements were made after Typhoon Haikui. They
successfully captured the FM in the high-turbidity zone of the Changjiang River Estuary. The observational
data were first analyzed to synthesize the observed features of this FM. Then a two-layer FM sediment
model, which was coupled with the latest version of the three-dimensional Finite-Volume Community
Ocean Model (FVCOM), was used to examine the dynamics attributing to the formation and transport pro-
cesses of the observed FM.

This paper is organized as follows. The study sites, measurement configuration, and model development are
described in section 2. The FM observations and the corresponding physical processes are presented and dis-
cussed in section 3. The model-simulated posttyphoon features of the FM in the Changjiang Estuary are
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highlighted in section 4. The physical mechanism and processes as well as some critical issues are discussed
in section 5. The major findings and conclusions are summarized in section 6.

2. Study Site and Measurement
2.1. The Study Site and Typhoon Haikui

The Changjiang River Estuary (Figure 1a) is a high-turbidity estuary connecting to the inner shelf of the East
China Sea, with an abundant sediment supply from the upstream region (J. Chen et al., 1999). As a conse-
quence of numerous upstream damming activities, the sediment discharge has significantly decreased from
~4.0 x 10® tons/year in 1980s to ~1.0 x 10® tons/year in 2000s (S. Yang et al., 2011). The reduction in sedi-
ment loading, however, has not changed the strong turbidity maximum nature of this estuary (an enlarged
view is shown in Figure 1b) (Li et al., 2018; Wan & Wang, 2017). The formation of the FM is often observed in
the estuarine channels, particularly around the high water slack, that is, from late flood to early ebb tidal
period (Ge et al., 2018; Wan et al., 2014;).

The North Passage is the major shipping channel in the Changjiang River Estuary. To enhance the shipping
capacity, two dikes and dozens of groynes were constructed over the neighboring shoals (Ge et al., 2012; Pu
et al., 2015). This passage is fully constrained by the turbidity maximum. Turbulent mixing varies signifi-
cantly with time and in space along the passage, which could change from a well-mixed condition to a
strongly stratified condition over a tidal cycle. It is also the primary meeting place of the freshwater dis-
charged from the upstream estuary and the saline water intruded from the downstream inner shelf, an area
suffering from sediment accumulation (C. Chen et al., 2003, 2008; Li et al., 2018; Pu et al., 2015; Wan &
Wang, 2017; Xue et al., 2009).

Typhoon Haikui originated southeast of Iwo Jima as a tropical depression and then grew to a tropical
cyclone during late July and early August 2012. It was upgraded to a Category-I typhoon on 6 August and
made landfall over the Xiangshan region in Zhejiang Province, China, on 8 August (Figure la). In the
Changjiang River Estuary region, the typhoon caused serious flooding in the coastal region from
Shanghai City to Zhejiang Province.

2.2. Field Measurement

One day after the typhoon passed, a field survey was conducted around the mouth of the Changjiang River
Estuary (Figure 1b). A series of cross-estuarine sections were selected near the North Passage navigation
channel, including CS9, CS2, CSW, CS3, CS7, CS4, and CS10. There were two or three ship-anchored sites
on each section. Suffix S and suffix N refer to the sites located on the southern and northern sides of the navi-
gation channel, respectively, while suffix M refers to a site located exactly in the middle of the navigation
channel. This navigational channel is one of the busiest shipping lanes in the world. For safety, the M sites
were sampled with a lower frequency than the S and N sites.

The survey started on 12 August, just 1 day after the typhoon all-clear was declared and ended on 18 August.
This field campaign period covered a typical spring tidal (17-18 August), neap tidal (12-13 August), and
spring-neap transition cycle (14-15 August). To resolve the spatial distribution of the sediment concentra-
tions, the measurements were made simultaneously on 10 vessels along the main channel of the North
Passage (red dots in Figure 1b). The vessels were all equipped with the same types of instruments and sen-
sors, including current meters and water sampling equipment. The Acoustic Doppler Current Profiler with
an acoustic sensor frequency of 600 KHz was used to measure the water current profile. The vertical sam-
pling resolution of Acoustic Doppler Current Profiler was specified to be 0.5 m. The salinity and suspended
sediment concentration (SSC) were directly sampled at six depths in the water column. These vertical sam-
ples were located at relative depths of 5%, 20%, 40%, 60%, 80%, and 95% of the total instantaneous water
depth. Three wind-wave buoys were deployed at Niu Pi Jiao (NPJ), Chang Jiang Kou (CJK), and Nan Cao
Dong (NCD). These buoys functioned as operational wave platforms. Significant wave height, peak wave
period, and wave direction were recorded at an hourly time interval during the typhoon passage (blue dots
in Figure 1).

