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Tides are of great importance for ocean mixing and nearshore ocean

engineering. Bottom friction is a major factor in tidal dissipation and is usually

parameterized by the bottom friction coefficient (BFC). BFC is a critical

parameter in numerical tidal models and is known to vary with time and space,

as calculated with measured data. However, it is difficult to accurately adjust the

spatially-temporally varying BFC in numerical tidal models. Based on the

relationship between the spatially-temporally varying BFC estimated by adjoint

data assimilation and the simultaneously simulated current speed, an empirical

formula of BFC with a dependence on the current speed is proposed. This new

empirical formula of BFC is compared with several traditional empirical formulas,

including the constant BFC, the Chezy-Manning BFC, and two depth-dependent

BFCs. When the four principal tidal constituents (M2, S2, K1, and O1) in the Bohai,

Yellow and East China Seas (BYECS) are simulated, the mean vector error

between the simulated results obtained using the current speed-dependent

BFC and the TOPEX/Poseidon satellite altimetry data (the tidal gauge data) is

8.81 cm (10.62 cm), which is decreased by up to 8.1% (18.2%) compared with

those using the several commonly used empirical formulas of BFC. Furthermore,

in the sensitivity experiments where only theM2 tide in the BYECS, theM2, S2, K1,

and O1 tides in the Bohai and Yellow Sea (BYS), and the M2, S2, K1, and O1 tides in

the South China Sea (SCS) are simulated, the errors between the simulated

results obtained by using current speed-dependent BFC and the tidal gauge data

are less than those using the other empirical formulas of BFC, further

demonstrating the superiority of the current speed-dependent BFC proposed

in this study. From numerical model experiments, the current speed-dependent

BFC can adequately reflect the spatial and temporal variations of BFC and

improve the simulation accuracy of tides, thus having a broad application scope.

KEYWORDS

tide, bottom friction coefficient, satellite altimetry data, harmonic constants, Bohai,
Yellow and East China Seas, spatially-temporally varying
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1 Introduction

Bottom friction plays a critical role in the energy balance and

dissipation of the ocean dynamical system (Munk, 1997; Kagan

et al., 2012) as well as in the transport of sediments. In the Bohai,

Yellow, and East China Seas (BYECS), tidal dissipation has a strong

influence on M2 and S2 tides, and 80% of the tidal energy in this

region is dissipated by bottom friction (Teng et al., 2016). The

bottom friction coefficient (BFC), as an important parameter to

characterize the bottom friction, is one of the key parameters

affecting the accuracy of the simulation of tide, storm surge and

suspended sediment transport (Fan et al., 2019; Qian et al., 2021).

However, BFC cannot be obtained by direct observations and is

difficult to accurately set in numerical models. The setting of BFC

will affect the parameterization of bottom friction, and have a

further influence on the effectiveness and accuracy of numerical

simulations (Nicolle and Karpytchev, 2007; Zhang et al., 2011; Song

et al., 2013). Therefore, it is important to choose a reasonable

formula of BFC for the numerical simulation of tides and

storm tides.

For numerically simulating tides and storm tides, the traditional

settings of BFC are as follows. (1) Uniform constant throughout the

simulated spatial and temporal regions (Fang and Yang, 1985; Lee

and Jung, 1999; Egbert et al., 2004). Previous studies have shown

that the optimization of the constant BFC from 1×10-3 to 1×10-2 has

little effect on tidal simulations on a global scale, but it can improve

simulation results regionally, especially for the continental shelf

(Lyard et al., 2006; Pringle et al., 2018). In Teng et al. (2016), the

BFC in BYECS is constant and the optimal value is 0.00125, which is

different from the traditional BFC value of 0.0015 in BYECS. In

addition, previous studies have determined the optimal value of the

BFC for simulating tides in the Bohai Sea and Yellow Sea to be

2.6×10-3 and 1.3×10-3, respectively (An, 1977; Zhou and Fang,

1987), and for the Taiwan Strait, the optimal BFC value of 2×10-3

has been identified (Fang and Yang, 1985). (2) BFC is different

among subregions, i.e., the simulated area is divided into several

subregions and the BFC is set to be different constant values in

different subregions. Zhao (1994) divided the study area into several

subregions and set different BFC values (0.0035 for the Korea/

Tsushima Strait and 0.0016 for other regions) when they simulated

tides in the East China Sea. He et al. (2004) studied the shallow

water tides in the Bohai and Yellow Seas by dividing the simulated

area into five subregions with different BFCs and then using the

adjoint data assimilation to optimize the constant BFCs in the five

sub-areas simultaneously. The mean value of the optimized BFC

was 1.346×10-3 in the Bohai Sea and 1.339×10-3 in the Yellow Sea.

Wang et al. (2022) defined multiple subregions for the European

shelf and Hudson Bay-Labrador region and a single subregion for

other coastal regions for accurate estimation of the BFC. (3)

Manning’s formula, in which the BFC is calculated as a function

of water depth. Manning’s formula is one of the widely used

formulations in oceanographic models such as FVCOM.

Numerical experiments showed the smallest error was obtained in

most basins and marginal seas when the Manning’s n coefficient

was taken as 0.028 (Blakely et al., 2022). Gad et al. (2013) simulated

sediment transport near the channel at the entrance of the harbor
Frontiers in Marine Science 02
with different BFCs considered by defining two different Manning’s

n coefficients for shallow and deep water. Relying on the

sedimentological observations, the spatially varying BFC was

represented as a segmented constant field based on the

distribution of sediment types observed in different locations

(Warder and Piggott, 2022). Similarly, Mackie et al. (2021)

applied Manning’s n coefficients obtained from sedimentological

observations to the model of Irish Sea. In addition, the BFC was

enhanced around the target area to optimize model performance.

(4) Spatially or temporally varying BFCs estimated using data

assimilation methods. The data assimilation method can estimate

the variable parameters of a model over time or space while

minimizing differences between simulated results and observed

data (Fringer et al., 2019). The adjoint data assimilation is

gradually becoming widely used, and some work has estimated

spatially or temporally varying BFCs in combination with a large

number of observations from different parts of the world’s oceans.

