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Abstract

In order to satisfy the increasing demand for the marine forecasting capacity, the Bohai Sea, the Yellow Sea and
the East China Sea Operational Oceanography Forecasting System (BYEOFS) has been upgraded and improved to
Version 2.0. Based on the Regional Ocean Modeling System (ROMS), a series of comparative experiments were
conducted during the improvement process, including correcting topography, changing sea surface atmospheric
forcing mode, adjusting open boundary conditions, and considering atmospheric pressure correction. (1) After
the topography correction, the volume transport and meridional velocity maximum of Yellow Sea Warm Current
increase obviously and the unreasonable bending of its axis around 36.1°N, 123.5°E disappears. (2) After the
change of sea surface forcing mode, an effective negative feedback mechanism is formed between predicted sea
surface temperature (SST) by the ocean model and sea surface radiation fluxes fields. The simulation errors of SST
decreased significantly, and the annual average of root-mean-square error (RMSE) decreased by about 18%.
(3) The change of the eastern lateral boundary condition of baroclinic velocity from mixed Radiation-Nudging to
Clamped makes the unreasonable westward current in Tsushima Strait disappear. (4) The adding of mean sea
level pressure correction option which forms the mean sea level gradient from the Bohai Sea and the Yellow Sea to
the western Pacific in winter and autumn is helpful to increasing the fluctuation of SLA and outflow of the Yellow

Sea when the cold high air pressure system controls the Yellow Sea area.
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1 Introduction

The Bohai Sea (BS), the Yellow Sea (YS) and the East China
Sea (ECS, and the above are collectively called as BYES) are loc-
ated at 22°-41°N and 117°-131°E, and wide-open marginal seas in
the western Pacific. Their area is about 1.23 x10% km?. It connects
to the South China Sea by the Taiwan Strait to the southwest, to
the Japan Sea by the Tsushima Strait (TUS) to the east, and open
to the western Pacific to the southeast across the first island
chain. The bottom topography slopes from northwest to south-
east and contains numerous islands, irregular and complex
coastal boundaries, and drastic changes, contributing to the great
complex distribution of topography. The water depth in most
parts is shallower than 200 m on the continental shelf, the max-
imum depth is about 2 300 m in the first island chain of the
southeastern region.

The upper-layer ocean circulations of the BYES consist of two
current systems. One is the Kuroshio and its extension, which
comes from western Pacific and is characterized by high temper-
ature and high salinity. The other one is locally generated cur-
rents at the coastal area such as Zhejiang-Fujian coastal current
and North Jiangsu coastal current which is mainly controlled by

the East Asian Monsoon (Hellerman and Rosenstein, 1983), char-
acterized by low salinity and obviously seasonal variation (Guan,
1994, 2002). There are various possible factors affecting the
multi-scale oceanic dynamical processes in BYES, i.e. Kuroshio
intrusion through the continental shelf (Hsueh et al., 1992; Yang
etal., 2012), warm current intrusion (Fang et al., 1991; Tang et al.,
2001; Yu et al., 2010; Zheng et al., 2009), Yellow Sea Cold Water
Mass (Zhang et al., 2008), the Changjiang Diluted Water (Le
Kentang, 1984, 1989), cold vortex at southwest of Jeju Island (Hu
et al., 1980) and Northeast of Taiwan Island (Sun and Xiu, 1997),
strong tidal mixing (Lii et al., 2010), upwelling (Yang et al., 2013),
and so on. Therefore, the multi-scale dynamical mechanisms of
BYES are too complex to understand clearly until now, it would
be hard to simulate or reproduce the ocean circulations struc-
ture in this area, and it would be even more difficult to forecast
oceanic circulations status to operational oceanography forecast-
ing system (OOFS).

The evolution of global and regional OOFSs has get more at-
tention during recently two decades. Several OOFSs from differ-
ent countries have been fully operated or pre-operated, provid-
ing synoptic or seasonal scale forecasting of the most relevant
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ocean physical variables. Aiming to foster the development and
operation of global and regional ocean forecasting systems,
Global Ocean Data Assimilation Experiment (GODAE) Ocean-
View project (Bell et al., 2015. https://www.godae-oceanview.
org) was set up in 2008, which provided coordination and leader-
ship among different national research groups in developing and
improving ocean analysis and forecasting systems (Tonani et al.,
2015).