Teledyne Odom Echotrac MK III transducers, with two sonar sensors of high-frequency (220 kHz) and
low-frequency (33 kHz), were set up to measure the water depth along the main channel. This measurement
was conducted just during a 1-day period on 12 August. The measurement uncertainties were 0.1 m at
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Figure 1. (a) Bathymetry of the Changjiang Estuary and the adjacent coastal region, inserted with a panel showing the trajectory of Typhoon Haikui that originated
from Iwo Jima during August 2012. (b) An enlarged view of the North Passage with dikes and groynes along the nearby Hengsha Shoal and Jiuduansha Shoal. The
dashed red lines represent the navigation channel. The blue dots in two panels indicate the buoy locations for the wind and wave observations. The black dots
indicate the sampling sites for the bed sediment. The red dots indicate the mooring survey sites for the hydrodynamics and suspended sediment, which were
arranged along cross-channel sections. They are labeled with suffixes N, M, or S, indicating locations in the north, middle, and south of the navigation channel.

33 KHz and 0.01 m at 220 KHz, respectively. The depth differences between the high-frequency and
low-frequency sonars were used to estimate the thickness of the FM along the main channel. Since the
depth measurements of both acoustic sensors mainly depended on the density gradient near the interface
between the water and the FM, a laboratory experiment with the field-collected FM was conducted to
calibrate the sound speed and other parameters for the sonar sensors. An additional Stema Systems
RheoTune probe was used to measure the density profile in the FM layer for this ground-truthing
experiment. This helped us determine the density threshold for the acoustic reflectance of the high- and
low-frequency sensors.

Since the FM was formed originally from suspended and bed sediments, it was highly influenced by bed
properties. The seabed sediments around the Changjiang River Estuary were sampled simultaneously with
the hydrodynamic measurements, starting from 12 August. The sample resolution was relatively high in the
North Passage than in the South Passage, North Channel, and other adjacent regions (black dots in
Figure 1b). These sediment samples were used to measure the grain size distribution. In particular, the med-

ian grain size (dsp) was measured using the particle laser diffraction method with Beckman
Coulter LS13-320.
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contours.

3. Observational Results
3.1. Hydrographic Observation

We found that all sites, whether in the northern, southern, or middle areas of the North Passage, exhibited
similar temporal patterns (Figure 2). CSWM, a site located in the middle area of the North Passage, was cho-
sen to quantify the physics in the suspension layer. This was a tidally dominant passage with relatively
strong vertical velocity shears throughout the water column (Figure 2a). During the spring tide, the maxi-
mum velocity was ~3.0 m/s near the surface and ~1.9 m/s near the bottom (Figure 2a), with a
surface-bottom difference of ~1.1 m/s. The tidal velocities near the surface and bottom during the neap tide
were ~2.2 and ~1.2 m/s, respectively (Figure 2a). The vertical shear of the velocity was thus the same as that
found during the spring tide. This strong vertical shear is relevant to the vertical stratification.

