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Introduction: The suspended sediment concentration (SSC) is an important
consideration in marine engineering. Sediment movement characteristics can
be studied by considering the fortnightly behavior of SSC. However, this
consideration currently lacks accurate mathematical representation.

Method: In this study, a computationally efficient mathematical model capable of
providing analytical solutions for predicting SSC based on resuspension,
deposition, and advection was developed to further investigate the
mathematical interpretation of fortnightly SSC behavior in coastal areas
dominated by M2, S2, O1, K1, M4 and MS4 tides. The model decomposed the
SSC into 35 quasi-harmonic terms as well as two terms with fortnightly period.

Result: The model was applied at five observation sites in the Bohai Sea, Yellow
Sea and East China Sea, China, and validated to be able to reproduce the
fortnightly variation of SSC. The results show that the primary fortnightly SSC
term was generated by the combined action of M2 and S2 tidal currents and had
a tidal frequency of 1.0159 °/h, which was equal to the difference between the
frequencies of the two partial tides.

Discussion: The resuspension properties only affected the amplitude of the
fortnightly SSC term but did not affect the phase. The deposition properties
affected both amplitude and phase. The quasi-harmonic analysis indicates that in
certain shallow sea areas with strong nonlinear tidal interactions, the amplitude
of the M4 tidal elevation can influence the mean SSC, while the amplitude of the
MS4 tidal elevation can affect the fortnightly SSC amplitude. As the simplified
model is based on certain assumptions, the application conditions of the quasi-
harmonic analytical solution include an approximate reciprocating flow pattern, a
tidal range significantly smaller than the water depth. Our results provide a
mathematical solution for the fortnightly evolution of suspended sediment.
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1 Introduction

Suspended sediment concentration (SSC) is an important
consideration in many marine engineering applications, including
harbor nourishment, marine pile stabilization and sand mining.
SSC is commonly used as an indicator of changes in the marine
environment. As most coastal areas are influenced by semi-diurnal
and diurnal tides, many investigations have focused on the quarter-
diurnal and semi-diurnal behavior of SSC. Moreover, fortnightly
behavior also plays an important role in sediment movement.
Notably, spring-neap variations can significantly affect sediment
transport and the morphology of many coastal zones.

Key characteristics of SSC, such as mean values and periodic
features, are mostly studied through field observations conducted
over limited time periods. For instance, the mean SSC over a
fortnightly tidal period, a critical parameter for estimating
estuarine discharge (Vale and Sundby, 1987), has been extensively
studied over various time periods (Gelfenbaum, 1983; Tattersall
et al,, 2003; Yang and Hamrick, 2003). Existing research on the
fortnightly characteristics of the SSC has mainly focused on
describing the phenomenon or a qualitative interpretation based
on shear stress (Li et al., 2015; Toublanc et al., 2015; Du et al., 2021).
However, the theoretical mean values and fortnightly characteristics
of SSC cannot be reliably obtained from observations over a limited
period, necessitating new measurements for each subsequent
period. There remains a lack of an efficient and accurate
mathematical expression to describe SSC for a specific period,
which is essential for estimating SSC over longer time scales.

In the study of fortnightly characteristics of sediment
movement, another common research method is numerical
modeling. To date, many fully hydrodynamics-sediment coupled
models have been established, such as POM (Wang, 2002),
ECOMSed (HydroQual, Inc., 2002), FVCOM (Chen et al., 2006),
ROMS (Warner et al., 2008), and Delft3D (Deltares, 2012).
However, because the coupled model calculations require iterative
solutions of differential equations, the computational efficiency is
relatively low. Therefore, a model with an analytical solution is
needed to efficiently compute the SSC.

In recent years, several studies have investigated the discrete
influence of tidal constituents on suspended sediment (Buschman
et al, 2013), with results indicating that both semi-diurnal and
diurnal tidal signals are superimposed on the temporal variations in
SSC (Xiong et al., 2018). While these studies primarily focused on
analyzing the periodic changes in SSC, a comprehensive
examination of the flow field variations associated with sediment
transport was not fully explored. Additionally, research addressing
the long-term periodic characteristics of flow fields remains
relatively limited. Schoellhamer (2002) applied singular spectrum
analysis to time series data from San Francisco Bay and reported
that the physical processes contributing to the total variance of
suspended sediment concentration (SSC) included diurnal,
semidiurnal, and other higher-frequency tidal constituents (24%),
as well as semimonthly tidal cycles (21%). As this method places less
emphasis on the physical processes connecting hydrodynamics and

Frontiers in Marine Science

10.3389/fmars.2024.1464037

sediment transport, its potential for developing a widely applicable
model remains limited. Yu et al. (2012) used a quasi-harmonic
analysis method for SSC in a sea area controlled by M, (principal
lunar semi-diurnal) and M, (shallow water quarter diurnal) tidal
currents. As the My tide is the overtide of the M, tide, the long
period (fortnight) SSC component could not decompose. Although
quasi-harmonic analysis has previously been used as a routine
method in tidal and tidal current analysis, the method is not
typically employed for suspended sediment analysis.

In this study, a simplified one-dimensional (1D) case was used
to demonstrate the feasibility of the quasi-harmonic analysis
method for suspended sediment analysis in a coastal area mainly
controlled by the M, S,, Oy, K;, My and MS, tides. The analytical
solution decomposed the SSC into 35 quasi-harmonic terms, and
the result provides a mathematical solution for the fortnightly
evolution of suspended sediment. This study aims to address the
following objectives: (1) to develop a computationally efficient
mathematical model for predicting SSC that circumvents the
complexity and time demands associated with solving differential
equations, and (2) to introduce a quasi-harmonic analysis method
for SSC, incorporating the major tidal constituents in coastal areas,
thereby enhancing generality and accuracy compared to existing
Fourier and other spectral analysis methods.