Utilizing ADCP data collected from mobile vessels, Ullman and

Wilson (1998) applied the method of adjoint data assimilation to

derive an estimation of the BFC for the Hudson Estuary.

Assimilating multisource observational data using adjoint data

assimilation, Heemink et al. (2002) estimated Chezy coefficients

that vary spatially within the BFC formulation. The assimilation of

satellite observations in the Bohai and Yellow Sea (BYS) (Lu and

Zhang, 2006), the BYECS (Zhang and Lu, 2010; Zhang et al., 2011;

Qian et al., 2021), and the South China Sea (Gao et al., 2015) has

also enabled the estimation of spatially varying BFCs using the

adjoint data assimilation method. Apart from utilizing adjoint data

assimilation, a variety of different data assimilation methods have

been employed to estimate the BFC in numerical models. Mayo

et al. (2014) used a Manning’s form of the BFC and estimated the

Manning’s n coefficient for the spatially varying bottom roughness

in a circulation model in Galveston Bay with singular evolutionary

interpolation Kalman filters. Slivinski et al. (2017) and Siripatana

et al. (2018) similarly used a Manning’s form of the BFC and used

the ensemble Kalman filter to improve the efficiency of estimating

the spatially varying Manning’s n coefficient. Demissie and

Bacopoulos (2017) applied Nudging analysis to optimize the

anisotropic Manning’s n coefficient.

A number of observational studies have shown that the BFC

varies spatially and temporally. Lozovatsky et al. (2008) found that

the BFC in the northwestern East China Sea exhibited temporal

variability. Fan et al. (2019) estimated the variability of the BFC

caused by the currents through the analysis of observations in the

shelf seas of the East China Sea, and the spatially and temporally

varying BFC lied within the range of 10-3-10-2 at all stations.

Further, there are many studies exploring the relationship

between BFC and current speed through observations. Based on

the observations in San Francisco Bay, Cheng et al. (1999)

determined that the BFC varied from spring tides to neap tides,

and established a critical value of 0.25-0.30 m/s for the change of

relations between BFC and current speed. Wang et al. (2004) found

that as the current speed surpassed 0.3 m/s, there was a reduction in

the estimated BFC within northern Jiangsu intertidal area, China.

Based on the observation data, the estimation of BFC in the Yellow

Sea was found to vary over time and decrease with an increase in the
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average current speed, according to the findings of Liu and Wei

(2007). Through the analysis of observations, Xu et al. (2017)

estimated the BFC in Xiangshan Bay and found a correlation

between the temporal variation in BFC and changes in current

speed. As seen above, the temporally and spatially varying BFC is

consistent with reality, but the inability to reasonably set the BFC to

be temporally and spatially varying in oceanographic models has

been a constraint on the development of the ocean models.

Wang et al. (2021) achieved significant results for the first time

in the BYECS by implementing the adjoint data assimilation

method to assimilate the tidal harmonic constants of the four

principal tidal constituents M2, S2, K1, and O1 and estimate the

spatially-temporally varying BFC. The relationships of the

estimated BFC with water depth and that with current speed

agree well with those observed by previous studies (Fan et al.,

2019), showing the reasonability of the estimated spatially-

temporally varying BFC. In this paper, based on the estimated

spatial and temporal distribution of BFC and its relationship with

current speed inWang et al. (2021), an attempt is made to propose a

new empirical formula of BFC with spatial and temporal variations.

In addition, the new empirical formula of BFC is compared with

several traditional empirical formulas to analyze its effectiveness

and superiority. The structure of this paper is as follows: Section 2

outlines the proposed new empirical formula of the BFC; Section 3

presents the two-dimensional multi-constituent tidal model and the

model setup; Section 4 shows the numerical experiments to

compare the empirical formulas of BFC in the BYECS; the

discussions is presented in Section 5; and Section 6 summarizes

this work.
2 Empirical formula obtained from
the relationship between BFC and
current speed

The observations in different oceanographic regions of the

world show that BFC is actually spatially and temporally variable,

specifically, BFC is inextricably related to current speed, and the

study of BFC variation with current speed dates back to the 1970s.

Ludwick (1975) analyzed the current speed at the entrance of

Chesapeake Bay with an average water depth of 12 m and found

that BFC varied with current speed, even across multiple orders of
Frontiers in Marine Science 03
magnitude. Cheng et al. (1999) and Wang et al. (2004) both pointed

out that the nodal value of BFC variation with current speed was

about 0.3 m/s and inversely proportional to the current speed. Safak

(2016) investigated the variation of bed drag at a station with water

depth of 5 m on a muddy shelf using field observations and found

that BFC tended to decrease with increasing current speed, which

may be due to that the greater current speed would take away the

suspended mass. In the East China Shelf Seas, Fan et al. (2019)

conducted an analysis of the measurements of waves, currents, and

turbulence at eight mooring stations with varying water depths

ranging from 6.3 m to 73.7 m. The study revealed that the variations

in current-induced BFC exhibited no discernible correlation with

water depth and demonstrated a decrease as the current intensified.

Wang et al. (2021) applied adjoint data assimilation to

assimilate TOPEX/Poseidon (T/P) satellite altimetry data in the

BYECS and to estimate the spatial and temporal distribution of

BFC. The relationship between the estimated BFC and current

speed was obtained by dividing the simulated current speed into

groups with an interval of 0.01 m/s and averaging the estimated

spatially-temporally varying BFC corresponding to the values of

current speed within each group (Figure 1). The BFC exhibits an

increasing trend when the current speed is below 0.31 m/s, whereas

it shows a decreasing trend as the current speed increases when the

current speed exceeds the critical speed above. The above

relationship between the estimated BFC and current speed is very

similar to those obtained by analyzing observed data in Cheng et al.

(1999) and Wang et al. (2004).