The water was strongly stratified during the neap tide and vertically well mixed during the spring tide.
During the neap tide, the flow featured a dominant two-layer structure with a difference of ~180° in direc-
tion between the surface and bottom. This is evident in Figure 2b, which shows that the water moved sea-
ward with a flow direction of ~115° in the upper layer and landward with a flow direction of ~290° in the
lower layer. The direction difference between these two layers was ~175°. This two-layer pattern was clearest
at 13:00, 12 August; 13:00, 13 August; and 15:00-18:00, 13 August. As the tidal currents intensified during
the spring tide, the tidal-induced vertical mixing weakened the vertical stratification and made the tidal velo-
city distribution nearly uniform throughout the water column.
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Table 1
Sediment Concentrations at Measurement Sites

Survey  SSC range in the upper Maximum SSC in the Timing of SSC
site five layers (g/L) bottom layer (g/L) maximum
CS9S 0.013-0.853 1.46 S
CSOM 0.023-1.130 2.18 S
CS2S 0.024-1.720 741 N
CS2M 0.048-4.860 87.80 N
CS6N 0.021-3.110 12.80 S
CS6eM 0.047-4.440 69.90 N
CS6S 0.016-4.670 21.80 S
CSWN 0.005-4.470 26.40 N
CSWM 0.039-8.340 48.60 N
CSWS 0.029-7.930 40.70 S
CS3N 0.005-5.250 17.70 N
CS3M 0.013-5.690 77.30 S
CS3S 0.012-5.510 12.30 S
CS7M 0.030-4.780 9.53 S
CS7S 0.005-9.820 14.20 S
CS4M 0.004-6.920 74.50 N
CS4S 0.002-3.950 8.28 S
CS0S 0.005-0.953 1.26 S
CSOM 0.000-0.216 0.23 N
CS10S 0.003-2.650 2.21 S
CS10M 0.002-1.760 87.60 S

Note. The labels “S” and “N” in the timing column indicate the maximum SSC
in the bottom layer, which occurred in the spring and neap cycle, respectively.

The time-varying stratification was verified by the salinity measure-
ments. The vertical profiles of the salinity and SSC showed that the
region was generally stratified, particularly around the slack water
times during the neap tide (Figures 2c and 2d). At 06:00, 13 August,
the salinity near the bottom reached a maximum value of 29.3 PSU.
During the spring tide on 18 August, there was a strong tidal current
near the surface (Figure 2a). The consequent enhanced vertical shear
produced strong mixing and made the water vertically well
mixed (Figure 2c).

The SSC showed a similar vertical distribution pattern to the salinity.
During the neap tide, the water column was dominated mainly by the
low-SSC water, except in the near-bottom layer where the high-SSC
was observed. The observed SSC in the upper water column was in
the range of 0.1 to 5.6 g/L, while the SSC in the lower water column
near the bottom jumped sharply to above 20.0 g/L, with a maximum
value of 26.4 g/L (Figure 2d).

The status of stratification is further estimated using the gradient
Richardson number (R;):

R__8 9p/0z 0

(@ @)

where p,, is the water density considering the joint effect of salinity
and SSC, dp/dz is the density gradient, and u,v are the velocity compo-
nents in the x and y directions. The water column is considered to be
stratified when R; exceeds 0.25. Therefore, log;o(Ri/0.25) is used as an

index for the degree of stratification. Figure 2e shows the distribution of the index and reveals that the water
column experienced strong and persistent stratification during the neap tidal cycles on 12-13 August, as well
as in the transitional period from the neap tide to the spring tide on 15-16 August. During the spring tidal
cycles on 17-18 August, the level of stratification showed a rapid variation: The water column was stratified
during the flood tidal cycle and well mixed in the ebb tidal cycle (Figure 2e).

Measurements on many other transects, including transects CS2, CS6, CS7, and CS3, showed the same pat-
tern with the same physics (Table 1). In particular, the observed SSC rose to 45.0 g/L and greater at the sites
located in the middle channel of the North Passage, with high values at CS2M, CS6M, CSWM, CS3M, CS4M,
and CS10M. At several sites, the SSC was found to be greater than 80.0 g/L, suggesting the existence of the
FM within the navigation channel in the North Passage. By comparison, the SSC in the upper water column

was small, within a general range of 0.0-5.0 g/L and with a maximum value below 10.0 g/L. The strong ver-

tical SSC column gradient indicated that the concentrated suspension was mainly restricted to a layer near

the bottom.