2 Analytical solution

In order to analyze the SSC, a 1D model has been developed that
includes three processes: suspension, deposition and advection. The
model can be used at a fixed observation site where the flow is
characterized as a 1D system. The depth-averaged suspended
sediment model was defined as follows:
o(Uc)H

8<C>H__ B
or T ax +Qr—Qq (1)

where ¢ is the suspended sediment concentration, the ( )
operator represents depth-averaging, (c) is the depth-averaged
suspended sediment concentration (DASSC), ¢ is the time, and H
is the depth. The flood current is assumed to be in a positive
direction. U is the current velocity, x is the horizontal distance, and
Q, and Qg are the simultaneous local resuspension and deposition,
respectively. The horizontal diffusion term is neglected based on the
existing literature (Bass et al., 2002; Stanev et al., 2007).

The horizontal advection term in Equation 1 can be
decomposed as follows:

B(UH _d(U)(QH  3{Usca)H

dx 0x dx @

where (Uyc;) represents the difference between the depth-
averaged U - ¢ and the product of the depth-averaged U and c.
The second term on the right side of Equation 2 represents the
nonlinear interaction between the vertical velocity and the SSC
profiles. For simplicity, this term was not considered further, which
is consistent with other depth-averaged models (Uncles and
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Stephens, 1989; Cheng and Wilson, 2008). Therefore, the advection
term can be simplified as:

AUIH _AUNAH _  AU)H

o9{c)
Jx dx = 0x (UH

R

The resuspension terms in Equation 1 can be written according
to Cheng and Wilson (2008):

_ MpCp

_ 2
Q, =B(U)",B -

)
where M is the erosion rate per unit time and unit area, p is the
seawater density, Cp, is the drag coefficient, 7, is the critical erosion
shear stress, and M, p, and Cp, are assumed to be constant over time
and space. Therefore, B is constant.
The deposition term can be determined using the following
equation:

Qd = WsChed = D<C>H’D =W C<bce>dH (5)

where cpeq is the near-bed SSC and w is the settling velocity,
which is assumed to be constant. To simplify the terms, the ratio
between the near-bed SSC and the DASSC is assumed to be
constant (Yu et al.,, 2012). Hence, the deposition parameter D is
also assumed to be constant.

The 1D depth-averaged continuity equation for flow is given by
(Rodriguez et al., 2003; Yee-chung and Qingchao, 2004):

O9H 9(U)H _

—+

Jt dx ©)

Hence, by combining Equations 2-6, the longitudinal 1D
depth-averaged suspended sediment model can be simplified to:

9(c)
ot

=) %2 2 i )

The depth-averaged tidal current velocity ((U)) and water
depth (H) can be obtained through quasi-harmonic analysis of
observational data. The horizontal DASSC gradient ((9(c)/dx) is
difficult to estimate and is unavailable in the literature. However, it
was assumed to be constant in previous studies (Prandle, 1997; Bass
et al,, 2002; Hill et al, 2003; Yu et al, 2012). Accordingly, the
horizontal DASSC gradient can be written as:

9(c)
—t =k 8
Fp (8)
The advection and resuspension terms can then be expressed as
a combination of several temporal harmonic terms, and Equation 7
can be written as:
0
% +D{c) = D A; cos (wjt + ;) 9)
=1
where A;, @, and y; are the amplitude, frequency, and phase of
the ith forcing harmonics, respectively. The general analytical
solution is as follows:

A; o
() =8+ ! = cos (@t + y; - 6), 6, =tan_15’ (10)

-1 \/60,—2 +D

Frontiers in Marine Science

10.3389/fmars.2024.1464037

where S is an integral constant. In a natural sea area, DASSC
((c)) reaches steady state and the first term on the right-hand side
approaches zero.

In this study, the SSC was dominated by the M,, S,, Oy, K;, M,
and MS, tidal currents. The depth-averaged current is expressed as:

(U) = uy +uy cos (ot + 04) + u, cos (0,F + 05) +
(11)

us cos (st + 0) + 1y cos (Wt + 0ty)
+us cos (20t + 05) + g cos (W + W)t + O)
where u is the residual current; u;, u,, us, uy, s and ug are the
amplitudes of M,, S,, O;, K;, My and MS, tidal currents,
respectively. @;, @,, ®; and @, are the frequencies of My, S,, Oy,
and K; tidal currents, respectively. o, 0, 0, 04, 05 and o are the

phases of M, S,, O;, K;, My and MS, tidal currents, respectively.
Similarly, the water depth can be written as:

H = hy +h, cos (ot + B;) + hy cos (0,1 + B,) +
hy cos (w5t + fB5) + hy cos (wyt + By) (12)
+hs cos 2wyt + f5) + hg cos (0 + @,)t + fBs)

where hy is the average water depth; hy, hy, hs, hy, hs and hg are

the amplitudes of M,, S,, O;, K;, My and MS, tidal elevations,
respectively. 31, B, B, Bs, Bs and fs are the phases of M, S,, Oy, Ky,
M, and MS, tidal elevations, respectively. For the convenience of
comparing the magnitudes, Equations 11 and 12 can be written as:

(U) = uy [ty +cos (ot + o) + ti,c08 (0yF + 05) +

5 cos (st + 0) + 14 cos (Wt + 0ty)

+ 15 cos (20t + 05) + i cos () + @)t + 0g)),

(13)
H = ho[1 +h, cos (ot + By) + h, cos (0t + Bs) +
h5 cos (st + B3) + Iy cos (gt + fBy)
+hs cos 2yt + Bs) + hg cos (o + @)t + )],
2 M p _h f _h p _hj _hs [ _h
hy= g hy =38 hs =32 hy =5t hs =35, he = 32
(14)
The inverse of the water depth can be written as:
%zﬁ[1—hlcos(w1t+ﬁ1)—hzcos(a)zt+ﬂ2)—
h 5 cos (st + B3) — g cos (gt + fBy) (15)

_fls cos 2wyt + fBs) - ﬁ6 cos ((@; + wy)t + fBs)]
Combining Equations 7, 13, 14, and 15 and neglecting the
higher-order (> 1) trivial terms, the analytical solution for DASSC is
as follows:

w.
cos (it + y; — 6)), 6; = tan ™" Bl (16)

A
c) = E. = .
@=3p=3
When dominated by the M,, S,, O;, K;, My and MS, tidal

currents in most of the coastal areas, the DASSC consists of 35
quasi-harmonic terms (E1-E35). The frequencies, phases, and
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relative amplitudes of the quasi-harmonic terms are listed in ~ TABLE1 The frequencies, phases, and relative amplitudes of the quasi-

Table 1. All trigonometric functions were calculated in radians. harmenic terms.