Based on the relationship between current speed and BFC

obtained by Wang et al. (2021), we explored various approaches,

including power, logarithmic, polynomial functions, and spatial

fitting. Ultimately, we selected the polynomial fitting algorithm to

propose a function describing the association of both variables in

this study due to its superior fitting effect. Before fitting the data,

outliers were removed, and the fitting interval was determined

based on the trend of the curve. For the current speed range of 0-

0.5 m/s, we opted for a cubic polynomial, as it demonstrated better

fitting performance compared to a quadratic polynomial. In the

range of 0.5-2.2 m/s, which exhibited a parabolic shape, a quadratic

polynomial was employed for fitting, resulting in an R2 value

exceeding 0.9. Furthermore, for the range of 2.2-3.2 m/s, linear

fitting outperformed other methods with an R2 value above 0.7.

Notably, when the current speed exceeded 3.2 m/s, one or several

values significantly deviated from the rest, which were identified as
FIGURE 1

Relationship between BFC and current speed in Wang et al. (blue circle line) and the fitted empirical formula of BFC with a dependence on the
current speed (red line). The light blue circles indicate the outliers and the black dashed lines indicate the breakpoints.
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outliers. In this case, the BFC was considered a constant of

0.000015. The resulting empirical formula of BFC with a

dependence on the current speed was termed the “current speed-

dependent BFC” and is presented below:

k =

(15:1 − 176:6s3 + 113:1s2 − 7:77983s)� 10−4, s < 0:5

(28:5 + 5:6376s2 − 24:8s)� 10−4, 0:5 ≤ s < 2:2

(3:86559 − 1:18963s)� 10−4, 2:2 ≤ s < 3:2

0:000015, s ≥ 3:2

8>>>>><
>>>>>:

(1)

where s is the current speed (unit: m/s) and k is the BFC. As the

current speed is spatially and temporally varying, the current speed-

dependent BFC is also spatially and temporally variable.
3 Models

3.1 Two-dimensional multi-constituent
tidal model

The governing equation of the two-dimensional (2D) depth-

averaged multi-constituent tidal model is as follows (Wang et al.,

2021):

∂ z
∂ t

+
1
a
∂½(h + z )u�

∂ l
+
1
a
∂½(h + z )v cos f�

∂ f
= 0 (2)

∂ u
∂ t

+
u
a
∂ u
∂ l

+
v
R
∂ u
∂ f

−
uv tan f

R
− fv +

ku
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 + v2

p

h + z
− ADu +

g
a
∂ (z − �z )

∂ l
= 0

(3)

∂ v
∂ t

+
u
a
∂ v
∂l

+
v
R
∂ v
∂ f

+
u2 tan f

R
+ fu +

kv
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 + v2

p

h + z
− ADv +

g
R
∂ (z − �z )

∂ f
= 0

(4)

Where z  is the sea surface elevation above the undisturbed sea

level; t is time; f and l are north latitude and east longitude,

respectively; R is the radius of the Earth; a = Rcosf; h is the depth of

water; u and v are the east-west and north-south velocity

components, respectively; g is the gravitational acceleration; f is

the parameter of Coriolis; k represents the BFC, which describes the

bottom friction; A is the eddy viscosity coefficient in the horizontal
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direction, �z is the adjusted height of the equilibrium tide, which was

calculated according to Fang et al. (1999) and Gao et al. (2015); and

D is the Laplace operator, which is expressed as:

D(u, v) = a−1 a−1 ∂l ∂l u, vð Þð Þ + R−1 ∂f cos f ∂f u, vð Þ� �� �
(5)

At the solid boundary, the velocity components at normal

direction are 0. At the open boundary, the variation of water

elevation resulting from the tide is calculated as follows:

z (t) = o
M

m=1
FmAm cos wmt + Vm + Um − Gmð Þ (6)

which involves various tidal parameters, including the

amplitude (A), the phase lag (G) in UTC, the nodal factor (F), the

initial phase angle (V) of the equilibrium tide, the nodal angle (U),

the angular speed (w) of the tidal constituent, the mth tidal

constituent (m), and the number of tidal constituents (M). In

addition, the discretization and scheme of the model are

consistent with those shown in Lu and Zhang (2006).
3.2 Model settings

The study area was set to the BYECS with a horizon resolution

of 1/6° × 1/6° (Figure 2). A time-step of 80s was chosen for the

simulation. According to Fang (2004), the simulation included four

fundamental constituents M2, S2, K1, and O1. And the open

boundaries were selected along the Korean Strait, Tsushima Strait,

Osumi Strait, Ryukyu Islands, Okinawa Trough, and Taiwan Strait

(Figure 2). The tidal inversion software developed by Oregon State

University was used to obtain the time series of tidal levels at the

open boundary (Egbert and Erofeeva, 2002). The simulation was

carried out for a period of 30 days, commencing from the static

water state (z, u, v = 0) on 1 January 2010. The simulation in the

first 15 days was sufficient to allow the simulated four tidal

constituents to be stable (Cao et al., 2015). Consequently, the

simulated results from the latter half of the simulation period (the

last 15 days) were utilized for analysis, focusing on obtaining the

simulated harmonic constants.

In this work, the accuracy of the numerical tidal simulation was

evaluated using T/P satellite altimetry and tidal gauge data. T/P

satellite altimetry data included tidal harmonic constant data

(amplitude and phase lag) of the four fundamental tidal
FIGURE 2

(A) Location of the BYECS and SCS (rectangle with dashed lines); (B) Water depths and positions of tidal gauge stations (red circles), T/P satellite
tracks (pink dots), open boundaries of the BYECS (blue circles) and BYS (purple circles). (C) Same as (B) but for the SCS.
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constituents (M2, S2, K1, and O1) from CTOH/LEGOS, France

(http://ctoh.legos.obs-mip.fr), and the spatial distribution is

shown in Figure 2. For coastal regions, tidal gauge stations, a

traditional tool for obtaining tidal observations, provided accurate

tidal information. The harmonic constants of four fundamental

tidal constituents (M2, S2, K1, and O1) at coastal tidal gauge

stations were obtained from Lu and Zhang (2006), and the

distribution is shown in Figure 2. For coastal regions, tidal gauge

stations, a traditional tool for obtaining tidal observations, provided

accurate tidal information. The distribution of coastal tidal gauge

stations is also shown in Figure 2. The accuracy of the numerical

tidal simulation was analyzed by two metrics: the mean absolute

error (MAE) and the vector error (VE) between the simulated

harmonic constants and the observed results from T/P satellite

altimeters and tide gauge stations. And the VE is calculated as

follows (Fang, 2004):