3.2. Observed FM Distribution

The difference between the depths measured with the low- and high-frequency sonars was used as an indi-
cator of the FM thickness. Using the cruise tracking, recorded along the navigational channel, we plotted the
along-channel distribution of the FM thickness (Figure 3a). To estimate the extent of the FM, we divided the
shipping channel into 46 units. Each unit was about 2-3 km long and 350 m wide (the approximate width of
the shipping channel). The estimated values of the FM thickness were based on a spatial averaging of each
unit. The result showed that the FM existed, varying in thickness along the navigation channel from the
entrance to the outlet of the North Passage. The thickest FM occurred around the CS4 section in the outlet
region, with a maximum value of ~1.0 m at the 36-38 segment positions (Figure 3b). A similar thickness of
the FM, about 0.74 m, occurred near CS2. The other sites had relatively low thickness, ranging from 0.05 to
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Figure 3. The measured depth from low- and high-frequency sonars along the navigation channel (a). The thickness and
accumulated FM determined from the depth differences between the sonars (b).

0.23 m. This indicated that a significant FM was detected in the lower reach of the North Passage after the
typhoon made landfall.

The volume of the FM was estimated, per section, based on the channel area and the thickness of the FM.
The volume peaks tended to correspond with the FM thickness peaks (Figure 3b). The largest unit volumes
were ~7.5%10° m® around segment-39 and ~2.5 x10° m> at segment-20.

3.3. Observed Bed Composition

The spatial distribution of the observed sediment median grain size (dso) in the North Passage and adjacent
channels showed that this river mouth was mainly covered by fine sediments, with grain sizes smaller than
50 um (Figure 4a). The upper and lower reaches of the North Passage had even smaller sediment grain sizes.
Several patches were classified at 20 um. The grain size at the centers of these patches was <10 um. This con-
firms that the North Passage provided an adequate sediment source for the FM formation. The clay content
had a similar distribution of fine sediments. Patches with the smaller grain size corresponded with the high
clay component (Figure 4b).

4. Numerical Model for FM
4.1. The FM Model

To understand the behavioral life cycle of the FM during and after the typhoon had made landfall, FVCOM
was configured to simulate the relevant physical processes. FVCOM is a three-dimensional (3-D) unstruc-
tured grid primitive equation ocean numerical model (C. Chen et al., 2003, 2006). It discretizes the horizon-
tal space into a triangular mesh and the vertical into terrain-following coordinates. This allowed an accurate
geometric fitting for the complex boundaries around the river mouth, particularly for the dikes and groynes
within the North Passage. Since these were constructed near the mean sea level, leading to submergence
during high water and emergence during low water, the dike-groyne algorithm was activated to better simu-
late the water and sediment transports over the dikes and groynes (Ge et al., 2012). The latest version 4.3 of
FVCOM has integrated the dynamics of the sediment transport as an independent module. This has been
shown to be capable of effectively modeling the cohesive sediment dynamics around the Changjiang
River Estuary (Ge et al., 2015).

In addition to the original hydrodynamics, sediment, and dike-groyne modules, a two-layer FM model
was developed and implemented into the FVCOM sediment module with the aim of resolving and simu-
lating the FM and upper suspension in an estuary. Since the SSC was much greater in the FM than in the
upper suspension layer, the complex dynamics were simplified into a two-layer system, with the FM
being a thin layer at the bottom of the benthic column that is covered by the low-SSC water. This
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Figure 4. Spatial distributions of median grain size dsq (a) and percentage of clay content & ! (b) of the bed soil sediment. The black dots indicate the soil sampling

sites.

simplification was used by Z. B. Wang and Winterwerp (1992) and further used in Winterwerp (1999),
Winterwerp et al. (2002), and Ge et al. (2018) within their 1DV or two-layer modeling experiments.
Computationally, the model then had three layers: suspension, FM, and seabed (Ge et al., 2018). The
suspension layer represented the sediment dynamics for the low-to-medium SSC. The FM was placed
between the suspension and bed layers, with a constant sediment concentration and a varying
thickness. The seabed layer provided the major source and sink for the suspension and FM layers
throughout the vertical sediment exchange.