Several global systems developed by different countries
provide a global analyses and different ranges of forecasts. These
systems are developed and updated in order to better meet the
needs of the end users. As the growth of available computational
resource, increasing of horizontal and vertical grid resolution is
the main way to the improvement of forecasting systems. PSY
(Mercator-Ocean, https://www.mercator-ocean.fr/en/) based on
the Nucleus for European Modelling of the Ocean (NEMO) 3.1,
Global Ocean Forecasting System (GOFS, NRL/NAVOCEANO,
http://www.7320.nrlssc.navy.mil/GLBhycom1-12/), and Real-
Time Ocean Forecast System (RTOFS, NCEP, http://polar.ncep.
noaa.gov/global/) based on the HYbrid Coordinate Ocean Mod-
el (HYCOM) are eddy resolving with a resolution of (1/12.5)°~(1/12)°
in mid latitudes by using high resolution bathymetry and surface
forcing data (Mehra and Rivin, 2010). The vertical resolution of
forecasting system peaks at 75 levels in Forecasting Ocean Assim-
ilation Model (FOAM, Storkey et al., 2010) and the coupled gen-
eral circulation model for Global Seasonal forecasting (GloSea,
Graham et al., 2005) systems from the Met Office. The increment
of the number and types of observations available for data assim-
ilation and validation has increased the quality of the prediction
system products. The FOAM system changed the data assimila-
tion scheme from the Analysis Correction scheme (Martin et al.,
2007; Storkey et al., 2010) to the three-dimensional variational
(3D-Var) NEMOVAR system for instance.

In order to meet the new operational forecasting require-
ment, the improvements and developments planned for coastal
ocean forecasting systems are mainly focusing on increasing
model grid resolution and improving data assimilation scheme.
The Multivariate Ocean Variational Estimation System/MRI
Community Ocean Model developed by the Meteorological Re-
search Institute (MRI) of Japan Meteorological Agency (JMA)
(MOVE/MRI.COM-SETO, http://www.jma.go.jp/jma/indexe.
html) in the south of the western Japan of the high-resolution (2 km)
model (Usui et al., 2006) have been extended and adopted the in-
cremental four-dimensional variational (4DVAR) analysis
scheme for initialization to provide better representation of
mesoscale processes (Usui et al., 2017). Toward an Operational
Prediction system for the North Atlantic European coastal Zones
(TOPAZ, http://marine.copernicus.eu) doubled the horizontal
resolution of the ocean model. MFS (http://medforecast.
bo.ingv.it) (Oddo et al., 2009) and Indian Ocean Forecasting Sys-
tem (INDOFOS, http://www.incois.gov.in/Incois/indofos_
main.jsp) horizontal grid resolution is increased as well. The data
assimilation systems used at the Met Office (Lea et al., 2015) are
also being developed within the coupled framework to increase
the consistency of the ocean and atmosphere analyses, and to
minimize coupled model initialization shock. The assimilation
systems of PSY3/4 (www.myocea.eu Drévillon et al., 2013),
Oceanographic Modeling and Observation Network (REMO,
Lima et al., 2013), and OCEAN Model Analysis and Prediction
System (BlueLink/oceanMAPS, www.bom.gov.au/oceano-
graphy/forecasts) are all improved and validated.

The BYES operational oceanography forecasting system
(BYEOFS-v1.0), as a part of Chinese Global Operational Oceano-

graphy Forecasting System (CGOFS, http://www.nmefc.cn/cgofs/
quanqiu_haiwen.aspx) based on ROMS (Shchepetkin and
McWilliams, 2005) was developed and operated in 2013 by Na-
tional Marine Environmental Forecasting Center (NMEFC)
(Kourafalou et al., 2015). In order to decrease the forecasting er-
rors and improve the service capability, NMEFC has been work-
ing on upgrading the BYES operational oceanography forecast-
ing system (BYEOFS) since operated. Unlike upgrading schemes
for most forecasting systems, the improving processing of
BYEOFS is mainly focused on physical processes by modifying
configurations of the ocean model, such as topography correc-
tion, surface atmospheric field forcing, lateral open boundary
condition. The lastest version BYEOFS-v2.0 has been operating
and releasing forecast products on the website of NMEFC
(http://www.nmefc.cn/) since January 1st, 2020. Through results
and conclusions of some sensitive experiments conducted dur-
ing the upgrading processes of the system, the highest impact on
the physical process of the system are obtained, which will be de-
scribed in detail in this paper.