VE =
1
M o

M

m=1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�Am cos �Gm − Am cosGmð Þ2+ �Am sin �Gm − Am sinGmð Þ2

q
(7)

where VE is the vector error for one tidal constituent; �A (A) and
�G (G) are the observed (simulated) amplitude and phase lag of this

tidal constituent; and M is the number of observations.
4 Benchmark experiments

4.1 Experimental design

In order to evaluate the newly proposed empirical formula of

BFC, the group of numerical experiment E1 was designed to

compare it with the other widely used parameterization schemes

of BFC in the BYECS. In numerical experiment E1-1, BFC was set as

a constant value of 0.0015 in the BYECS (Lee and Jung, 1999),

which was referred to as “constant BFC”. In numerical experiment

E1-2, BFC was set with a form related to water depth, as used in

Kang et al. (1998). In detail, BFC was defined as k=g/C2=gn2/h1/3,

where g is the acceleration due to gravity, as above; C is the Chezy

coefficient, and n is Manning’s n coefficient and set as 0.023

(Herrling and Winter, 2015; Mardani et al., 2020), its unit is s/m1/

3. This empirical formula of BFC has been widely applied in ocean

models, such as FVCOM, and was referred to as “Chezy-Manning
Frontiers in Marine Science 05
BFC”. In numerical experiment E1-3, BFC was related to water

depth according to the relationship between the estimated BFC and

water depth in the BYECS obtained from Wang et al. (2021), as

shown in Figure 3. The fitted relationship between BFC and water

depth is shown in Equation (8) and Figure 3, with R2 of 0.89 for the

110 m-600 m segment and R2 above 0.9 for the other segments. The

empirical formula of BFC used in E1-3 was called “depth-dependent

BFC”. In numerical experiment E1-4, the new empirical formula of

BFC named “current speed-dependent BFC” was used. In all the

above numerical experiments numbered with the prefix of “E1”,

four basic tidal constituentsM2, S2, K1, andO1 were simulated in the

BYECS. The specific model setup configurations for those

experiments are provided in Table 1.

k =

(182 − 3:06225h)� 10−5, h < 20

(120 + 0:956677h − 0:00272459h2)� 10−5, 20 ≤ h < 110

0:00293 + (0:0530021h4 − 89:7801h3 + 54894:9h2 − 14447500h)� 10−12, 110 ≤ h < 600

0:0015, h > 600

8>>>>><
>>>>>:

(8)

where h is the depth of water and k is the parameter BFC.
4.2 Experimental results

The simulated results in the experiment group E1 were compared

with the satellite altimetry and tidal gauge data, and the results are

presented in Table 2. As shown in Table 2, most results of numerical

experiment E1-2 have the largest deviation from the satellite altimetry

data. The VEs for the M2, S2, K1, and O1 tides are 21.54 cm, 8.21 cm,

3.81 cm, and 4.78 cm, which are larger than the other three

experiments except for O1 in E1-3. The mean of VEs (MVE) of the

simulated tidal constituents in E1-2 is 9.59 cm, which is the largest

among all experiments, indicating that the simulated results obtained

using Chezy-Manning BFC have the largest error. The VEs of the four

tidal constituents in E1-4 are 19.83 cm, 7.52 cm, 3.41cm, and 4.47 cm,

respectively. The MVE in E1-4 is 8.81 cm, which is decreased by 3.6%,

8.1%, and 1.0% compared to E1-1, E1-2, and E1-3, respectively. The

above results show that the current speed-dependent BFC will

improve the simulation accuracy of tides in the BYECS. As listed in

Table 2, when compared to the tidal gauge data, the VEs forM2, S2,K1,

and O1 in E1-2 are 28.18 cm, 11.16 cm, 5.53 cm, and 7.07 cm,

respectively, which are much larger than those in other experiments.
FIGURE 3

Relationship between BFC and water depth in Wang et al. (blue circle line) and the fitted curve (red line). The black dashed lines indicate the interval
end points.
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The VEs forM2, S2,K1, andO1 in E1-4 are 22.55 cm, 9.03 cm, 4.81 cm,

and 6.10 cm, respectively, and all of them are less than those in other

experiments. The MVE in E1-4 is 10.62 cm, which is less than

12.21 cm in E1-1, 12.98 cm in E1-2, and 12.09 cm in E1-3, showing
Frontiers in Marine Science 06
again that the current speed-dependent BFC will improve the

simulation accuracy of tides in the BYECS. Although the MVE is

decreased by only 1 cm compared with the tidal gauge data, the

simulation accuracy in E1-4 is improved by 18.2% compared to that in
TABLE 2 Deviation of simulation results for M2, S2, K1, and O1..

Deviation of M2 Deviation of S2 Deviation of K1 Deviation of O1

No.
MAE VE MAE VE MAE VE MAE VE MVE

amp1 pha2 amp1 pha2 amp1 pha2 amp1 pha2

Compared with satellite
altimetry data

E1-1 11.67 9.46 20.38 4.59 9.06 7.79 1.65 7.55 3.61 2.24 15.06 4.77 9.14

E1-2 12.71 9.65 21.54 5.07 9.36 8.21 1.72 8.22 3.81 2.36 14.87 4.78 9.59

E1-3 11.04 9.31 19.69 4.31 8.79 7.44 1.79 7.35 3.63 2.28 15.44 4.86 8.90

E1-4 11.79 8.99 19.83 4.64 7.95 7.52 1.48 7.22 3.41 2.09 14.09 4.47 8.81

SE1-1 / / 20.90 / / 8.01 / / 3.20 / / 4.51 9.16

Compared with tidal gauge
data

E1-1 9.79 11.58 26.19 3.69 12.84 10.48 3.39 8.22 5.31 3.03 17.19 6.86 12.21

E1-2 10.67 12.73 28.18 4.56 13.59 11.16 3.66 8.47 5.53 3.22 17.44 7.07 12.98

E1-3 9.76 11.39 25.71 3.56 12.48 10.14 3.70 8.05 5.50 3.15 17.64 7.00 12.09

E1-4 10.41 9.27 22.55 4.28 9.47 9.03 2.82 7.75 4.81 2.69 15.17 6.10 10.62

SE1-1 / / 25.84 / / 10.75 / / 4.65 / / 6.26 11.88
frontie
1 amplitude (cm), 2 phase lag (°), VE (cm), MVE (cm).
The “/” indicates that this data was not calculated.
TABLE 1 Design of numerical experiments.

