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Abstract A high-resolution numerical model system is essen-
tial to resolve multi-scale coastal ocean dynamics. So a multi-
scale unstructured grid-based finite-volume coastal ocean mod-
el (FVCOM) system has been established for the East China
Sea and Changjiang Estuary (ECS—CE) with the aim at resolv-
ing coastal ocean dynamics and understanding different phys-
ical processes. The modeling system consists of a three-

Responsible Editor: Emil Vassilev Stanev

J. Ge (X)) - P. Ding * C. Chen

The State Key Laboratory of Estuarine and Coastal Research,
East China Normal University, 3663 North Zhongshan Road,
Shanghai 200062, China

e-mail: jzge@sklec.ecnu.edu.cn

P. Ding
e-mail: pxding@sklec.ecnu.edu.cn

C. Chen
e-mail: clchen@umassd.edu

C. Chen
School for Marine Science and Technology, University
of Massachusetts—Dartmouth, New Bedford, MA 02744, USA

S. Hu

College of Marine Sciences, Shanghai Ocean University,
Shanghai 201306, People’s Republic of China

e-mail: shu@shou.edu.cn

G. Fu

Yangtze Estuary Waterway Administration Bureau, Ministry

of Communication, Shanghai 200003, People’s Republic of China
e-mail: glss456(@qq.com

L. Wu

The First Institute of Oceanography, State Ocean Administration,
Qingdao 266061, People’s Republic of China

e-mail: wuly@fio.org.cn

domain-nested weather research and forecasting model,
FVCOM model with the inclusion of FVCOM surface wave
model in order to understand the wave—current interactions.
The ECS—CE system contains three different scale models: a
shelf-scale model for the East China Sea, an estuarine-scale
model for the Changjiang Estuary and adjacent region, and a
fine-scale model for the deep waterway regions. These three
FVCOM-based models guarantee the conservation of mass and
momentum transferring from outer domain to inner domain
using the one-way common-grid nesting procedure. The model
system has been validated using data from various observation
data, including surface wind, tides, currents, salinity, and wave
to accurately reveal the multi-scale dynamics of the East China
Sea and Changjiang Estuary. This modeling system has been
demonstrated via application to the seasonal variations of
Changjiang diluted water and the bottom saltwater intrusion
in the North Passage, and it shows strong potential for estuarine
and coastal ocean dynamics and operational forecasting.

Keywords Multi-scale dynamics - FVCOM - Changjiang
Estuary - East China Sea

1 Introduction

Changjiang Estuary is located in the west boundary of the East
China Sea (ECS) shelf, characterized by abundant supplies of
freshwater discharges and sediment from the Changjiang River
(CR), which is the largest river discharging into the ECS
(Fig. 1), with an annual average freshwater discharge of
28,527 m’/s and peak value above 50,000 m*/s during flooding
season (Chen et al. 1999; Ge et al. 2012). The strong freshwater
discharge from the Changjiang River during summer also
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Fig. 1 Bathymetry distributions of the East China Sea shelf (/eff) and
the Changjiang Estuary (right). The thick-black, yellow, and blue ar-
rows indicate the Kuroshio Current, Taiwan Warm Current, and Jiangsu
alongshore current, respectively. The thin black arrows in the dashed
box indicate the Changjiang Diluted Water Current. The magenta points

creates a low-salinity plume around the estuary and the inner
shelf of the ECS. During the flooding summertime, the
Changjiang dilute water mainly has three branches, one merged
into the adjacent Hangzhou Bay, one turned clockwise and
produced significant along-shelf current with southward direc-
tion, and last one flows northeastern under the combined effect
of vortex stretching, monsoon-driven offshore advection, and
internal baroclinic instability (Beardsley et al. 1985; Chang and
Isobe 2003; Lie et al. 2003; Chen et al. 2008; Wu et al. 2011a).

The Shelf of East China Sea is a typical buffer zone: It is not
only under the direct impact of Taiwan Warm Current and remote
control of the Kuroshio water intrusion into the shelf but also
significantly controlled by seasonal variation Changjiang dilute
water (Beardsley et al. 1985; Isobe and Matsuno 2008; Li et al.
2006; Chen et al. 2008). The Kuroshio mainly flows along the
shelf break with continuous intrusion into the shelf slope. The
Taiwan Warm Current enters into the East China Sea shelf along
the shelf boundary, with several sub-branches into the inner shelf
and outer region (Chen et al. 2003b; Zhu et al. 2004; Sasaki et al.
2008).

In additional, Changjiang Estuary and adjacent shelf region
is the main region of significant interaction of multi-scale
dynamics. The distribution, propagation, and breakdown of
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in the left panel indicate the gauge stations along the coasts of the East
China Sea, Yellow Sea, Bohai Sea, and Japan Sea. The red points show
the mooring stations used for model validation, and the white points
(geographic coordinates listed in the text) indicate the gauge stations
around Changjiang Estuary

the plume water are significantly influenced by the shelf
circulation, especially related to the Taiwan Warm Current
(TWC) (Beardsley et al. 1985; Hu et al. 2002; Chen et al.
2008; Wu et al. 2011a). The shelf-scale TWC reaches the 30—
40-m isobath regions and produces high-salinity intrusion into
the Changjiang Estuary. And the freshwater discharge into the
East China Sea shelf plays a critical role on the shelf-scale
mass transport. The numerical and drifter experiment indicates
that the plume water could be advected to the Cheju region,
then float into the Japan/East Sea through Tsushima/Korea
Strait (Beardsley et al. 1992).

Therefore, the multi-scale dynamics needs to be correctly
resolved by a numerical estuarine and coastal model through
reproducing regional-shelf—estuarine circulation. This poten-
tially requires a model system with the capability of wide
geographic coverage from regional oceanic influences into
local estuarine dynamics and of high spatial resolution around
local region.