This paper is organized as follows. A detailed description of
model configurations of BYEOFS-v2.0 will be provided with the
modifications to BYEOFS-v1.0 highlighted in Section 2. The res-
ults of sensitivity experiments and impacts of some major up-
dates are presented and discussed in Section 3. Section 4 con-
tains the validation and discussion of the scientific improve-
ments. Finally, the conclusion is presented in Section 5.

2 Model configurations and data

The BYEOFS-v2.0 still uses ROMS (version 3.7) as the oceanic
circulation model. The model domain covers 22.2°-41°N,
114.2°-133°E as shown in Fig. 1. The horizontal grid resolution of
the model is (1/30)°x(1/30)°, and the vertical grid divides into 30
layers in the terrain-following coordinate. The bathymetric data
were obtained from the combination results of the General Ba-
thymetric Chart of Oceans (GEBCO_08) global bathymetric data-
base (0.5'x0.5'), co-sponsored by the Intergovernmental Oceano-
graphic Commission (IOC) and the International Hydrographic
Organization (IHO), and the measured bathymetric data of the
BYES, with some corresponding smoothing and tidal range cor-
rection. The minimum water depth of the model was set to be 5 m,
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Fig. 1. Model domain and bathymetry of the BYEOFS-v2.0.
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the maximum depth used the actual value from GEBCO_08.

The surface atmospheric forcing field data used are the Cli-
mate Forecast System Reanalysis (CFSR; Saha et al., 2010) data
from the National Centers for Environmental Prediction (NCEP).
Its temporal resolution is 6 h and horizontal resolution is about
0.2°-0.3°. This dataset has been widely used in global and coastal
ocean numerical simulation (Mo et al., 2016; Shi et al., 2016). The
surface forcing field of BYEOFS-v2.0 is calculated by bulk-formu-
las (Fairall et al., 2003). The lateral boundary conditions are ob-
tained from interpolation of the simulation results of Northwest
Pacific subsystem in CGOFS, and the eastern boundary condi-
tion of baroclinic velocity is changed from mixed Radiation_Nudging
to Clamped condition. The tidal forcing is applied from the OSU
TOPEX/Poseidon global inversion solution Version 8 (Egbert and
Erofeeva, 2002). Besides the Changjiang River, the freshwater dis-
charge from the Huanghe River is added in the system, with a cli-
matological monthly cycle. In addition, climatology nudging is
turned off to better simulate the seasonal and interannual vari-
ation of temperature and salinity fields of the system. The En-
semble Optimal Interpolation (EnOI; Evensen, 2003) data assim-
ilation method is used to optimize the model initial fields. Other
settings of the system are same with BYEOFS-v1.0 which is avail-
able in the references of Kourafalou et al. (2015) and Ji et al.
(2015).

3 Improving the continental circulations through four ap-
proaches

To improve the BYEOES, 4 groups of sensitive experiments for
the highest impact on the forecasting performance including ba-
thymetry revising, surface atmospheric forcing mode changing,
open boundary condition changing, and mean sea level air pres-
sure correction, are conducted and evaluated separately. The ef-
ficiency and accuracy of BYEOFS has been proved significantly
improved after comparing results of these modifications.

3.1 The bathymetry revision of BYEOFS
By analyzing the forecasting results of the BYEOFS-v1.0 sys-
tem, it is found that the Yellow Sea Warm Current (YSWC) is with
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some prominent problems, such as lower speed and unreason-
able bending of YSWC axis in boreal winter time. By checking the
bathymetry of the original system, it is found that the depth of the
YS is deeper than 90 m at the area near 36.1°N, 123.5°E from GE-
BCO dataset (Fig. 2a, the red line indicates the isobath of 90 m);
while in the in-situ observed bathymetry, the maximum depth is
only about 80 m in the YS (Fig. 2b and Xu et al., 1997). We also
found that the unreasonable area of bathymetry coincided ex-
actly with the appearance of zonal bending of the YSWC axis in
the original system (Fig. 2a). Therefore, the revision of unreason-
able depressions should be carried out.