For the convenience of contrast with the tidal current quasi-

) ) Harmonic A;/u? ; W
harmonic constant, the frequency and phase in Table 1 are terms
presented in degrees.
E1 — kito/uy + B/(hg) - 0 0

Bhs/(4hy) - cos (204 — Bs)

3 Application and validation E2 =K/ +2Biko/ o @ *
E3 — kit /uy , o,
3.1 Site-fixed observations o ke o o
To verify the correctness of the analytical solution and to test its £ - kit o %
universality, the model was applied to 5 sites covering the Bohai Sea, E6 — kit s /uy 20, as
the Yellow Sea and the East China Sea, and the observation data of - ~ kit o + 0, o
tide, current and DASSC at each site were used for validation. The :
locations of the sites are shown in Figure 1, marked from north to E8 = Bh1/(2hy) @ B
south as C1 to C5. Simultaneously, 7- or 15-day tidal observations E9 — Bhy/(2hy) , B,
were conducted at nearby coastal tide gauge stations (HI to H5), E10 X
which are indicated in Figure 1. To illustrate the fortnightly ~Bhs/Cho) “ A
characteristics of the suspended sediment response to tidal flow, Ell — Bhy/(2hy) o B
the method is simplified to a one-dimensional model. The 5 applied R
. . , . . EI2 - Bhs/(2hy) 20, Bs
and validated sites all approximate to a reciprocal flow state, which
approximates to the basic assumptions of the solution. E13 ~ Bhg/(2hy) o + @ Bs
The fixed point observations were all made from ship moorings. E14 B/(2hy) 20, 2a
The Aanderaa RCM-9 current meter was used for current
monitoring. Current velocity and direction were recorded every EIS Bita/ho Gt® | Bt
2min and the data were extracted every 60min. The margin of error El6 Bit, /ho ;-0 -0
. -1 . .
of the current observations was +3cms™ . The tidal elevation was E17 Bits Jhy oty | o+
measured using a water-level indicator at both the coastal tide gauge -
stations and the suspended sediment monitoring sites, with a data k1 Bits/ho e B
extraction interval of 60min. The margin of error for the tidal height E19 Biis/ho o to; ooy
was +0.1m. Suspended sediment was captured by a water sampler. £20 Bit, /ho o -w, | o-a
The sampling interval was 60min. The suspended sediment samples A
were filtered, dried and weighed in the laboratory. The aperture of k2 Bits/ho O oo
the filter membrane was 0.45pm. The SSC was measured by the E22 Bits/ho 2 05— 0y
filtration method. A blank membrane correction was performed to 23 Bitg/hy 20+ | o+
avoid errors caused by the weightlessness of the filtration -
membrane due to dissolution. Fa Bito/ho @ G
Field observations were conducted at sites with water depths E25 — Bh, /(4hy) 3o 200 + By
ranging from 8 to 26 meters to measure currents and suspended .
g 8 . . P E26 — Bh,/(4hy) o 204 - By
sediment concentrations at various depths (surface, 0.2H, 0.4H,
0.6H, 0.8H, and bottom layers). At Site C1, located 14km offshore E27 ~ Bh,/(4hy) 200+ @y 200+
with a depth of 26m, observations were conducted from 15:00 on 28 B, /(ahy) 20—, 204 By
April 20 to 07:00 on April 22, 2023, under prevailing southerly
winds (Beaufort force 2-5) with a maximum wave height of 0.3m. At E29 — Bhs/(4hy) 20 +0; | 200+ By
Site C2, 23km offshore at a depth of 8m, measurements were taken E30 ~ Bhs/(4hy) 20— w5 204 - B
during three tidal conditions: neap tide (12:00 on March 17 to 14:00 :
on March 18), middle tide (09:00 on March 20 to 11:00 on March E3l - Bhy/(4hy) 2o+ @ 200+ By
21), and spring tide (18:00 on March 24 to 20:00 on March 25, E32  Bh,/(4hy) 20, -0, 20, - B,
2023), with wind speeds varying between 1.0 and 5.8ms™' and X
E33 — Bhs/(4hy) dop 200+ s

shifting between east, northeast, and west. At Site C3, 5km offshore
with a depth of 23.3m, observations were made during neap tide E34 — Bhy/(4hy) 3w+ @, 204 + s
(08:00 on July 19 to 09:00 on July 20), middle tide (12:00 on July 22
to 13:00 on July 23), and spring tide (14:00 on July 25 to 15:00 on

E35 — Bhy/(4ho) o -, 20—
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FIGURE 1

Locations of the observation sites and the flow patterns.

July 26, 2006), with wind speeds ranging from 2.3 to 3.2ms ", all
from a 30° direction. At Site C4, 27km offshore and 2.5km from
Xiaoyang Island with a depth of 11.7m, measurements were
conducted during spring tide (10:00 on November 19 to 11:00 on
November 20) and neap tide (09:00 on November 26 to 10:00 on
November 27, 2017), with northeast winds reaching 8.6ms ™! during
the spring tide and 4.8ms ™"
located in the deep trench of the narrow Meizhou Bay with a depth

during the neap tide. Finally, at Site C5,

of 23.9m, observations were made during the spring tide (19:00 on
August 14 to 20:00 on August 15) and neap tide (00:00 on August
23 to 16:00 on August 24, 2007), with a maximum wind velocity of
9.0ms™
and suspended sediment samples collected at multiple depths.

! from the south. Measurements at all sites included currents

Wave and wind speed records during the observation periods
indicate that wave action and wind-driven currents influenced the
observations to some extent, potentially affecting seabed shear stress
and SSC.