In the previous researches, multi-scale dynamics around the
Changjiang Estuary have been conducted: With the help of one-
way nesting method, Hu et al. (2004) included the typhoon-
induced surface elevation propagation from East China Sea shelf
to Changjiang Estuary and Hangzhou Bay to consider the effect
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of the coastal ocean to the nearshore storm surge. The dynamic
variations of coastal and nearshore around the Changjiang
Estuary were also studied by Delcroix and Murtugudde
(2002), Chang and Isobe (2003), Guo et al. (2006), Qiao et al.
(2006), Watanabe (2007), Moon et al. (2010), Wu et al. (2011a),
etc. These works were mainly conducted using coastal ocean
model such as Princeton ocean model (POM), estuarine and
coastal ocean model, and regional ocean model system
(ROMS) with curvilinear orthogonal grids. Moreover, previ-
ous researches were mainly process-oriented studies, and did
not include the interaction of local and regional dynamics
(Chen et al. 2008). Thus, a forecast model system is poten-
tially required with a focus on the Changjiang Estuary and
the consideration of the outer East China Sea shelf, which
has not been done in previous work.

The integrated model system has been increasingly devel-
oped and applied to the coastal ocean research and forecast, such
as POM-based ones (Moon 2005; Onken et al. 2005), hybrid
coordinate ocean model (HYCOM)-based (Chassignet et al.
2007; Barth et al. 2008), ROMS-based (Haidvogel et al. 2008;
Chao et al. 2009; Weisberg et al. 2009; Powell et al. 2009;
Warner et al. 2010; Olabarrieta et al. 2012), and other model-
based system (Lane et al. 2009; Schmidt and Gangopadhyay
2012). These orthogonal grid model included multiple dynamics
such circulation, tide, wave, and sediment with high efficiency
of computation. However, orthogonal-grid-nesting interpolation
has difficulty in resolving multi-scale dynamics with non-
conservation issue of mass and momentum. So model systems
based on unstructured-grid finite-volume coastal ocean model
(FVCOM) with excellent downscaling capability have been
gradually applied and developed, such as west Florida modeling
system (Zheng and Weisberg 2012) and atmosphere—ocean—
wave Northeast Coastal Ocean Forecast System (http:/
fvcom.smast.umassd.edu/research projects/NECOFS).

In this paper, we developed a high-resolution unstructured-
grid FVCOM model system addressing interactions of multi-
scale dynamics: a shelf-scale East China Sea model, an
estuarine-scale Changjiang model, and a fine-scale deep wa-
terway model. The model system was well validated with the
observation data of atmosphere, tide, current, wave, and sa-
linity. Then it has been applied to simulate the seasonal
spreading of the Changjiang plume waters and the bottom
saltwater intrusion during summer within the North Passage.

This paper is organized as follows: The framework, nu-
merical skills, and development of the high-resolution un-
structured grid model system including three sub-domain
models are described in Section 2; in Section 3, the model
validations for tides, salinity, and currents around the
Changjiang Estuary and adjacent regions are presented;
Section 4 demonstrated the model system via two examples
of applications. The discussion and conclusion are summa-
rized in Section 5.

2 Development of the integrated model system

An integrated numerical model system has been developed
with the aim at resolving multi-scale dynamics of the
regional ECS shelf and local Changjiang Estuary and ad-
jacent regions. It is based on FVCOM, which is a prog-
nostic, unstructured-grid, finite-volume, free-surface, 3-D
primitive equation coastal ocean circulation model, and it
consists of momentum, continuity, temperature, salinity,
and density equations and is closed physically and mathe-
matically using turbulence closure submodels. The hori-
zontal grid is comprised of unstructured triangular cells,
and the irregular bottom is presented using generalized
terrain-following coordinates. FVCOM is solved numeri-
cally by a second-order accurate discrete flux calculation in
the integral form of the governing equations over an un-
structured triangular grid (Chen et al. 2003a, 2006a, b,
2007).

This model system consists of four parts: (a) regional
and local weather research and forecasting models (WRF);
(b) a regional and local FVCOM, which is a three-
dimensional unstructured grid primitive equation ocean
model with hydrostatic and non-hydrostatic solvers; (c)
an unstructured grid FVCOM surface wave (SWAVE)
model modified from the orthogonal grid SWAN model.
The circulation models contain three sub-domain models:
a regional East China Sea FVCOM, a Changjiang Estuary
FVCOM, and a deep waterway FVCOM (Fig. 2). The
core modules and these multi-scale models are described
below.

BC’s

Global Real-time data from NCEP |

Regional and Local Weather Model interpolation
(WRF) N Satellite SST
Heat Flux| Wind Stress Lt
- Regional FVCOM | v v waes | Surface Wave Model
Global Tide L Eagt China Sea (FVCOM-SWAVE)
DataBase .
l g
Changjiang
Freshwater |{—| Coastal FVCOM %
Discharge ] -‘ U, V, Waves §
Deep Waterway
FVCOM

Fig. 2 Framework of the multi-scale FVCOM-based model system,
including the regional East China Sea FVCOM, coastal Changjiang
Estuary FVCOM, and local deep waterway FVCOM and their related
internal and external models and modules

@ Springer


http://fvcom.smast.umassd.edu/research_projects/NECOFS
http://fvcom.smast.umassd.edu/research_projects/NECOFS