In order to fix the problem of bathymetry of BYEOFS-v1.0,
GEBCO was replaced by the measured topographic data in the
whole BYES domain. Due to the limitation of area covered by the
measured topographic data of BYES, GEBCO topographic data
was still used in other deep-water areas (south of 26°N and east of
126°E). Smooth processing was implemented near the transition
areas. There are two advantages of smooth processing for the ba-
thymetry: firstly, it could maximize the authenticity and rational-
ity of the terrain in the model, and secondly, it can avoid the dis-
continuous abrupt transition from the measured topography to
GEBCO in order to keep the model running stable.

From the simulated results with the new revised bathymetry
in the YS, we can find that the pattern of YSWC becomes more
obvious, its speed increased significantly, and the unreasonable
bending of its axis around 36.1°N, 123.5°E in the original system
in winter disappeared (Fig. 2b). In order to qualitatively illustrate
the effects of topography revision, the multi-year climatology
mean meridional velocity across and along 36.15°N section in
January are shown in Fig. 3. The meridional velocity with origin-
al topography shows three northward current cores located at the
both sides of the YS trough, which located around 123.5°E, and
weak southward current occurs at the bottom layer where water
is deeper than 80 m. On the contrary, the northward meridional
velocity with revised topography, occupies most of middle part of
the section, and only one northward current core, with the speed
larger than 2 cm/s, signing the axis of the YSWC is shown and
located at about 123°E in the west of the YS trough, which is loc-

122°

118°
1
b

120° 124° 126°E
1 ] 1

40° -

38° -

36° -

340 -

32° 4
—
0.1 m/s

Fig. 2. Topography (solid line) and velocity field at 50 m (bule vector) in YS before (a) and after (b) topography revised.
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Fig. 3. Meridional (a, b) and zonal (c, d) velocity across and along 36.15°N section before (a, c) and after (b, d) topography revised.

ated about 124.8°E. For the zonal velocity along the section, it is
about -2 cm/s for the case of unrevised topography, and almost
0 cm/s in the case of revised topography. As shown, the velocity
field pattern of the YSWC is more obvious than before, and its
flow axis moves westward to the range of longitude between
122.5°E and 123°E (Fig. 3b), which is consistent with the observa-
tion results of Yu et al. (2010) and Lin et al. (2011) and diagnostic
computation results in previous literatures of Xu et al. (2005). The
maximum value of climatology meridional velocity increases
from 0.031 m/s to 0.034 m/s by about 11%.

Furthermore, the yearly variations of monthly mean water
volume transport (VT) and maximum meridional velocity across
35°N section in each January before and after the topography cor-
rection are quantitatively compared and shown in Fig. 4. Since
the hindcast results of original system are simulated and
archived only in 2000-2013, we just show the comparison
between two systems during this period here. In winter, mean VT
through 36°N section between 122°E and 124°E below 10 m area
driven by YSWC increased from 0.08 Sv (1 Sv =106 m3/s) before
the topography revised to around 0.17 Sv after the revision, with
122% increments. The maximum velocity of YSWC also in-
creased significantly, from 0.026 m/s to 0.037 m/s on average,
and the maximum velocity increased by about 41%. Both the
qualitative analysis of the flow pattern of YSWC and quantitative
analysis of its transportation show that the shape of YSWC is re-
produced more obviously after the correction of topography.

The accuracy of tidal simulation is also improved after the to-
pography correction, concurrently. Taking M, tidal constituent as
an example, its amplitude still has an unreasonable amphidrom-
ic point in the southwest of the Taiwan Strait after the bathy-
metry revision (Fig. 5a). The maximum amplitude of M, tidal
constituent is over 180 cm in the middle-northern along the Fuji-
an coast, and an unreasonable amphidromic point appears in the
southwest of the Taiwan Strait and off shore Guangdong
Province. In order to fix this problem, we conducted several sens-

itive experiments to modulate the model configuration by in-
creasing bottom friction coefficient (BFC) in the Taiwan Strait. By
changing the BFC from 2x10-3 to 1x10-2 in the domain of the
south 25.5°N and the west 120.9°E, we finally got the reasonable
tidal distribution in the Taiwan Strait. The results show that after
the BFC adjustment, the tidal amphidromic points of semi-diurn-
al constituents in this area disappear, amplitude decreases
slightly to the reasonable range for the whole and around the
Taiwan Strait. The simulated results (Fig. 5b) are more consist-
ent with previous literatures (Fang et al., 1986).