3.2 Quasi-harmonic analysis of
tidal currents

The quasi-harmonic constants for tidal elevation were
calculated using 7- or 15-day tidal observations from tide gauge
stations located along the coast near each site. The short-term tidal
elevation data, synchronized with SSC observations at each site,
were used to validate the model. The observed spring and neap tide
currents (when available) were used for quasi-harmonic analysis,
while the middle tide currents were utilized for validation. If the
observations did not include a complete cycle of spring, middle, and

Frontiers in Marine Science

neap tides, all available current measurements were used for the
quasi-harmonic analysis.

The calibration results for tidal elevation and current show that
the predicted harmonic constants generally reproduce the observed
patterns, but with some degree of error. The observed highest and
lowest tidal elevations were 0.46 and —0.33m at Site C1, 0.82 and
—0.65m at Site C2, 1.75 and —1.64m at Site C3, 1.94 and -2.32m at
Site C4, and 3.02 and —3.30m at Site C5. The predicted highest and
lowest tidal elevations were 0.43 and —0.30m at Site C1, 0.85 and
—0.54m at Site C2, 1.67 and —1.67m at Site C3, 1.90 and —1.97m at
Site C4, and 3.28 and —3.20m at Site C5. The predicted tidal
elevations at Sites C2 and C4 showed a larger relative error
during neap tides compared to other sites, while Site C5 exhibited
a 30min phase difference during the spring tide.

The observed maximum flood and ebb current velocities were
65 and 4.8ms ! at Site C1, 50 and 51cms ' at Site C2, 104 and
~1at Site C3, 159 and 169cms™! at Site C4, and 91 and
at Site C5. The predicted maximum flood and ebb current
velocities were 79 and 52cms ™' at Site C1, 39 and 42cms™! at Site
C2, 110 and 95cms™" at Site C3, 170 and 175cms ™" at Site C4, and 94
and 70cms ™" at Site C5. The tidal current simulation results for Sites
C3, C4, and C5 are better than for Sites C1 and C2, as the larger tidal
range at C3, C4, and C5 results in stronger tidal currents. In

97cms
84cms™!

contrast, the smaller tidal range at Sites Cl and C2 leads to
weaker tidal currents, making them more susceptible to wind-
driven currents during the observation period.

The results of the quasi-harmonic analysis of the tidal currents
at Sites C1-C5 are listed in Table 2. The harmonic analysis results
indicate that at Sites C1-C5, the M, tidal constituent is the
dominant one in all the partial tide currents. Except for Site C2,
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the S, tidal constituent acts as the secondary dominant one at the
other sites. Sites C1, C3, and C5 exhibit relatively strong residual
currents. The characteristics of tidal currents in coastal regions are
primarily composed of six tidal constituents: M,, S, O;, K;, My, and
MS,. However, the tidal elevations observed at the five sites are
predominantly made up of four tidal constituents: M,, S,, O, and
K;. The tidal components My and MS, contribute less to the
superposition of the tidal elevations. Therefore, the contributions
of the quasi-harmonic terms E12, E13, E33, E34 and E35 to the
DASSC would also be relatively small.

3.3 Parameter calibration and
model validation

As the free parameters (k, B, and D) are difficult to measure or
estimate, they were calibrated by fitting the predicted DASSC to the

TABLE 2 Tidal constituents parameters for each observation site.

Tidal constituents

parameters
uo (cms™") 13 2.6 11 5.1 126
uy (cms™) 56 315 86.6 123.5 62.3
o () 1665 1200 | 163.0 1210 = 247.0
hy (m) 0.323 0.36 1.42 1.4 2.552
B () 2695 | 1247 30.0 1275 1008
1, (cms™) 10.9 6.2 15.3 343 19.3
o () 2095 | 1540 | 2230 = 1370 3050
hy (m) 0.073 = 0.083 | 0251 038 0771
B, () 307.8 | 203.4 85.3 1437 1463
uz (cms™) 2.8 42 2.1 10.7 7.6
o () 199.6 = 136.0 36.8 260.0 60.0
hs (m) 0263 = 0.185 | 0034 0121 0309
Bs (°) 298.6 20.7 327.8 2633 1218
uy (cms™) 38 2.8 2.3 16.1 9.1
oy (°) 225.4 88.0 1180 = 3070  100.0
hy (m) 0323 = 0257 | 0038 0183 0356
Bi (©) 336.9 80.3 56.5 3100 144.6
us (cms™) 3.7 3.7 6.1 5.2 37
as () 3446 | 2450 60.0 239.0 3200
hs (m) <0.001 = <0.001 | <0.001 <0.001 <0.001
Bs () 1067 | 1598 | 1540 = 2520 11.3
g (cms™) 1.5 1.5 2.1 4.0 23
% () 2921 3220 | 1200 = 293.0 18.0
he (m) <0.001 = <0.001 | <0.001 <0.001 <0.001
Bs (©) 84.5 5.1 2093 3062 | 3540
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observed values. This calibration method has been widely used in
previous studies (Bass et al., 2002; Yu et al., 2012; Zhu et al., 2018).
To calibrate the fortnightly SSC time series, SSC observations from
the spring, middle, and neap tides were used for both calibration
and validation. As the natural sediment is a mixture of multiple
grain-size components, the parameters set in the model exhibited
equivalent values. Therefore, the best-fit parameters may not
represent the actual values due to the simplifications made in the
model. This indicates that the calibrated resuspension and
deposition parameters do not correspond to a specific
representative grain size at the observation site but rather
represent a generalized mixture of sediment grain sizes, especially
at sites like C1 and C5, where sediment grain size distributions
exhibit multiple peaks.