884

Ocean Dynamics (2013) 63:881-900

2.1 Wave—current coupled module

In a generalized terrain-following coordinate system, the
governing equations of momentum, continuity, temperature,
salinity, and density with the inclusion of three-dimensional
radiation stress are given as follows:
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where x, y, and & are the east, north, and vertical axes of the
generalized terrain-following coordinate; ¢ the time; u, v, and
w the x, y, and & components of the velocity; 7, and 7, the x
and y components of the stress; 7 the sea surface elevation; /4
the mean water depth; D=h+ n the total water depth; 6 the
potential temperature; s the salinity; p the density; pa, the air
pressure; fthe Coriolis parameter; H the solar irradiance; and
K, the thermal vertical eddy diffusion coefficient; Fy and F
represent the thermal and salt diffusion terms. S, S, Sy
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and S§,, are the x and y components of the wave-induced
radiation stress given as

ko | ki :
= kE e ——FcsFee + FesFee—FesFss + L_ARRZ7
k,k kyk,
Sy = kE( ;Czy FesFee + chFcc—Fschs> + z ArR:,
kik, k.k, &
Sxyzsyx:kE<l’;; ) 2 LARZ,
(7)
where E is the wave energy computed by
[
E= EgHsa (8)

The terms in brackets are momentum flux terms induced
by waves (Mellor 2005), and the last terms are induced by
surface boundary-layer rollers (Svendsen 1984; Svendsen
et al. 2002; Warner et al. 2008), with a vertical distribution
expressed as

25\*
R, = 1-tanh| — 9)
v

where R, vertically distributes the additional stress term due
to the roller as an exponentially function decaying with depth
and +y is the ratio of wave height to water depth (v= HyD). ¢
is wave-propagation speed. The roller area is determined on
a formulation from (Svendsen 1984):

«a
—HL 10
\/E Qb ( )
where « is a parameter with value 0.06 and Qy, is the friction
of breaking waves.and

Ap =

_ sinhk(z + h) coshk(z + h)

= 11
coshkD " ¢ coshkD ~’ (11)
Fo — sinhk(z + h) __coshk(z + h) (12)
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Hy, k, k., and k, are the significant wave height, wave
number, wave number in x-direction, and wave number in y-
direction, respectively. These variables are computed from
FVCOM-SWAVE described in Qi et al. (2009) and Wu et al.
(2011b). Equations (7) and (8) indicate that the vertical
radiation stresses are calculated via wave energy, which is
simplified from truncated surface wave model.

2.2 Common-grid nesting module

Downscaling simulation is a practical solution for oceanic
circulation for resolving multi-scale dynamics (Cailleau et al.
2008). One-way oftline nesting technique is widely used in
this downscaling modeling (Penven et al. 2006) to transfer
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the mass and momentum of outer domain to internal domain.
Typical nesting procedure for curvilinear grid is shown in
Fig. 3a. The big domain covers the boundary of small do-
main, and the hydrodynamic information, such as surface
elevation, current, salinity, and temperature, are transferred
from big domain with interpolation method. However, since
the bathymetry and geographic coordinate could not be
identical between small and big domains. The interpolation
method would produce some numerical error and generate
some fake noise along the nesting boundary. Although var-
ious methods are developed to reduce nesting errors
(Cailleau et al. 2008; Mason et al. 2010), the conservation
of mass and momentum along the nesting boundary is still
difficult to be guaranteed.

For unstructured triangle grid, it is capable of arbitrary
resolution and adequate geographic coverage. It could avoid
the nesting problem between multiple domains of structured
grids. However, the computation load will significantly in-
crease since all triangle grid shares the same external and
internal time steps. Therefore, coarse and find grids with
different time steps will potentially improve the modeling
efficiency.

The one-way common-grid nesting procedure is presented
in this paper to improve overall efficiency and guarantee the
mass and momentum between the big and small domains. The
sketch of triangle grids for nesting domains is shown in
Fig. 3b. The big domain of coarse grid and small domain of
fine grid share a same layer of nodes and cells, which forms
the common grids between the nesting domains. The common
grids in big domain have the identical geographic coordinates
and depth values as small domains.

For one-way offline nesting simulation, the big domain
saves all hydrodynamic variables, such as surface elevation,
horizontal and vertical velocities, salinity, and temperature.
These variables will be used to drive the small domain. This
is a one-way nesting approach from big domain to small ones.
Since this common-grid nesting does not need additional inter-
polation or extrapolation procedure along the nesting bound-
ary, the conservation of mass and momentum is guaranteed.

In the vertical direction, the identical distribution of vertical
layers and levels is required to avoid interpolation or

yi big domain common-grid big domain
4 boundary '\
‘i
2
small domain small domain
a b

Fig. 3 Sketch of nesting methods for curvilinear orthogonal grid (a)
and unstructured grid (b)

extrapolation calculation for mass and momentum conserva-
tion. Therefore, the numbers of vertical layers and their thick-
ness should be the same between big and small domains. The
parameters controlling the o-coordinate or s-coordinate are
also needed to be identical during the nested running.

2.3 Regional and local weather model

A WRF model (Skamarock et al. 2008) is applied to set up a
three-level regional model to cover basin, shelf, and regional
geographic scales. Three WRF domains are shown in Fig. 4.
The basin domain covers the entire East China Sea Shelf,
Northwest Pacific Ocean, Japan Sea, and part of the South
China Sea (Fig. 4a); the shelf domain has a geographic cov-
erage including the Bohai Sea, Yellow Sea, East China Sea,
Taiwan Strait, and Kuroshio region (Fig. 4b); and the regional
domain covers the Changjiang Estuary, Hangzhou Bay, and
adjacent landscape and oceanic regions (Fig. 4c). The do-
mains have resolutions of 81, 27, and 9 km in the basin, shelf,
and regional domains, respectively. This basin-shelf-scale
WREF has the ability to provide the necessary surface forcing,
such as 10-m-height wind, heat flux, and air pressure, for
modeling of shelf, regional, and local circulation.