Winterwerp (1999) outlined a basic three-dimensional framework for the FM flow and its related dynamics
(Figure 5). Multiple physical processes occur at the interface between the suspension and FM layers and
between the FM and seabed layers. The sediment deposition from the suspension layer and erosion from
the bed layer jointly function as the sources that contribute to the formation of the FM. The entrainment pro-
cess from the FM to the suspension layer and the dewatering effect from the FM to the seabed are the two
sinks, leading to the breakdown of the FM (Figure 5). These physical source/sink processes nonlinearly
interact in space and with time, thus yielding a variation in the thickness of the FM. The FM also acts as
a drag force at the suspension-FM interface. The erosion and deposition processes are controlled by the tur-
bulent kinetic energy in the water column and the shear stress at the bottom produced by the
wave-current interaction.
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Figure 5. Sketch of the physical processes involved in the FM dynamics, modified from Winterwerp (1999). The shaded
area indicates the stratification in the water column.

In FVCOM, the sediment dynamics within the upper suspension layer are controlled by advection, diffusion,
and particle settling. The governing equations in the water column, following C. Chen et al. (2013), are

0C duC dvC OJ(w—ws)C 0 A ac\ o A acy o Ka_C
" ox ay "oy 3z \ "oz

—+ 0+t =— 2

ot  ox ay 0z 0x @
where X, y, and z are the Cartesian coordinates; u, v, and w are the eastward, northward, and upward com-
ponents of water velocity; C is the sediment concentration; wy is the settling velocity of sediment particles;

and Ay and K, are the horizontal and vertical eddy diffusion coefficients.

The boundary conditions at the water surface and near the seabed are specified as

ocC
w;C + (Kha—z) =0,atz=¢ 3)

oc
w;C + (Kh E) = ERO-DEP, atz=—H + Az/2 (@)
where ¢ indicates the sea surface elevation, ERO and DEP represents the eroded and deposited sediment
amount through the water-seabed interface, H is the water depth, and Az is the thickness of the bottom dis-
cretized layer. The bottom boundary is configured a bit above the bed to avoid K, = 0 at the bed surface.

When no FM is generated or transported, the sediment dynamics can be described using equations 2—4. In
the vertical direction, the erosion and deposition are the two major physical processes at the interface. When
a FM layer is present, the erosion term in equation 4 is replaced by the entrainment term from the FM layer.

When the FM occurs, the governing equations of the FM formation, transport, and breakdown are as pre-
sented in Z. B. Wang and Winterwerp (1992):

ady, Ound, Ovud, 1 dm

ot T T ay o d )

ouy, Juy, Oum — Pu— PN, 1 1 dn
g THm g Tm dy t8 om  Ox vm+pmdm (Pon—Tsx) = pmpgax

(6)
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(7
where ¢ is the time; d,,is the thickness of the FM layer; u,, and v,, are the eastward and northward compo-
nents of the FM's horizontal velocity, respectively; c,,is the sediment concentration within the FM, which is
constant both in height and time; m is the mass of sediment in a unit area; p,, is the bulk density of FM; p is
the density of suspension in the upper layer; 2 is the Coriolis force acceleration coefficient; 7,and 73, are the
shear stresses at the FM-bed interface in the x and y directions, respectively; 7y, and 7y, are the shear stresses
at the suspension-FM interface in the x and y directions, respectively; ,,is the elevation of the FM; and 7 is
the surface elevation of the suspension layer.

The horizontal movement of the FM is affected by multiple processes, including the shear stress on the
FM-bed interface (7,) and that on the water-FM interface (z;), the barotropic pressure gradient force due
to the FM surface elevation (7,,), and the sea surface elevation (7).

The shear stress at the FM-bed interface is calculated by

(lb) (lm) /U + Vv ( )
y m m7
and

S P
8

T =T+ (up, +v2,) 9)
where f,, is the friction coefficient between the FM layer and seabed and 75 is the Bingham yield strength for
the transitional behavior from the Newtonian to non-Newtonian FM, which is set to 0.2 N/m?* (Z. B. Wang &
Winterwerp, 1992).