For the simplified horizontal gradient constant (k) in a sea area
with approximately uniform sediment distribution, it can be
constrained by the observed DASSC and the tidal excursion
distance (Yu et al., 2012). The tidal excursion distance is
calculated by integrating the hourly observed current velocities
over a tidal cycle. The value of k is then constrained by the ratio
of the maximum DASSC during the cycle to the tidal excursion
distance. Accordingly, the limits for k were set at —7.81 x 107° to
7.81 x 107 kgm ™ for Site C1, —7.22 x 10"° t0 7.22 x 10~ kgm * for
Site C2, —9.40 x 107 t0 9.40 x 10~° kgm™* for Site C4, and —1.33 x
107° to 1.33 x 107> kgm ™ for Site C5, respectively. Referring to the
study by Zhu et al. (2018) in the area adjacent to Site C3, the
sediment composition around Site C3 is nonuniform. A smaller k
value cannot calibrate the predicted SSC to match the observed
values, which mathematically supports that Site C3 is located in an
area with nonuniform sediment distribution. Therefore, the k value
for this site needs to be determined through SSC calibration.

The sediment grain size analysis results for each site are
presented in Figure 2, indicating that the suspended sediment at
all sites consists of both silt (¢ = 4-8) and mud (¢ > 8) components.
Notably, at Site C4, bedload constitutes only 3.8% of the sediment,
with the seabed sediment predominantly composed of suspended
material. In contrast, Sites C1 and C3 are primarily characterized by
larger bedload fractions. The resuspension parameter (B) could be
constrained by the parameters in Equation 4. The sea-water density
(p) was 1025kgm'3 . Yuetal. (2012) suggested that the erosion rate
in unit time and unit area (M) ranged from 1.0 x 107 t0 5.0 x 1072
kgm’2 s L. In the study by Bricker et al. (2005), the drag coefficient
(Cp) ranged from 0.002 to 0.04. Based on the study by Zhu et al.
(2018), the critical erosion shear stress (7,.) for the silt-mud mixture
ranged from 0.04 to 0.14Nm 2. Based on the ranges of M, Cp, and
7, obtained from previous studies, the range of the resuspension
parameter (B) in Equation 4 can be constrained between 7.32 x 107
and 5.12 kgm72 s~ Therefore, B was constrained between 7.32 x
10~* and 5.12kgsm > The range of the deposition parameter (D) in
Equation 5 was difficult to constrain because the ratio between the
near-bed SSC and DASSC is difficult to determine and is mainly
influenced by sediment diameter. When flocculation settlement is
not considered, a large diameter may result in a high settling
velocity, which may cause a high ratio between near-bed SSC and
DASSC. Therefore, a larger diameter may result in a higher
deposition parameter.
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The grain size composition of seabed sediment (first column) and the results of the calibration for elevation, current, and SSC (second and third
columns) at Sites (A) C1, (B) C2, (C) C3, (D) C4 and (E) C5. SSCp and SSCo represent the predicted and observed SSC, respectively.

The tidal current and tidal elevation at each site were calculated
by applying the parameters of the tidal constituents obtained from
the quasi-harmonic analysis into Equations 11 and 12. The DASSC
was then computed using Equation 16. The best-fit values of k, B
and D at each site are listed in Table 3, and the validation results are
shown in Figure 2. Using the superposition of the 35 quasi-
harmonic analytical terms decomposed in this study, the
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fortnightly variation of the DASSC can be essentially reproduced.
The validation results also indicate that the simulation of SSC
exhibits varying errors across different sites, particularly in the
diurnal, semi-diurnal, and quarter-diurnal tidal cycles. Except for
the neap tide period at Site C4 (Figure 2), the observed SSC during
other observation periods exhibited greater amplitude variations in
the semi-diurnal and quarter-diurnal cycles compared to the
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TABLE 3 Best-fit parameters at each observation site.

10.3389/fmars.2024.1464037

Parameter
k ‘ -7.81 x 10°° -7.22x10°°
B ‘ 0.5 0.65
D ‘ 0.19 0.4

-0.01 -9.40 x 10°° -133x107°
0.13 2.56 0.47
0.095 0.24 0.068

predicted values. This discrepancy is related to the use of a single
sediment characteristic parameter to represent sediments that, in
reality, consist of a mixture of grain sizes. Zhu et al. (2018) found
that using multiple characteristic values to simulate mixed-grain
sediments improves the accuracy of suspended sediment
simulations. According to the Shields curve, silt particles have a
lower initiation threshold compared to mud, and due to their larger
grain size, they also have a higher settling velocity. Therefore, the
amplitude of silt fluctuations is higher than that of muddy
components, while the fluctuations in muddy suspended sediment
concentrations tend to exhibit lower amplitudes around the mean
value. Compared to the predicted SSC, the observed SSC contains
more noise, particularly in cases of rapid short-term increases, such
as the 13th-hour observation at Site C1 (Figure 2A). This noise
appears to be associated with wave action during the sampling
process. Additionally, the description of the dynamic conditions is
based on quasi-harmonic analysis, which inherently introduces
certain errors. The primary source of error in the tidal harmonic
analysis arises from the limited data, as nearby 7- or 15-day tidal
observations from coastal stations were used, which may not fully
reflect the tidal conditions at the observation site. The tidal current
harmonic analysis is mainly influenced by factors such as wind-
driven currents. The prediction errors in tidal elevation and
currents can subsequently affect the prediction of SSC, leading to
further inaccuracies. Furthermore, in recent years, several studies
have shown that coastal long waves can have a significant impact on
sediment transport and erosion-deposition dynamics (Gao et al,
2021, 2023, 2024).