A two-way nesting method is employed during WRF
computation (Michalakes et al. 2004). The model includes
31 vertical sigma levels from the earth surface, and the
thicknesses of these sigma layers are dependent on the ref-
erence state pressure.

2.4 Regional East China Sea FVCOM

The regional East China Sea FVCOM (ECS-FVCOM) was
originally designed by Chen et al. (2008) and has a high
resolution around coastal regions and the Kuroshio path. The
grid is depicted in Fig. 5a, with total node number of 127,914
and cell number of 249,294. The Kuroshio path has a high
resolution of approximately 3 km, and the Changjiang coast
is gridded at a resolution of approximately 1-3 km (Fig. 5a).
The small gap in the middle Japan is designed to increase the
model stability near the exit of Kuroshio Current. The orig-
inal ECS-FVCOM described by Chen et al. (2008) is con-
figured using modified bathymetry with 800 m cutting (ba-
thymetry data were cut to 800 m when the water depth
exceeded 800 m) and without tidal forcing along the open
boundary. Only the freshwater discharge and ocean circula-
tion were considered. Several updates were conducted in the
present study to improve ECS-FVCOM, including the addi-
tion of (1) realistic ocean floor topography without depth
cutting (as in Fig. 1) and (2) more general terrain-following
s-coordinates with 40 vertical layers. The sea surface and
bottom are discretized with five 2-m-thickness layers, and
the uniform vertical sigma layers are specified in the middle
region. This vertical configuration is adapted to consider the
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Fig. 4 Three geographic domains of the WRF model, including a
basin-scale domain with an 81-km resolution (right), a shelf-scale
domain with a 27-km resolution (eft upper), and a region-scale domain

surface and bottom thin layers to reveal the detailed dynam-
ics within these thin boundary layers. Two-minute time step
for internal mode is used, and ratio of internal and external
time step is 10. The following configurations for the open
boundary and initial field are applied as follows:

1. Initial field is interpolated from daily HY COM+NCODA
Global 1/12° Analysis data (GLBa0.08).

2. Variable volume transports along the open boundary are
also retrieved from HYCOM+NCODA Global 1/12°
Analysis data (GLBa0.08).

3. Eight major tide harmonic constituents, M, S,, K5, N;,
K, Oy, Py, and Oy, are added along the open boundary,
which is retrieved from TPXO 7.2 Global Tidal Solution
(Egbert and Erofeeva 2002).

Since the HYCOM data do not contain astronomical com-
ponent, the nudging algorithm to combine the HYCOM’s
ocean transport and astronomical tide along the boundary is
described as follows:

@ Springer
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with a 9-km resolution (lefi lower). The four red circles in domain 3
indicate the four meteorological stations in the Changjiang Estuary:
Sheshan, Dajishan, Tanhu, and Shengshan

U=Uxg+ Uy
V=Vu+Vr
¢ =SSH + (¢ (13)

Un, Vu, SSH, Sy, and Ty are interpolated eastward velocity,
northward velocity, sea surface height, salinity, and temperature
from HYCOM+NCODA. Uy, ¥y, and (rare tidal components of
velocities and sea surface elevation, which are predicted by T _tide
Matlab package with harmonic constants of TPX07.2 data.

2.5 Changjiang coastal FVCOM

The high-resolution Changjiang Estuary FVCOM model (CE-
FVCOM) is configured along the nesting open boundary (blue
lines in Fig. 5b), where the shelf circulation can be introduced
into the inner shelf of Changjiang Estuary. The model guaran-
tees local high-resolution discretization and provides accurate
geometric fitting for both irregular coastlines and coastlines,
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Fig. 5 High-resolution triangle grids for the East China Sea shelf (a),
Changjiang Estuary and its adjacent regions (b), and the Deep Water-
way Project region (c). Enlarged views include the middle part of the
North Passage, where there are dikes and groynes (d) and the shipping

especially for the coastal engineering construction projects
around the deep waterway region. The resolution is up to
500 m in the river mouth and varies from 1 to 5 km around

channel region (e). The blue grid in b shows the common grid boundary
for nesting between ECS-FVCOM and CE-FVCOM. The blue dots in b
and black dots in ¢ indicate the observation stations for validations

the inner shelf. A daily freshwater discharge is added in the
upstream regions of the Changjiang River and Qiantang River
(source: Bureau of Hydrology, Changjiang Water Resources
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Commission, www.cjh.com.cn). A total of 40 vertical layers as
same as ECS-FVCOM are specified within the vertical water
column, which could guarantee the mass and momentum con-
servation from ECS-FVCOM to CE-FVCOM through nesting
boundary. The 80-m depth is transient threshold between 40
s-coordinate layers (five upper and bottom 2-m-thickness
layers specified) and 40 uniform sigma layers. Since the ba-
thymetry of Changjiang Estuary is mostly shallower than 80 m
(Fig. 1), the CE-FVCOM is mainly discretized as 40 uniform
sigma layers in vertical column. The common grid nesting
method, which is shown as the blue triangle cell in Fig. 5b, is
applied between ECS-FVCOM and CE-FVCOM to guarantee
the conservation of mass and momentum during domain
nesting calculation. Along the nesting boundary, the bathyme-
try is not deeper than 80 m, so all vertical s-coordinates in ECS-
FVCOM and CE-FVCOM are all turned into uniform sigma
layers, and the vertical discretizations between two domains
along this boundary are identical.