The shear stress at the interface between the FM and suspension layer is determined by

<fsx> B (Au) fopVAE A2

= 10
Av 3 ; (10)

Ty
where f is the friction coefficient between the FM and the upper suspension layers, u and v are the x and y
components of the horizontal velocity in the suspension layer, respectively, and Au and Av are the velocity
differences between the upper suspension and FM layers, respectively, and are given by
Au = u—u,, (11)
Av =v—v,, (12)

i%—'{‘, the right-hand term in equation 5, is balanced by source and sink masses as

dm . . . .
e Settling— Entrainment + Erosion— Dewatering (13)

where Settling and Erosion are the source terms contributing to the formation of the FM and Entrainment
and Dewatering act as a sink term for the breakdown effect of the FM.

The Settling is the sediment deposition from the bottom layer of the suspension layer to the FM, which is
determined as

Settling — H (T"’T”—_T> W,Ch (Td’”_ TS) 14)

dm Tdm

where H() is the Heaviside function, 74, is the critical shear stress for deposition, and Cjis the SSC in the
bottom layer of the suspension column above the FM.
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Winterwerp (1999) parameterized the entrainment process as follows:

2C, (

em[*= ) (W= W) + Co

C
B, (i= )’

Us g

2
-2 lws| -

Entrainment = '

inwhichuss = {/ud + uﬁ.m, u- is the friction velocity of the flow in the suspension layer and u« ,, = f(u — u-

)% The empirical coefficients are Cs = 0.25 and C, = 0.42. The terms in the brackets are valid only if their
values are positive.

The eroded sediment amount is quantified as follows:

Erosion = H (Tb_ Te)Me (Tb_ Te) (16)

Te Te

where M, is the bulk erosion coefficient and z, is the critical shear stress for erosion.z; is calculated depend-
ing on these various circumstances: When the FM exists, 7, is determined by equation 8. When there is no
FM, 7, is calculated through the interaction between the wave and current as described in Warner
et al. (2008).

The consolidation process from the FM to the seabed is given as follows:
Dewatering = V,Cy, 17)

where Vj, is the dewatering rate.

Equations 2—4 govern the upper suspension layer. No matter whether the FM exists or not, equations 2—4 are
numerically computed to determine the suspended sediment dynamics. Equations 5-7 are only activated
when the model grid resolves the FM. The model was initialized with zero fluid-mud coverage and ran with
the inclusion of the fully suspended sediment dynamics. The initial formation of the FM requires reaching a
threshold at which the net source/sink term (%7) must be positive.

Although this net source/sink term is calculated with four components (equation 13), when no FM appears,
both the entrainment and dewatering are zero. ‘fi—’[" is determined only by the settling and erosion. If ddi;‘ >0, it
indicates that the settling effect of the suspended sediment is greater than the bed erosion. That is the thresh-
old for the initial formation of the FM from the zero-thickness initialization. It also suggests that the FM
forms from a rapid settling of the suspended sediment, not directly from resuspension or bed erosion.

4.2. Finite-Volume Discrete Method

Following the main framework of FVCOM, the FM model adopts nonoverlapping unstructured triangular
cells for horizontal discretization as described in C. Chen et al. (2003). Since the FM is now treated as a con-
centration constant and thickness-varying fluid, it can be simulated using a vertically averaged 2-D model.
The discretization procedure mainly adopts the 2-D external mode used in the mode-splitting solver in
FVCOM. The continuity equation (equation 5), over a control volume, is integrated numerically using the
modified fourth-order Runge-Kutta time-stepping scheme. This is a multistage approach with a
second-order temporal accuracy. The same method is also used for the integration of equations 6 and 7 to
determine the vertically integrated horizontal advection, the barotropic pressure gradient force resulting
from the sea surface elevation, the FM elevation, and the Coriolis force. Integration of the barotropic pres-
sure gradient force term can be converted to a trajectory integration using Stokes' theorem. Details of the
algorithm for the temporal and spatial discretization are in C. Chen et al. (2013). The formation, movement,
and breakdown of the FM could be treated as a typical wet/dry process, like water flooding in FVCOM. In
this study, a minimum thickness of 0.05 m was used to determine the wet/dry condition for the FM.

The FM movement, as mentioned above, is driven by the waves and currents acting on the interface and by
the slope-induced gravity. The FM height varies significantly as a result of fast changes in the source and sink
terms at the interfaces, which produces a FM-induced barotropic gradient force. Solving the continuity and
momentum