To evaluate the performance of the model, the Root Mean Square
Error (RMSE) of SSC for each site was estimated, yielding RMSE
values of 2.77, 3.04, 18.85, 576.82, and 16.18mgL_l for Sites C1-C5,
respectively. The mean observed SSC for these sites was 17.89, 11.23,
23.64, 951.49, and 52.62mgL ", with maximum observed SSC values of
28.54, 20.10, 72.80, 2530.40, and 94.70mgL ", respectively. The RMSE
indicates that sites with relatively higher mean and maximum SSC
tend to have larger errors. Site C2 has the lowest tidal current speed
among the five sites, resulting in the lowest SSC. Consequently, the
observed SSC is more affected by wave-induced noise. This is why Site
C2 has a relatively low RMSE but does not capture the semi-diurnal
and quarter-diurnal fluctuations observed in the SSC data as
accurately (Figure 2B). At Site C3, suspended sediment samples
were not collected at certain times, but sampling was complete
during the spring tide. The predicted SSC at Site C3 shows a
relatively higher RMSE compared to Sites C1 and C2; however, the
SSC variation during the spring tide was well captured (Figure 2C).
Since the horizontal DASSC gradient is simplified as a constant (k) in
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Equation 8, and the value of k at Site C3 is relatively high, this gradient
simplification likely contributes to a more pronounced prediction
error. Site C4 exhibits the strongest tidal currents, corresponding to
the highest SSC (Figure 2D) and the largest RMSE. At Site C5, the
neap tide showed the best reproduction of the observed suspended
sediment values and variation trends (Figure 2E).

4 Discussion

4.1 The physical significance of
quasi-harmonic terms

The quasi-hydrodynamic driving terms of the DASSC are not
only the mathematical interpretation for the suspended sediment
movement, but also have the realistic physical significance. By
decomposing the DASSC into 35 quasi-harmonic terms, the
influencing factors and their fluctuation frequencies are
also decomposed.

E1 represents the mean DASSC over a whole fortnightly period.
The parameters influencing the DASSC include the resuspension
parameter, the deposition parameter, and the mean water depth.
For DASSC, as it represents the vertically averaged concentration of
suspended sediment in the water column, water depth influences it
through vertical mixing processes. The mean water depth reflects
the average mixing depth over the tidal cycle, thereby affecting the
mean suspended sediment concentration throughout the entire
tidal period. For the hydrodynamic conditions affecting the mean
DASSC, the main influencing factors are the M, tidal current, the
residual current, the elevation of the M, tidal constituent, the
DASSC gradient, and the phases of M, tidal current and the M,
tidal elevation. For observation Sites C1-C5, given that the
amplitude of the M, tidal elevation is considerably modest,
the contribution of the M2 tidal current phase in conjunction
with the M, tidal elevation and phase did not show a significant
impact. Due to the nonlinear interactions of tides, the amplitude of
the M, tide can be quite pronounced in certain regions, such as the
shallow coastal areas at the head of Bohai Bay, China, reaching up to
25cm (Liu et al,, 2020). As shown by the El term in Table 1, the
relationship between the phase of the M, tidal current and the phase
of the M, tidal elevation can also influence the average SSC during
the fortnightly tidal cycle.

E16 and E35 exhibit fortnightly periodicity. Due to the minimal
tidal elevation associated with the MS, constituent at Sites C1-C5,
the fortnightly dynamics of the DASSC are principally dictated by
El6. Consequently, this pattern suggests that the fortnightly
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fluctuations of the DASSC are essentially the result of the frequency
difference between the M, and S, tidal currents. In certain regions,
such as the head of Bohai Bay, China, the amplitude of the MS, tide
can reach up to 20cm (Liu et al., 2020). As shown in Table 1, in such
areas, the E35 term is expected to have a significant influence on the
fortnightly variations in SSC.

E2 encapsulates the advective effects prompted by the M, tidal
current, along with the local resuspension driven by the combined
shear forces exerted by the M, tidal current and the residual current.
The quasihydrodynamic terms E3-E7 correspond to the advection
effects engendered by the S,, O, K;, My, and MS, tidal currents,
respectively. The oscillations in total water depth have a significant
effect on the DASSC, which epitomizes the vertical mixing of
suspended sediments. Consequently, the quasi-hydrodynamic
terms E8-E13, together with E25-E35, describe the influence
exerted by the variations in the mixing depth of locally
resuspended sediments. Since this study employs a depth-
averaged model (Equation 1), terms E8-E13 and E25-E35 reflect
the effect of vertical mixing of suspended sediment.

As a limitation of the simplified 1D model used in this study,
computational errors may arise when the method is applied at sites
with rotating flow. Since erosion flux is influenced by the scalar
square of current speed, while deposition flux is not affected by the
direction of the current, the applicability of this method becomes
limited at sites with relatively strong residual currents or significant
SSC gradients. As shown in Table 1, this weakened applicability is
primarily caused by the quasi-harmonic terms El and E2,
indicating that predictions of the averaged DASSC and the
semidiurnal characteristics may contain some inaccuracies.

4.2 Differences in parameters across sites

The suspended sediment primarily consists of silt and mud,
specifically the fraction where ¢ > 4. Based on the sediment grain
size analysis from each site (Figure 2), the proportion of silt
(excluding sandy components) in the suspended sediment follows
the order of C2 > C4 > C1 > C5, while the proportion of mud shows
the opposite trend. This corresponds to the descending order of the
deposition parameter (D). This trend is explained by the fact that
coarser particles have higher settling velocities.

Except for Site C4, Sites C1, C2, and C5 exhibit higher
resuspension parameters (B) alongside higher deposition
parameters (D). These findings are consistent with the results
discussed in Zhu et al. (2018). At Site C4, the resuspension
parameter (B) is significantly higher than at the other sites due to
the smallest median grain size (7.3¢). Additionally, 96.2% of the
seabed sediment is composed of suspended load (¢ > 4),
representing the highest proportion of suspended material. The
high B value may also be related to the degree of soil consolidation.
A consolidation lag at the interface critical stress, resulting in higher
TSS (total suspended sediment concentration) during periods of
decreasing stress, was reported by Sanford (2008), suggesting that
the consolidation process occurs under conditions where the shear
stress on the seabed is sufficiently low. Due to the stronger
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hydrodynamic conditions at Site C4, the soil is less prone to
consolidation, leading to a higher resuspension capacity.

Site C3 differs significantly from the other sites, with a lower
suspended sediment content (36.1%) and a higher bedload
proportion (63.9%), indicating predominantly bedload transport
(Figure 2). However, it still shows relatively high SSC, indicating
that horizontal transport contributes significantly to the suspended
sediment load, resulting in a relatively high value of k. Additionally,
referencing the study by Zhu et al. (2018) of the area adjacent to Site
C3, the location of Site C3 appears to be part of a strong tidal
channel. However, the proximity of the site to a silty-muddy bay on
the northwest side suggests the presence of a strong SSC gradient
and conditions conducive to the advection process.