2.6 Deep waterway FVCOM

An unstructured grid FVCOM has been applied to study the
hydrodynamics around the Deep Waterway Project (DWP)
within the North Passage, considering a realistic engineering
configuration. The submerged and exposed constructions are
all included in the high-resolution deep waterway FVCOM
(DW-FVCOM). The DW-FVCOM has resolution of approx-
imately 200-250 m around the DWP region, especially
along the shipping channel (Fig. 5¢). DW-FVCOM has pro-
vided accurate geometric fitting for dikes and groynes
(Fig. 5d), and the shipping channel has also been realistically

resolved with a 200-m resolution unstructured grid (Fig. 5e).

DW-FVCOM is also specified with 40 vertical layers to be
nested from CE-FVCOM, and it is flexible to include different
project configurations from a non-project situation to the
phase III project during the last decade. These dikes and
groynes are constructed ~30 cm above the mean sea level,
which means that they are submerged during high tide and
exposed during low tide. There is a typical two-layer structure
in the vertical column near the constructions during high tide.
To capture the physics around dikes/groynes accurately, the
water transport process below and above the structures must
be accurately resolved. Therefore, the dike—groyne treatment
algorithm (Ge et al. 2012) is implemented in DW-FVCOM to
reveal the two-layer dynamics.

These ECS-FVCOM, CE-FVCOM, and DW-FVCOM are
exchanged through the common grid nesting method, which is
used to significantly increase the computational efficiency.
The ECS mesh features 249,294 cells and 127,914 nodes with
a horizontal resolution of 2.0-15 km, while the local
Changjiang Estuary mesh features about 95,496 cells and
50,735 nodes with the finest resolution of about 500 m, and
the deep waterway mesh features 24,583 cells and 13,110
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nodes with resolution of ~200 m along the shipping channel.
The time step of internal mode is 2 min for the regional ECS
domain, 40 s for the Changjiang Estuary, and 10 s for the local
North Passage domain. The time step used for the three
subdomains must be multiple of each other in order to avoid
interpolation in time to reduce the conservation error when
nesting. And the ratios of internal and external time step are all
10 for three models. This nesting approach improved the
overall computational efficiency by a factor of 10. FVCOM-
SWAVE is all activated in three models to predict the wave
conditions from open oceans to local channels.

3 Validation of the model system
3.1 Surface wind

Time series data from four meteorological observation sta-
tions, Dajishan, Tanhu, Sheshan, and Shengshan (red solid
points in domain 3 of Fig. 4), are selected to perform vali-
dation of the regional and local WRF model. Model-data
comparisons of wind speed u-component and v-component
at these four stations during May of 2006 are given in Fig. 6.
It shows good agreement between the observations and the
simulation. Additionally, it has successfully revealed the
wind patterns during both strong and weak situations. The
overall RMS error of these four stations is 2.28 m/s, indicat-
ing that this weather model has the capability of providing
reasonable surface forcing over the shelf of the East China
Sea and Changjiang Estuary.

3.2 Tide

ECS-FVCOM has been validated using observation tidal
harmonic constituents of gauge data. A total of 99 gauge
stations are used to make these comparisons, and the loca-
tions of these gauges are shown as red points in the left panel
of Fig. 1. The harmonic constants of model simulation are
analyzed with T tide Matlab package (Pawlowicz et al.
2002). Model-data comparison for principle M, harmonic
constants (amplitude and phase) is shown in Fig.7a, b. The
correlation coefficients for amplitude and phase reach 0.95
and 0.98, and the standard derivations are 8.60 cm for am-
plitude and 9.44° for phase, respectively. This comparison
shows that ECS-FVCOM produces good astronomical tide
simulations. The distributions of the co-amplitude and co-
phase over the East China Sea are shown in Fig. 8 and agree
well with observations for the major tide constituents of M,,
S», Ki, and O; (Atlas of Bohai Sea Yellow Sea and East
China Sea 1994).

The Changjiang FVCOM is also validated with observa-
tion data of M,’s amplitude and phase at the coastal gauge
stations (red points in Fig. 1b). CE-FVCOM has exhibited
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Fig. 6 Model-data
comparisons for the U-
component and V-component of
10-m-height wind at the
Dajishan, Tanhu, Sheshan, and
Shengshan meteorological
stations

very good agreement with the observed harmonic constants
(Fig.7c, d), showing correlation coefficients reach 0.95 and
0.99 for amplitude and phase, respectively. Their standard
errors are 8.4 cm and 8.65°. These error statistics show that
the CE-FVCOM has precisely revealed the dominant dy-
namics around the Changjiang Estuary.

Fig. 7 Comparisons between
modeled and observed tidal
harmonic constants (amplitudes
and phases) of the principal tidal
constituent M, for East China
Sea (left column) and
Changjiang Estuary (right
column)
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Additionally, validation with observed data of hourly eleva-
tion series and their subtidal component are conducted at three
stations in the Changjiang Estuary. These three stations,
Baozhen, Chongxi, and Nanmen, are under the influence of
river runoff, wind, and tide. The PL64TAP Matlab program is

used to determine their subtide components with half amplitude
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period of 33 h and half power period of 38 h (Beardsley 2005).
Figure 9 shows the model-data comparison, which indicates
that the model has made good prediction for surface elevation
with overall RMS error of 19 cm. Its subtidal variation is also
well reproduced, which is mainly caused by varying upstream
runoff and local atmospheric wind forcing.

3.3 Current

The model was validated using the field survey data collect-
ed around the mouth of the CE in the summer of 2010. One
cruise was made from neap to spring tides (Aug 18—19 for
neap tide, Aug 25-26 for spring tide), and each station was
observed for 26 h to cover one tidal cycle. Anchoring sites
are shown as filled dots in Fig. 5¢c. BG1, BG2, and BG3 were
the stations in the North Channel of the Changjiang River
mouth.