Group Study Area No. Tidal Constituents BFC

E1 BYECS

E1-1 M2, S2, K1, O1 Constant BFC

E1-2 M2, S2, K1, O1 Chezy-Manning BFC

E1-3 M2, S2, K1, O1 Depth-dependent BFC

E1-4 M2, S2, K1, O1 Current speed-dependent BFC

E2 BYS

E2-1 M2, S2, K1, O1 Constant BFC

E2-2 M2, S2, K1, O1 Chezy-Manning BFC

E2-3 M2, S2, K1, O1 Depth-dependent BFC

E2-4 M2, S2, K1, O1 Current speed-dependent BFC

E3 BYECS

E3-1 M2 Constant BFC

E3-2 M2 Chezy-Manning BFC

E3-3 M2 Depth-dependent BFC

E3-4 M2 Current speed-dependent BFC

SE1

BYECS SE1-1 M2, S2, K1, O1

Depth-dependent BFC (Wang et al., 2014)BYS SE1-2 M2, S2, K1, O1

BYECS SE1-3 M2

SE2 SCS

SE2-1 M2, S2, K1, O1 Constant BFC

SE2-2 M2, S2, K1, O1 Chezy-Manning BFC

SE2-3 M2, S2, K1, O1 Depth-dependent BFC

SE2-4 M2, S2, K1, O1 Current speed-dependent BFC

SE2-5 M2, S2, K1, O1 Depth-dependent BFC (Wang et al., 2014)
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E1-2. The aforementioned results indicate that the current speed-

dependent BFC proposed in this study is much more reasonable than

the other schemes of BFC in the BYECS. TheMVE for tidal gauge data

after data assimilation in Wang et al. (2021) is just 6.90 cm and much

less than 10.62 cm in E1-4, as the current speed-dependent BFC in E1-

4 is in fact the smoothing and simplified result of the freely estimated

BFC in Wang et al. (2021). As the estimated spatially and temporally

varying BFC in Wang et al. (2021) cannot be used for other tidal

models and other areas, the current speed-dependent BFC in E1-4 has

the advantage to be widely used and decrease the simulation errors for

other models and other areas.

Figure 4 shows the MVE between the simulated results in four

experiments in E1 and tidal gauge data. The proportion of MVE ≤

10cm in E1-4 is about 31%, which is significantly larger than those

in E1-1, E1-2, and E1-3. The cumulative percentage of MVE ≤ 30cm

and MVE ≤ 40cm in E1-4 are 70% and 87%, respectively, which are

also significantly larger than those in the other three experiments.

The above results show that the current speed-dependent BFC can

increase the quantity of small MVEs while decreasing the number of

large MVEs to improve the overall simulation accuracy. Figure 5

shows the MVE between the simulated results of the four

experiments of Group E1 and the observation at each tidal gauge

station in the BYECS. At most of the tidal gauge stations, the MVEs

in E1-4 are not larger than those in E1-1, E1-2, and E1-3. In

particular, at the tidal gauge stations numbered 4, 12, 18, 20, 21, 24,

25, 30-33, 36-38, and 41-45, the MVEs in E1-4 are significantly less

than those in the other three experiments. The stations of the tide

gauge where the simulation results obtained using the current

speed-dependent BFC outperform the other three schemes are

referred to as the improved stations. As shown in Figure 6, the

improved stations in the Group E1 experiments are primarily

located in the eastern part of the Bohai Sea, the Yellow Sea, off

Hangzhou Bay, and near the Korean Strait.

In summary, the simulation results for the four basic tidal

constituents in E1-4 come closest to the satellite altimetry and tidal
Frontiers in Marine Science 07
gauge data, indicating that the current speed-dependent BFC is

more reasonable than the constant BFC, Chezy-Manning BFC, and

depth-dependent BFC. Specifically, the scatterplot in Figure 7

illustrates that over 95% of the amplitude and phase lag

calculated from the E1-4 simulation results fall within the range

of 0.5 to 2 times those obtained from the tidal gauge observations.

The correlation coefficients between the observed harmonic

constants and the corresponding simulations for the four tidal

constituents are at least 0.90. Similarly, the comparison between

the E1-4 simulation and the satellite altimetry data (Figure 7) leads

to a similar conclusion and the correlation coefficients between

them are not less than 0.88. The cotidal charts of the four tidal

constituents in E1-4 (Figure 8) show the same pattern as those in

Fang (2004) and Wang et al. (2021) in terms of the distribution of

amphidromous points, amplitudes, and co-phase lines.

Furthermore, the tidal ellipses of the four tidal constituents

obtained in E1-4 (Figure 9) are generally in agreement with the

results in Fang (1994); Guo and Yanagi (1998), and Wang et al.