4.3 Amplitudes comparison and
superposed state of quasi-harmonic terms

The amplitudes of each quasi-harmonic term at Sites C1-C5 are
shown in Figure 3. In the present study, E1 (representing the mean
value of DASSC) consistently exhibits a dominant presence at all
observation sites. Observations at sites C1, C2, C4, and C5 indicate
that the term E16, which signifies the fortnightly behavior of
DASSC, manifests a relatively higher magnitude. Mathematically,
the increased amplitude of E16 is partly due to its lower frequency.
Physically, this is a consequence of the resonance arising from the
close frequencies of the tidal constituents M, and S,. Equation 16
and Table 1 demonstrate that the amplitude of E16 is directly
proportional to the resuspension parameter B and the product of
the M, and S, tidal current velocities, while inversely proportional
to water depth. Furthermore, a smaller deposition parameter D can
result in a higher E16 amplitude. Given the complexity of the factors
influencing the E16 amplitude, a direct comparison across different
sites or regions is not straightforward. The calculated E16
amplitudes for Sites C1-C5 are 5.05, 3.76, 7.65, 385.14, and 33.65
mgL-1, respectively. Site C4, which exhibits significantly higher M,
and S, tidal current velocities, also has a substantially greater E16
amplitude compared to the other sites.

The terms E2, E14, E15, E18, E20, and E22 are characterized by a
relatively high magnitude, suggesting that the seabed shear stresses
induced by the superposition of M, with its interactions with S,, O,
Ki, My, and the residual current, coupled with the consequent local
resuspension of sediments, are the predominant factors in the
diurnal, semidiurnal, and quarter-diurnal variations of DASSC
within the marine environment. E14 and E15 have similar
frequencies (57.9682°h for E14 and 58.9841°h for E15). As M, is
the dominant tidal constituent across all sites, with M, tidal current
velocities exceeding those of S,, E14 is generally higher than E15 at all
sites. E18, E20, and E22 have lower frequencies compared to E14 and
E15 (13.9430°h for E18, 15.5854°/h for E20, and 28.9841°/h for E22).
As aresult, even though the tidal current velocities for K;, O, and M,
are relatively lower, their lower frequencies, as described by Equation
16, allow them to potentially reach magnitudes comparable to E14
and EI15, particularly at Sites C2 and C5. The superposition of the
quasi-harmonic terms of DASSC at Sites C1-C5 is depicted in
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FIGURE 3

Comparison of the amplitudes of each quasi-harmonic terms at observation Sites (A) C1, (B) C2, (C) C3, (D) C4 and (E) C5.

Figure 4. Physically, the tidal range has a direct influence on the
current velocity. Areas with a smaller tidal range, such as Site C1 and
C2 (Figure 2), exhibit relatively weaker fluctuations in the diurnal,
semidiurnal, and quarter-diurnal components of DASSC (as
illustrated in Figure 4). Conversely, in regions with a larger tidal
range, the short-period fluctuations (relative to the fortnightly cycle)
are also more pronounced. A larger tidal range suggests that the
amplitudes of terms E8-E13 and E25-E35 may be higher.
Additionally, this increased range can result in stronger tidal
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currents, implying greater fluctuation amplitudes for terms E2-E7
and E14-E24.

4.4 Effect of the residual current
Site Cl1 is distinguished by a relatively strong residual current

(as shown in Table 2). At Site C1, besides the term E1 (representing
the mean DASSC) and the long-period (fortnightly cycle) term E16,
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FIGURE 4

Superposed state of quasi-harmonic analysis terms at observation Sites (A) C1, (B) C2, (C) C3, (D) C4 and (E) C5.

the amplitude of E2 is the highest, indicating that the residual current
has a significant impact on the DASSC. A notable characteristic
induced by the residual current is the asymmetry of the DASSC peaks
within a semidiurnal tidal cycle, where the peaks of adjacent quarter-
diurnal periods exhibit a considerable discrepancy.

In some regions, the direction and speed of the residual current
can vary due to seasonal factors (such as wind and differences in
freshwater discharge during wet and dry seasons in estuaries). For
example, this has been reported in the Scheldt in Belgium and The
Netherlands by Regnier et al. (1998). The effect of the residual
current on the asymmetry is shown in Figure 5. A reverse residual
current (1o = —13cms™") and no residual current (1, = Ocms™') were
assumed to be comparable with the best-fit residual current (uy =
13cms ™). This hypothetical approach aims to explore how potential
seasonal changes in the direction and speed of the residual current
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might alter the characteristics of SSC. Without the residual current,
the asymmetry of the contiguous DASSC peaks in the two
contiguous quarter-diurnal periods was extremely weak. As E2 is
mainly generated by the combined shear forces of the M, tidal and
the residual currents, an extremely low residual current may not
strengthen the flood or ebb currents or the shear forces on the
seabed. As the frequency and initial phase of E2 are twice the
frequency and initial phase of E14, E2 is positively superimposed on
the first peak of E14 in a semi-diurnal period and reversely
superimposed on the second peak of E14. Further, if the residual
current is assumed to be reversed, E2 is reversely superimposed on
the first E14 peak and positively superimposed on the second E14
peak. Therefore, the direction and velocity of the residual current
influence the order of the high- and low-DASSC peaks in the semi-
diurnal period and the extent of peak asymmetry.
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(up = 0cms™) on the temporal evolution of DASSC at Site C1. Without a residual current, the asymmetry between consecutive DASSC peaks in two
adjacent quarter-diurnal periods is minimal. A reverse residual current can shift the relative magnitudes of consecutive DASSC peaks, depending on

whether it aligns with the flood or ebb tide.