By comparing the harmonic constants calculated from res-
ults before and after the correction with the analyzed results from
the tide gauge data, which was used to validate the simulated res-
ults of tides in ECS area by Zhu and Liu (2012), it indicates that
the absolute mean error of most harmonic constants of the four
major tidal components (M, S,, K; and O,) have been decreased
significantly, except that the amplitude of M, and S, components
degraded slightly (Table 1).

3.2 Changing surface atmospheric forcing mode

Sea surface atmospheric forcing is an important factor to
heat, fresh water and momentum transferring between atmo-
sphere and ocean, which could affect sea surface temperature,
salinity and velocity field of modeling results. Therefore, it is also
one of key elements to simulation accuracy of upper layer ocean
states. Direct forcing using radiation flux fields and indirect for-
cing by calculating radiation flux fields using bulk-formulas
(hereafter referred to as bulk_flux) of COARE3.0 (Fairall et al.,
2003) are two common surface forcing modes used in many pop-
ular ocean models, i.e., ROMS, FVCOM (Finite Volume Com-
munity Ocean Model; Chen et al., 2013), NEMO and so on. Here,
the direct surface forcing mode in the original system was re-
placed with the bulk_flux mode in the improving process, where
the sea surface atmospheric forcing field is calculated and
provided by the bulk-formulas using CFSR reanalysis data.
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Fig. 5. Co-tidal charts (both dash lines and color filled for amplitude in cm, solid lines for phase in (°) and referred to 120°E) in and
around the Taiwan Strait for M, constituent before (a) and after (b) the BFC adjustment.

Table 1. Absolute mean errors of amplitude (cm) and phase (°)
between measured data and simulated results for both before
and after model improvements

Absolute mean error

Tidal components Harmonic constants

Before After
M, Amp/cm 11.0 11.2
Pha/(°) 9.8 7.3
S, Amp/cm 4.4 4.9
Pha/(°) 8.9 7.9
K, Amp/cm 3.6 2.5
Pha/(°) 8.6 6.3
0, Amp/cm 2.4 1.8
Pha/(°) 6.5 6.3

In COARE3.0, the calculation formulas for the air-sea fluxes,
such as sensible heat, latent heat and long-wave radiation, are as
follows:

Qs = panCh (Ts - ‘9) Uo, (1)

QL = paLeCe (qs - qu) Uy, (2)

Qiongwave = Qlongwavedown — €0 stL 3)
where Qs, Qr and Qiongwave represent sensible heat flux, latent
heat flux and long-wave radiation, respectively; p, is density of
air; Le is latent heat of evaporation; C, represents specific heat at
constant pressure; Uio is average wind speed with a height of 10
m above sea surface; Cp, and Ce represent the turbulent exchange
coefficients of heat and water vapor, respectively; Ts is SST from
ocean model; ¢ is potential air temperature near sea surface; gs
and ¢, are the specific humidity of sea water and air near sea sur-
face, respectively, g; is calculated by the saturation specific hu-
midity of sea water and SST; ¢ =0.98 is sea surface specific
emissivity; and oy, = 5.67 x 107*W/(m? - K*) is Stefan-Boltz-
mann constant. The calculation process concerns the following
set of atmospheric variables from atmospheric datasets: wind
speed 10 m above sea surface, mean sea level air pressure, air
temperature 2 m above sea surface, air relative humidity 2 m
above sea surface, downward longwave radiation flux, precipita-
tion rate and shortwave radiation fluxes.

In order to evaluate the simulation results of two forcing
modes, the simulated SSTs of the BYEOFS using direct forcing
and bulk_flux mode were compared with the Merged Satellite
and In-situ Data Global Daily SST (MGDSST) by calculating their
deviations and root mean square errors (RMSE), respectively. To
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the simulated results in 2011, for example, the SST RMSE using
bulk_flux mode was smaller than that of direct forcing obviously
(Fig. 6) and RMSEs of monthly SST are all less than 1.5°C after us-
ing bulk_flux mode. Simulated results of SST in January, April, Ju-
ly and October are used to represent SST of winter, spring, sum-
mer and autumn, respectively. In winter, the SST RMSE of these
two surface forcing modes are relatively close (Figs 7a, b) with a
nearly 5% decreasing, while the simulation results using
bulk_flux mode in spring, summer and autumn are distinctly bet-
ter than direct forcing (Figs 7c-h). Especially in summer, the area
where SST error above 2°C at western coastal area of BYES is al-
most absent. The reducing degrees of SST RMSE in these three
seasons are all over 40% (48%, 44%, 47% in spring, summer and
autumn, respectively). Monthly SST simulated using bulk_flux
mode is closer to the observed SST. The reducing ratio of annual
mean RMSE achieves 36%.