In these field measurements, the current profiles were
recorded using the Acoustic Doppler Current Profiler (ADCP)
from the RD Instrument Company. The ADCP acoustic

Fig. 9 Model-data . L

frequency is 600 KHz, with a cell size of 1.00 m and sensor
depth of 1.00 m. The sampling interval was 60 s. The hourly
data of velocity and direction are selected to make model-data
comparison.

The model-data comparisons of BG1, BG2, and BG3 for
the velocity and direction of surface, middle, and bottom
layers are shown in Fig. 10. It has indicated that CE-
FVCOM produced good simulations of current velocity and
direction around the estuary. This model has revealed the
current structures and their variations associated with tide
oscillations and Changjiang River discharge in the river
mouth. In the upper stream BGl, the river discharge is dom-
inant against the tide, and the current direction mainly flows
eastward (~120°) during neap tide cycle, even at flood max-
imum, and it gradually has westward pattern during the flood
tide with the growing of astronomical tide from neap to spring
tide cycle. The model system also correctly reveals the varia-
tion of current at BG2 and BG3. Although there is
overestimation at lower column of BG2 during neap tide,
main characteristics of current from upper and lower estuary

comparisons between modeled
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The subtidal components are
also included

Elevation(m)
(=}
1

Baozhen (121.6035°,31.5226" )|
A AR R o

\ -

JVV Y VU VY

— + 1 + 1 | | + | + | + | +
E 0.8 - T T T T T T T .
S 04 N
= 0 —W e e ——
g 0.4 - -
a 087 T T T T T T T T T T T T T B
12 14 16 18 20 22 24 26 28
Day (April 2010)
1 1 n 1 n 1 n 1 n 1 n 1
5 \ Nanmen (121.3905°,31.6172" )|
- _ A L
% 0 - \ \ L
3 V , AV AR
2 \
2 4 -
E 081 f f f F—— f f o
T 0.4 L
= 0 e ———— -
204 -
£ -0.8 =
«© T T T T T T T T
E
i=1
g
g
5
=
E o
S 0.
=
2 0.
£ -0.

Day (April 2010)

@ Springer



892

Ocean Dynamics (2013) 63:881-900

BG1-surface BG2-surface BG3-surface
3 I I I i P R [ Y Y B i
§ ] E —— FVCOM g Ogpser F ] —— FVCOM ; Observed . E
= 2 F Eoo s 8 F
oy 1 £ r 1 r
'g 14 r r 4 -
e - Foo F
04 8 SIS X LS L F

360 L | ! L 1 L 1 | L 1 L | | ! 1 L
2300 - I I 1k
£ 240 - E -
‘g 180 4 - Foo E
= 120 Y\ n | d E
A 68 . . n 4 ﬂ nf 1 ﬂ e n
: —H

BG1-middle BG2-middle BG3-middle
34 I i I | [ i
EPE A F s -
2 ] £ 1 r
8 14 E 3 F
O al /e C ] . %o [
> 0] F ey L F
= - IR R R N A — -
= r R C
g n 7 . C
3 C Coo C
= r Ol ledE i N
A = 1 N F M E

‘ L 1 —

BG2-bottom BG3-bottom
34 I I - I I i I I i
EE E o - -
oy 1 £ 1 . r r
"g = £ r L
SN S I g

0 I R A B A
360 . F | I | | | F . | I .\ I | -
< 300 3 o : ! o [/ r
g 240 E E 3 ¥ n
»% 180 E A 3 Eo Ay r
g 120 E P oAldE o
A 68 j r F ﬂﬂ : !“ i~ fl C
\ T \ T
18 20 22 24 26 18 20 22 24 26 18 20 22 24 26
Time (day in August 2010) Time (day in August 2010) Time (day in August 2010)

Fig. 10 Model-data comparisons of velocity and direction at the surface, middle, and bottom layers at BG1, BG2, and BG3 around the Changjiang

Estuary. The red lines indicate the modeling results and the black points the observation data

are well captured. The complex hydrodynamics around the
BG3 during whole spring-neap cycle is well simulated under
the joint influences of river runoff and seawater. And the
vertical structures and its variations of velocity and direction
are reasonably simulated.

3.4 Salinity

The salinity data used for validation also come from the
summer observation as current validation in Section 3.3.
Vertical profiles of turbidity, temperature, and salinity were
measured using the Optical Backscatter Sensor (OBS)-3A
from the D&A Instrument Company. The water columns
were profiled hourly during the observation.

Figure 11 shows the comparisons of the time-series salinity
comparisons at stations SH4, SH5, ZJ1, and ZJ2 during spring
tide cycle and SH1, SH2, SH5, and ZJ2 during neap tide

@ Springer

cycle. The model captured the temporal variation of the sur-
face observed salinity at most stations. CE-FVCOM slightly
overestimated the variation range over the tidal cycle at SH2
where is a front zone between low-salinity water from river
and saltwater from shelf. The overall RMS error for these
stations is 2.07 psu. The error range is mainly affected by
the overestimation at SH2. The RMS errors for other stations
are mostly less than 1.5 psu. The model-data comparison of
salinity shows that the model system has captured the main
characteristics and its spatial and temporal variations of low-
salinity water in the Changjiang Estuary and inner shelf of
East China Sea.

3.5 Wave

Surface wave process is also validated using observation
data from a buoy station (123.59° E, 29.29° N) during two
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continuous typhoon attacks (Sinlaku and Rusa) in the sum-
mer of 2002. The time-series wave data are acquired by
Directional Waverider DWR-MK2 attached to the 2-m-
radius floating buoy. The FVCOM-SWAVE is activated un-
der the forcing of typhoon wave simulation by WRF in this
model system. The high-resolution ECS-FVCOM exhibits
good agreement with the observed data regarding the signif-
icant wave height (/) and relative wave period (7},), which
are shown in Fig. 12. The RMS errors for 10-m-height wind
speed and significant wave height are 1.3 m/s and 0.54 m,
respectively. The ECS-FVCOM has successfully revealed
the strong waves that occur because of two continuous
typhoon impacts, which reach maximum wind speed of
21 m/s and significant wave height of 8.0 m.