As the frequency and initial phase of E2 are twice those of E14,
E2 is positively superimposed on the first peak of E14 in a semi-
diurnal period and inversely superimposed on the second peak of
E14. Further, if the residual current is assumed to be reversed, E2 is
inversely superimposed on the first E14 peak and positively
superimposed on the second E14 peak. Therefore, the direction
and velocity of the residual current influence the order of the high-
and low-DASSC peaks in the semi-diurnal period and the extent of
peak asymmetry.

4.5 Application in parameter estimation

Equation 16 indicates that the resuspension parameter B
influences only the amplitude of the fortnightly DASSC term,
whereas both the amplitude and phase are affected by the
deposition parameter D. The phase lag between the DASSC and
tidal currents over short periods (semidiurnal and quarterdiurnal)
has been widely discussed in the literature (Cheng and Wilson,
2008; Yu et al, 2011; Zhu et al, 2018). The phase lag of E16 in
Equation 16 indicates that there is a phase lag exists between the
fortnightly DASSC quasi-harmonic term and the fortnightly
evolution of the tidal current superimposed on M, and S,. The
fortnightly behavior lag was also reported in the observational data
by Azhikodan and Yokoyama (2018). They explained that due to
the time lag between the tidal flow and SSC, the SSC did not
decrease during spring-to-intermediate tides, even though the
current velocity and shear stress started to decrease. The SSC
began to decrease during intermediate-to-neap tides and was
considerably lower once the neap tide occurred. Since Site C1 had
the least observational data compared to the other sites, and the
predicted SSC for Sites C3 and C5 showed better agreement with the
observed SSC trends than Sites C2 and C4, the observed SSC at Sites
C3 and C5 was used to analyze the lag characteristics of the
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fortnightly tidal feature relative to the tidal current velocities.
Using the D values for Sites C3 and C5 from Table 3 in Equation
16, the time lag between the SSC peak (E16 term) and the peak tidal
current was calculated to be 10 and 14 hours, respectively.
Additionally, at Sites C3 and C5, the highest SSC during the
spring tide occurred 10 and 13 hours after the maximum current
velocity, respectively.

Based on sediment characteristics (Figure 2), the general range
of B can be determined. Initially, an empirical value of B is selected
based on the seabed type. However, the first parameter to be
calibrated is D, as it influences not only the amplitude but also
both the long-period fortnightly variations and the short-period
quarter-diurnal and semi-diurnal fluctuations. The calibration of k
is completed last. In regions with relatively uniform sediment
distribution, the value of k is typically small, while in non-
uniform areas, it is larger and must be calibrated to match the
observed SSC.

Based on the characteristics of the effects of parameters B and D
on DASSC as described previously, the calibration of B and D is
concurrently constrained by the phase and amplitude of both the
fortnightly and semidiurnal cycles. Consequently, there are few
viable combinations of parameters B and D. Figure 6 presents the
unique pair of B and D parameters that align the predictions of the
model with the observed spring-neap DASSC variations. Upon
further comparison, the best-fit parameter set is capable of
reproducing the amplitudes observed in both fortnightly and
semidiurnal cycles, whereas the comparative parameter set yields
underestimated amplitudes in semidiurnal cycles. Hence, the
calibration results for parameters B and D have a degree of
uniqueness and are considered reliable.

The controllability of the calibration results for the parameter B
indicates that quasi-harmonic analysis, with its analytically solvable
efficiency, can be utilized to estimate parameters that are difficult to
measure, thus providing input conditions for numerical models
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[llustration for application in parameter B and D calibration at Site C5.

based on systems of differential equations, such as FVCOM (Chen
etal., 2006, 2012). In Equation 4, the erosion rate per unit time and
unit area (M) is challenging to observe or calculate. However,
through the quasi-harmonic analysis employed in the present
study, parameter B can be calibrated. Subsequently, the drag
coefficient (Cp) can be calibrated using a hydrodynamic model,
and the critical shear stress for erosion (7.) can be estimated via the
Shields curve (Shields, 1936; Dou, 1999), thereby enabling the
estimation of M.

5 Conclusions

In estuarine and coastal areas dominated by M,, S,, O;, K;, My
and MS, tidal currents, a computationally efficient mathematical
model capable of providing analytical solutions for predicting SSC
based on resuspension, deposition, and advection was established.
The DASSC was decomposed into 35 quasiharmonic terms,
including a primary fortnightly term generated by the combined
action of the M, and S, currents. The fortnightly term had a
frequency of 1.0159° h™!, which is the difference between the
frequencies of the M, and S, tides.

Although the observational sites in this study did not detect a
significant influence of shallow water tides on the fortnightly
variations of SSC, the quasi-harmonic analysis results indicate
that in certain narrow bay heads, due to nonlinear tidal
interactions, the relationship between the phase of the M, tidal
elevation and the phase of the M, tidal current can significantly
impact the mean SSC during the fortnightly cycle, as well as the
amplitude of the M, tidal elevation. Furthermore, the MS, tidal
elevation can affect the amplitude of fortnightly SSC fluctuations.

The conditions of application of the quasi-harmonic analytical
solution are as follows: (1) The difference in the direction of ebb and
flow is close to 180°. (2) The wave action is weak. (3) M, is the main
component of the tides and tidal currents. (4) Half of the tidal range
is much lower than the water depth. In regions where tidal currents
exhibit rotary flow characteristics, the effectiveness of this method is
constrained by the direction of the residual current and the
concentration gradient. Specifically, if the residual current is
strong or the concentration gradient is large, and if their
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directions deviate significantly from the main flow directions
during flood and ebb tides, the predicted suspended sediment
concentration using this method may yield relatively larger errors.

The two peaks of the DASSC in the two contiguous quarter-
diurnal periods in this study were asymmetric during the semi-diurnal
period. The direction and velocity of the residual current influenced
the order of the high and low DASSC peaks in the semi-diurnal period
and the magnitude of the peak asymmetry, respectively.

The resuspension properties of the sediment only affect the
amplitude of the fortnightly DASSC term and do not affect the
phase. The deposition properties affected both the amplitude and
the phase of the fortnightly DASSC term.
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