(2021). These findings further demonstrate that the current speed-

dependent BFC leads to improved simulation results for the four

tidal constituents in the BYECS. Collectively, the aforementioned

results provide strong evidence that the current speed-dependent

BFC proposed in this study is considerably more reasonable

compared to the other three empirical formulas of BFC, resulting

in significantly improved simulated results for multi-constituent

tides in the BYECS.
5 Discussions

It is necessary to be noted that the newly proposed empirical

formula of current speed-dependent BFC is based on the fitted

results of the spatially-temporally varying BFC versus the current

speed obtained by Wang et al. (2021) in the BYECS. Thus, it is

unsurprising that the current speed-dependent BFC performs well
FIGURE 4

Distribution of the MVE between the simulated results and tidal gauge data in E1-1, E1-2, E1-3, and E1-4.
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in simulations of M2, S2, K1, and O1 in the same region. In the

discussions, the current speed-dependent BFC was applied to

simulate four tidal constituents in the BYS, only M2 in the

BYECS, and four tidal constituents in the South China Sea (SCS)

to further investigate the applicability and advantages of this new

empirical formula. Furthermore, the spatial and temporal

distribution of BFC obtained using this new empirical formula

were also discussed.
Frontiers in Marine Science 08
5.1 Application in the simulation of four
tidal constituents in the BYS

In the group of sensitivity experiment E2, simulations of the

four main tidal constituents were carried out in the BYS to evaluate

the applicability of different BFC schemes. The constant BFC,

Chezy-Manning BFC, depth-dependent BFC, and current speed-

dependent BFC were used in experiments E2-1 to E2-4, respectively.
FIGURE 6

Distribution of the improved stations in E1-4, E2-4, and E3-4.
FIGURE 5

MVE between the simulated results and each tidal gauge station data in E1-1, E1-2, E1-3, and E1-4.
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Some specific model settings for those experiments are shown in

Table 1, and the rest of the settings were consistent with those of

experiment E1.

The simulated results of sensitivity experiment E2 were

compared with the satellite altimetry and tidal gauge data, as

shown in Table 3. The MVE between simulation results and tidal

gauge data in E2-4 is 10.61cm, which is less than 11.13 cm in E2-1,

11.87 cm in E2-2, and 11.17 cm in E2-3, amounting to an

improvement of at least 4.7%. Specifically, VEs for all the four

tidal constituents in E2-4 are less than those in E2-1, E2-2, and E2-

3, of which the E2-2 results obtained with Chezy-Manning BFC

show the largest error. As shown in Figure 6, improved stations in

E2-4 account for about half of all gauge stations used for verification

in the BYS, mostly located in coastal areas such as the Gulf of Korea

and Gyeonggi Bay.
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In addition, the MVE between the simulation results and the T/

P satellite altimetry data in E2-4 is larger than those in E2-1, E2-2,

and E2-3 by 4.4%, 4.9%, and 2.8% (Table 3), respectively. It should

be pointed out that the BYS is shallow waters with a maximum

depth of about 100 m. Shum et al. (1997) indicated that tidal root

mean square accuracies derived from satellite altimetry data were

within 2-3 cm in deeper waters, but their uncertainty increased

significantly in coastal areas or near shallow seas. The reason is that

satellite altimeter data exhibits geographical variability in shallow

water compared to open oceans (Fok et al., 2010), and they may also

be affected by factors such as coastline and topography

(Cherniawsky et al., 2001) as well as tropospheric and ionospheric

correction models (Lyard et al., 2006; Desportes et al., 2007). Xu and

Chen (2021) characterized the global ocean tides using altimeter

data and found that the amplitude deviation of the M2 tide could
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FIGURE 7

Comparison of simulated results and tidal gauge data in E1-4 (red circle): (A) M2 amplitude, (B) M2 phase lag, (C) S2 amplitude, (D) S2 phase lag, (E) K1

amplitude, (F) K1 phase lag, (G) O1 amplitude, and (H) O1 phase lag. And comparison of simulated results and satellite altimetry data in E1-4 (blue
plus): (I) M2 amplitude, (J) M2 phase lag, (K) S2 amplitude, (L) S2 phase lag, (M) K1 amplitude, (N) K1 phase lag, (O) O1 amplitude, and (P) O1 phase lag.
For reference, the 1:1, 1:2, and 2:1 lines are shown in all figures (solid black line).
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reach 7.49 cm where water depths were less than 200 m, but the

deviation was only 2.15 cm in deeper waters. Taking into

consideration the uncertainty of satellite altimetry data in shallow

water, the negligible difference in the MVEs between the simulation

results and the satellite altimetry data in these experiments could

be ignored.

Overall, when simulating the four principal tidal constituents in

the BYS, the current speed-dependent BFC proposed in this paper

leads to smaller simulation errors than the constant BFC, Chezy-

Manning BFC, and depth-dependent BFC in the MVEs between the

simulated results and tidal gauge data, indicating that this new

empirical formula of BFC is applicable in other sea areas.
5.2 Application in the simulation of only M2
tide in the BYECS

In the group of sensitivity experiment E3, only the tidal

constituent M2 was simulated in the BYECS to compare the

applicability of different schemes of BFC for simulating different

tidal constituents. In sensitivity experiments E3-1 to E3-4, the

constant BFC, the Chezy-Manning BFC, the depth-dependent

BFC, and the current speed-dependent BFC were used,

respectively. Some model preferences of those experiments are
Frontiers in Marine Science 10
presented in Table 1. The remaining model setups were

consistent with those in experiment E1.

As listed in Table 3, the simulated results were compared with

the T/P satellite altimetry and tidal gauge data. The MVE between

simulated results and tidal gauge data in E3-4 is 22.56 cm, which is

significantly less than those of 26.59 cm in E3-1, 28.93 cm in E3-2,

and 25.90 cm in E3-3, amounting to an improvement of at least

12.90%. Comparison between simulation and T/P satellite altimetry

data shows similar results: the MVE in E3-4 is 19.97cm, which is

less than 20.90 cm, 22.13 cm, and 20.15 cm for other three schemes.