4 Applications of the model system

The model system has been applied to various studies address-
ing multi-scale dynamics, such as those of the Changjiang low-

T
8.5 9 7 7.5 8 8.5

-
=
[9)
)
o0
n

Time (day in July 2005)

salinity plume detachment (Chen et al. 2008). In this paper, two
additional examples of applications over the Changjiang
Estuary using integrated modeling are presented. One exam-
ple involves simulation of seasonal Changjiang diluted water
spreading, and another reveals the saltwater intrusion pattern
within the North Passage due to the construction of dikes
and groynes.

4.1 Seasonal spreading of Changjiang diluted water

Under the influence of the Changjiang River, providing an
abundant freshwater supply, the dynamics of the Changjiang
Estuary are strongly controlled by low-salinity, diluted water,
which results in a significant two-layer structure consisting of an
upper low-salinity plume and lower saltwater layer (Hu et al.
2002; Zhu et al. 2004; Chen et al. 2008). Because of the seasonal
fluctuation of the freshwater discharge from the CR, the spread-
ing of the diluted water exhibits significant seasonal variation
near the river mouth. The spreading and mixing of the diluted
water are also strongly influenced by multiple dynamics,

@ Springer



894

Ocean Dynamics (2013) 63:881-900

Fig. 12 Model-data
comparisons of buoy wave data,
including the wind velocity
(upper) and significant wave
height (lower). Solid lines
indicate the modeling results
and black circles the
observation data

Fig. 13 Monthly averaged
salinity distributions at a depth
of 5 m in January, April, July,
and October around Changjiang
Estuary and its adjacent regions
under climatological seasonal
forcings
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including seasonal monsoon winds, semidiurnal tidal oscilla-
tions, remote ambient flow, and submerged trenches.
Following the validations of the salinity processes occur-
ring in and out of the estuary, the multi-scale model system is
applied to simulate the seasonal variations of the low-salinity
diluted water under these multiple effects. The model is
initialized using 10-km resolution 3-D seasonal climatology
hydrographic fields and a specified water transport of the
Kuroshio, Taiwan Warm Current, and other ocean volume
transport at the open boundary. The hydrographic fields were
constructed using 10-km box averaging of historical water
temperature and salinity data collected in this region over the
last 40 years. The model was first spun up with the seasonal
climatology hydrographic fields and fixed inflow and out-
flow transports for 30 model days. Since the Kuroshio and
shelf circulation reached quasi-steady state after 30 model
days, the seasonal river discharge was started on model
day 31 by adding a freshwater discharge climatological value

Fig. 14 Monthly averaged
salinity distributions at a depth
of 40 m in January, April, July,
and October around Changjiang
Estuary and its adjacent regions
under climatological seasonal
forcings
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at the upstream end grid of the Changjiang domain. The
Changjiang plume was established by model day 60. The
final results are model days 61-90 averaged.

The results for January, April, July, and October are selected
to show the typical distributions of near-surface salinity and
residual currents in winter, spring, summer, and autumn season,
respectively (Fig. 13). The spatial coverage changes according
to the seasonal river discharge, such that the winter season
shows the smallest diluted water plume and summer presents
the greatest diluted water extension. In the winter, the diluted
water mainly flows southward off the coastline under the
influence of the southeastern monsoon and low CR discharge
rate (~10,000 m*/s). Additionally, the northward Taiwan Warm
Current is not notable in winter, which could have contributed
to the northward flow of the diluted water. With increasing
freshwater discharge rates (~24,000 m>/s) and onshore winds,
the diluted water shifted, showing a northward extension during
spring, and the river mouth was then dominated by relatively
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Fig. 15 Model-data
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low-salinity water. This phenomenon is strongly intensified
during summer, as the monsoon wind shifts to blowing in a
northwest direction, and the strength of Taiwan Warm Current
is increased in this season. The low-salinity plume shows a
northeastward trend, spreading under the strongest influence of
the freshwater discharge (>50,000 m?/s) and becomes weaker
in autumn because the freshwater discharge (~32,000 m?/s)
decreased and the wind direction changed. The results obtained
for the surface patterns agree well with the long-term average
distribution presented in ATLAS for the Bohai Sea, Yellow Sea,
and East China Sea (1994).

The interaction between the freshwater impact of CR and
the onshore ocean circulation produces a typical two-layer
system consisting of an upper low-salinity diluted water layer
and a lower salty ocean water layer, which is more obvious
during summer. There are significant bottom onshore ocean
circulation intrusions off the Changjiang Estuary (black-box
region in Fig. 14). The intrusion intensity is relatively weaker
in winter and is stronger in summer. The high-salinity water
mainly flows along the offshore submerged trench around the
40-m isobath. This characteristic is in accord with previous
observations of upwelling made in investigations performed
off the Changjiang Estuary (Zhu et al. 2004). This simulation
indicates not only that the salinity distributions show vertical
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stratification in the offshore region but also that the residual
structures are opposite, with the offshore direction occurring
in the near-surface layer and onshore direction associated with
the near-bottom layer.

4.2 Summer saltwater intrusion and flow structures
within the north passage

The multi-scale model system is applied to study the salinity
distributions under the realistic conditions, compared with ob-
servational data around the North Passage. Three mooring sites
are located in the South Passage (H0904), the North Passage
(H0901), and the North Channel (H0905) (Fig. 5¢). The RDI
ADCP workhorse (600 K) monitors were applied to observe
the current profiles at these stations, and the surveying is also
specified with 26 h in spring and neap tide cycles as observa-
tion in Section 3.3. The ADCP sensor depth is 0.5 m, and cell
size is 0.5 m. And the salinity of water column is profiled with
OBS-3A.

The model system is initialized with climatological hy-
drodynamic filed in August and spin up for 30 days. The
daily-observed freshwater discharge rate is added in the
upstream end of Changjiang River, and the model running
for another 30 days to let the low-salinity plume is formed.
The model days 61-90 covers the observation time. And the
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Fig. 17 Model-predicted salinity distributions in the surface and bot-
tom layers during the maximum flood tide around the North Passage.
The black lines indicate constructions of dikes and groynes

results of final 30 days are used to make model-data com-
parison and analysis.

Model-data comparisons of velocity and current at sur-
face, middle, and bottom layers for these sites are presented
in Fig. 15, showing that DW-FVCOM has successfully re-
vealed the hydrodynamic characteristics of currents and their
variations associated with tide oscillations and freshwater
discharge. The observation and DW-FVCOM data show that
there was a strong tidal current along the shipping channel
(near H0901), with the maximum velocity ~3.0 m/s. The
averaged RMS errors at these three stations for velocity and
direction are 33 cm/s and 27°, respectively.

Furthermore, the DW-FVCOM and observation data have
revealed the strong vertical stratification during spring tide
cycle at the HO901 site (Fig. 16), which indicates that low
salinities dominated the upper layer (mostly less than
10 psu), while high-salinity water controls the bottom layer
(approximately 20 psu at maximum flood). DW-FVCOM
shows a typical two-layer structure near the observation site.
The time series variation related to the astronomical tide
shows that there is significant saltwater intrusion during the
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Fig. 18 Surface current distributions at maximum ebb (a) and maxi-
mum flood tide (b) around the North Passage
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flood tide cycle when the high-salinity seawater was moving
onshore into the North Passage.

The salinity distribution in the surface and bottom layers
during the maximum flood tide is given in Fig. 17, which
indicates that a significant two-layer system dominates the
area near the mouth due to the gravitational salt wedge during
summer of a high discharge rate 40,000~45,000 m?/s. It
shows that low salinity water floats on the surface (upper
panel of Fig. 17), while relatively high salinity water sinks
in the lower column, and the bottom saltwater is transported
onshore into the North Passage. The high-salinity bottom
water is constrained by the dikes and groynes and thus moves
upstream, with a maximum extension to the middle region of
the shipping channel (lower panel of Fig. 17). Because floc-
culation mainly occurs within a salinity range of 5-10 psu
(Krone 1962), saltwater with a salinity of 5-10 psu has cov-
ered the middle region, where significant deposition occurs
and the major dredging operations are carried out. The bottom
salinity intrusion into the North Passage during summer might
be a potential factor to influence sediment deposition and back
siltation around the shipping channel.

Because the heights of the dikes and groynes correspond to
the mean sea level, they will be exposed during low ebb tide.
These constructions act as solid blocking boundaries, and
therefore, the current structure within the North Passage at
maximum ebb is characterized by strong flows along the main
channel region and small eddies in groyne-blocked areas
(Fig. 18a). A strong current flows along the shipping channel
and was enhanced after the dikes and groynes were built (Ge
et al. 2012). The dimensions of eddies depend on the length
and distance between groynes. The eddies constrained within
the south groyne-blocked regions are much larger than those
within north regions of short groynes. When the water level
exceeds the tops of the dikes and groynes during high flood
tides, there are significant cross-dike currents from the
Jiuduansha Shoal to the North Passage, which decreases the
strength of the eddies (Fig. 18b).

5 Conclusion

An unstructured grid high-resolution model system has been
established with the aim at resolving the multi-scale coastal
ocean dynamic processes around the East China Sea shelf and
the Changjiang Estuary as well as its adjacent coastal regions.
Three FVCOM-based three-level nesting hydrodynamic
models have been built to accurately reveal the dynamics
around the East China Sea, Changjiang Estuary, and local
deep waterway region. Several internal modules are essential
for the setup and configuration of the model, including a
wave—current interaction module, a dike—groyne treatment
module to deal with the ocean engineering structures of dikes
in the deep waterway, and a common-grid nesting module to
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guarantee the conservational transferring of momentum and
mass along the nesting boundary. It has the capability of
revealing detailed structures of hydrodynamics of varying
scale. This model system has been validated with various
observation data and shown promising results with high
predicting precision. The capability of the model system is
demonstrated with the simulations of the shelf-scale diluted
water propagation in the inner shelf of ECS. The variation and
distribution of onshore saltwater intrusion along the North
Passage during summertime are captured. The maximum
intrusion front could reach the middle region of North
Passage, where the channel siltation significantly occurred. It
could be partially affected by the salinity-induced flocculation
process.

This model system provides a unique tool for studying the
multi-scale dynamics around the East China Sea and
Changjiang Estuary and has already been validated and
applied in the various studies. It could represent potential
framework for developing the China regional forecast sys-
tem after more validation against observation data and tested
with realistic forecasting events.

However, sediment and morphology process, one of the
dominant dynamics in the Changjiang Estuary, has not been
fully validated under the strong current and waves. The future
work is to improve the sediment module to capture the distri-
bution and variation of suspended- and bed-load sediment and
to couple the wave—current—sediment interaction in the model
system.

Although the model system is used around the East China
Sea, methods used in the development of this FVCOM-
based model system are generalized and could be applied
to other shelf regions and coastal areas to produce high-
resolution multi-scale and multi-dynamics simulations in
kind.
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