The above results indicate that, on the whole, the simulated results

ofM2 tide in the BYECS using the current speed-dependent BFC are

much closer to both the tidal gauge data and the satellite altimetry

data than others. The details of MVE for each experiment in E3 is

shown in Figure 10. The tidal gauge stations with MVE less than or

equal to 40 cm account for 87.3% of the total number of tidal gauge

stations in E3-4, while those are 76.1% in E3-1, 69.0% in E3-2, and

76.1% in E3-3, indicating that the number of tidal gauge stations

with large MVE significantly decreases. Meanwhile, the cumulative

proportions of MVE less than or equal to 10 cm, less than or equal

to 20 cm and less than or equal to 30 cm at the tide gauge stations in

E3-4 are larger than the other three experiments. As shown in

Figure 6, at most of the tide gauge stations, the simulation of theM2

tide using the current speed-dependent BFC in the BYECS in E3-4
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FIGURE 8

Cotidal charts for (A) M2, (B) S2, (C) K1 and (D) O1 in the BYECS obtained in E1-4, where the colored shading and white lines indicate amplitude and
phase lag, respectively.
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are improved compared with the other schemes of BFC, especially

in the Yellow Sea and the south of Hangzhou Bay. Moreover, the

locations of improved stations in E3-4 are similar to those in the

BYECS in E1-4 and in the BYS in E2-4, showing that the

improvement of the newly proposed empirical formula of BFC is

not limited to certain simulated areas or tidal constituent. The

newly proposed empirical formula of BFC is also applicable to

simulation of only M2 tide in the BYECS.
5.3 Comparison with the spatial variation
of BFC explained by water depth

The study of spatially varying BFC obtained through data

assimilation was previously conducted by Wang et al. (2014), and

an empirical formula derived from optimal fitting was found to
Frontiers in Marine Science 11
yield superior results for M2 tidal simulation. Therefore, we

included this scheme for analysis and comparison, as shown in

Table 1. Wang et al. (2014) focused on the quantitative relationship

between BFC and water depth when the water depth is below 100 m.

The fitting function in Wang et al. (2014) is as follows:

k =

1:5363� 10−3, h ≥ 100

(56:8850 + 0:9674h)� 10−5, 30 ≤ h < 100

(100:0 − 0:5413h)� 10−5, h < 30:

8>><
>>:

(9)

Where k is the BFC and h is the water depth. In a similar

manner, we incorporated this scheme as the fifth BFC scheme and

conducted simulations in the base experiment (SE1-1) as well as two

sets of sensitivity experiments (SE1-2 and SE1-3), while

maintaining the remaining model conditions unchanged. The

simulation results are presented in Tables 2, 3.
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FIGURE 9

Tidal current ellipses for (A) M2, (B) S2, (C) K1 and (D) O1 in the BYECS obtained in E1-4.
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As shown in Table 1, the MVE between the simulated results

and the tidal gauge (satellite altimetry data) is 11.88 cm (9.16 cm) in

SE1-1 using the depth-dependent BFC in Wang et al. (2014), which

is much larger than those in E1-4 using the proposed current speed-

dependent BFC. When four tidal constituents were simulated in the

BYS, the simulated results in SE1-2 using the depth-dependent BFC

in Wang et al. (2014) are much far from both the tidal gauge data

and satellite altimetry data than the simulated results using the

current speed-dependent BFC in E2-4, as listed in Tables 2, 3. The

similar result is also obtained when only M2 tide was simulated in

the BYECS. From the experimental results, the depth-dependent

BFC in Wang et al. (2014) has an advantage over the Chezy-

Manning scheme in terms of its ability to simulate the M2, but its

simulation error is still higher than that of the newly proposed

current speed-dependent BFC scheme.
5.4 Application in the simulation of four
tidal constituents in the SCS

The above experiments were implemented only in the BYECS,

so the SCS was selected as a separate study area to verify the

different schemes of BFC. Another group of sensitivity experiments

(SE2) was set up in the SCS. The model boundaries and distribution

of validation data are shown in Figure 2C, and the model setup

remained unchanged except for the experimental region. The four

principal tidal constituents (M2, S2, K1, and O1) were simulated in

the SCS with five different schemes of BFC, as listed in Table 1.

From Table 3, the MVE between the tidal gauge data and the

simulated results in SE2-1, SE2-2, SE2-3, SE2-4, and SE2-5 are
Frontiers in Marine Science 12
18.52 cm, 19.32 cm, 18.41 cm, 18.11 cm, and 18.87 cm, respectively,

indicating that the smallest simulated error was achieved when the

current speed-dependent BFC was used in SE2-4. Similarly, the MVE

between the satellite altimetry data and the simulated results in SE2-4 is

less than those in other experiments. The aforementioned results show

that the proposed current speed-dependent BFC is also preferable than

the other schemes of BFC in the SCS, further demonstrating the

superiority of the current speed-dependent BFC proposed in this study.

In terms of MVE performance, despite the new formula’s

improvement capability within 1cm, it still provides an

enhancement of about 10% in the tidal gauge data, both in

BYECS and in the sensitive experiments of SCS. In addition, as

can be seen from the histograms in Figures 4, 10, the discrepancy of

the simulation results of the new formula can be effectively reduced.

In physical terms, the new formula produces result that closely

align with the observed behavior of the BFC in relation to current

speed (Cheng et al., 1999; Wang et al., 2004; Safak (2016); Fan et al.,

2019). Furthermore, in practical scenarios where the current speed

undergoes temporal variations, such as in pipes or oceans, the

Reynolds number of the current changes, and consequently, the

current regime may also change. It is reasonable to believe that this

introduces a potential time variation in the friction factor.
5.5 Spatial and temporal distributions of
the current speed-dependent BFC

The BFC is of great importance for numerical simulations in

shallow waters and must be accurately set. The new empirical

formula of BFC with a dependence on the current speed in this
TABLE 3 Comparison of the simulated and observed results of the four principal tidal constituents.

Compared with tidal gauge data (cm) Compared with satellite altimetry data (cm)

No. VE of M2 VE of S2 VE of K1 VE of O1 MVE VE of M2 VE of S2 VE of K1 VE of O1 MVE

E2-1 22.64 9.02 4.76 8.10 11.13 13.99 5.83 2.64 5.67 7.03

E2-2 24.12 9.58 5.20 8.57 11.87 13.73 5.62 2.91 5.75 7.00

E2-3 22.58 8.98 4.95 8.15 11.17 14.15 5.98 2.69 5.73 7.14

E2-4 21.92 8.43 4.62 7.47 10.61 15.20 6.08 2.74 5.34 7.34

SE1-2 22.25 8.62 4.63 7.46 10.74 15.44 6.22 2.74 5.34 7.43

E3-1 26.59 / / / 26.59 20.90 / / / 20.90

E3-2 28.93 / / / 28.93 22.13 / / / 22.13

E3-3 25.90 / / / 25.90 20.15 / / / 20.15

E3-4 22.56 / / / 22.56 19.97 / / / 19.97

SE1-3 27.19 / / / 27.19 21.93 / / / 21.93

SE2-1 20.97 9.00 31.46 12.65 18.52 9.90 3.86 31.17 10.27 13.80

SE2-2 21.29 9.18 33.35 13.47 19.32 9.89 3.96 32.93 11.05 14.46

SE2-3 20.83 8.91 31.05 12.83 18.41 9.85 3.83 30.78 10.36 13.70

SE2-4 20.66 8.57 31.80 11.41 18.11 9.93 3.78 31.91 9.15 13.69

SE2-5 21.16 9.09 33.47 11.76 18.87 10.25 3.86 32.79 9.72 14.15
frontie
The "/" indicates that this data does not exist.
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paper yields better results than the constant BFC, the Chezy-

Manning BFC, and the depth-dependent BFC in the simulation

of four principal tidal constituents in both the BYECS and the BYS,

and the single tidal constituent M2 in the BYECS. Therefore, the

spatial and temporal distributions of BFC in the BYECS obtained

using the new empirical formula were analyzed.

The spatially and temporally varying BFC calculated using the

empirical formula of BFC with a dependence on the current speed

and the simulated sea surface elevation in E1-4 is spatially averaged

in the BYECS to obtain the temporal distribution, which is

displayed in Figure 11A. The period of temporal variation of

spatially averaged sea surface elevation is roughly half-day, which

is about twice as long as the BFC variation, consistent with the

findings in Wang et al. (2021). Furthermore, it is worth noting that

the spatial average of BFC exhibits considerable variability in
Frontiers in Marine Science 13
response to tidal range. As can be seen in Figure 11B, the

temporal variability of spatially averaged BFC in E1-4 is akin to

that of spatially averaged current speed in terms of both frequency

and trend, exhibiting a correlation coefficient of 0.46. The positive

correlation is mainly attributed to the fact that the current speed

ranges from 0 to 0.2 m/s where BFC increases with the increased

current speed as shown in Equation (1) and Figure 1.

Figure 12 displays the spatial distribution of the BFC that has

been averaged over time and the current speed in E1-4. The mean

current speed is relatively larger along the coast of Hangzhou Bay,

West Korea Bay, and Gyeonggi Bay, where the BFC is lower than

0.0016. The temporally averaged BFC is small in the coastal regions

near Hangzhou Bay, the Yangtze Estuary, and Gyeonggi Bay, which

agrees with the pattern shown in Wang et al. (2014) and Lu and

Zhang (2006). Furthermore, the analysis reveals the presence of
B
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FIGURE 10

Distribution of MVE between (A) the simulated results and tidal gauge data, (B) the simulated results and satellite altimetry data in sensitivity
experiments E3-1 to E3-4.
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local minimums in BFC, approximately around 0.0015, near the

amphidromous points in the Bohai Sea and Yellow Sea. And

relatively small values of BFC are observed in West Korea Bay

and Gyeonggi Bay. In contrast, BFC remains relatively constant in

the Okinawa Trough and open waters, potentially attributed to the

stability of current speeds on a temporal scale.
6 Conclusions

The accurate determination of BFC is essential for the

simulation, forecasting, and analysis of tides and sediment

transport. Extensive observational studies have consistently

demonstrated that BFC exhibits spatial and temporal variability

and is influenced by the current speed. However, incorporating the

spatial and temporal variations of BFC into oceanographic models

poses significant challenges. Based on the relationship between the

spatially and temporally varying BFC and current speed obtained by

Wang et al. (2021), a new empirical function of current speed-

dependent BFC is proposed and compared with several traditional
Frontiers in Marine Science 14
methods, including constant BFC, Chezy-Manning BFC and depth-

dependent BFCs.

When simulating the four main tidal constituents in the BYECS,

the MVE between the simulated results and the T/P satellite altimetry

data in E1-4, in which the current speed-dependent BFC is used, is

8.81 cm and much less than those in other experiments. In addition,

the number of the large MVE between the simulated results and the

tidal gauge data in E1-4 is significantly decreased, resulting in the

MVE in E1-4 being 10.62 cm and the model performance is

improved by at least 10.6% compared to the other experiments.

Furthermore, the simulated results in E1-4 captured the features of

the tides and tidal currents in the BYECS. Similarly, whether

simulating the four principal tidal constituents in the BYS, only the

M2 tide in the BYECS and four principal tidal constituents in the SCS,

the simulated results obtained using the current speed-dependent

BFC are much closer to the tidal gauge data than those using the

other empirical formulas of BFC. The results of this paper indicate

that the current speed-dependent BFC is much more applicable and

reasonable than the constant BFC, the Chezy-Manning BFC, and

depth-dependent BFCs.
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FIGURE 11

(A) Time series of spatially averaged BFC (red line) and sea surface elevation (blue line), and (B) time series of spatially averaged BFC (red line) and
current speed (blue line) in E1-4.
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FIGURE 12

(A) Spatial distribution of temporally averaged BFC, and (B) spatial distribution of temporally averaged current speed in E1-4.
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The current speed-dependent BFC, which is newly proposed in

this study, can reflect the influence of current speed on BFC and

show the spatial and temporal characteristics of BFC. So, it has

much more meaningful in physical terms than the traditional

schemes and it is much easier access than the parameter

estimation by using data assimilation. It is much superior to the

traditional empirical formula of BFC and provides a new option for

the setting of BFC in the tidal model. In the future, the effect of

current speed-dependent BFC on the research of temporally varying

mixing and energy will be further studied.
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