Further, simulated results of Ji et al. (2015), which includes
the control-run simulation (Ctrl, Expt. 1), the control-run simula-
tion added heat flux correction (Ctrl+QC, Expt. 2), the control-
run simulation added EnOlI assimilation (Ctrl+EnOI, Expt. 3), and

control-run simulation added both heat flux correction and En-
Ol assimilation (Ctrl+QC+EnO], Expt. 4) are compared with that
from the bulk_flux mode (Expt. 5) to show effects of surface at-
mospheric forcing mode changing (Fig. 8). A more detailed set-
ting of experiments is shown in Table 2. The annual mean RMSEs
of SST of above five experiments are 1.75°C, 1.30°C, 1.16°C, 0.98°C
and 1.06°C from Expt. 1 to Expt. 5, respectively. The simulated
result of Expt. 5 on the annual mean RMSE (1.06°C) is closed to
that (0.98°C) of Expt. 4, which the SST RMSE decreased by about
18% compared to the simulated result of Expt. 2 under the same
settings for others. In terms of domain averaged RMSE of daily
SST, the results of Expt. 5 are most close to the simulation results
of Expt. 4 from March to October in 2011, and are similar to those
of Expt. 2 and Expt. 3 in other months, although the results are
slightly worse. It indicates that the improvement effect of simu-
lated SST is closed to the effect of EnOI assimilation before the
changing of surface forcing mode. Meanwhile, it is noted that the
daily domain averaged results of Expt. 5 in 2011 are always better
than those of Expt. 1. Those comparison experiments show that
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Fig. 6. Monthly RMSE of simulation SST in 2011.
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Fig. 8. The daily mean (solid lines) and yearly mean (dash lines) time series of domain averaged SST RMSE of each test in 2011.

the change of surface forcing mode can significantly improve the
simulation accuracy of SST.

For the simulation of model SST, the most direct and effect-
ive influence mode is the change of thermal radiation field on the
sea surface, especially the change of net radiation flux. By com-
paring the difference distribution of three radiation fields gener-
ated by two forcing methods mentioned above (Figures not
shown), it is found that latent radiation is the first major reason
for different performances of SST simulation, and followed by the
effect of sensible heat radiation difference (Li et al., 2019).

3.3 Changing open boundary conditions
According to the historical observations, the mean flow of the

TUS is northeastward into Japan Sea for year-round. The velocity
in the eastern channel of TUS is mostly 0.26-0.51 m/s (Katoh,
1994), and time-averaged VT is 2.3-2.7 Sv across the TUS section
(Teague et al., 2002) with maximum in early winter and minim-
um in early spring (Isobe, 1994). However, during the simulation
and debugging process, it was found that a westward current ap-
peared in the TUS (Fig. 9a), which was inconsistent with the actu-
al situation. In order to get a better understanding on this prob-
lem, two sensitive experiments are conducted by employing two
available open lateral boundary conditions in ROMS and apply-
ing to the eastern lateral boundary, the Clamped boundary con-
dition (hereafter referred to as Clamped) (Shchepetkin and
McWilliams, 2005) and the mixed radiation-nudging boundary
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Table 2. Experiment configurations and annual mean RMSE of
SST
Test Forcingmode Correction EnOI Annual mean RMSE/°C

1  Direct forcing X x 1.75
2 Direct forcing N x 1.30
3 Direct forcing x \ 1.16
4 Direct forcing v V 0.98
5 Bulk_flux N x 1.06

condition (hereafter referred to as Rad-Nud) (Marchesiello et al.,
2001). The Clamped is simply setting the boundary value to a
known exterior value, while the Rad-Nud provides radiation con-
dition on outflow and nudging to a known exterior value on in-
flow. Here both the outflow and the inflow are from SODA
monthly mean datasets. When the Clamped option are used in
eastern boundary condition, the outflow of the TUS almost disap-
peared (Fig. 9b), and the pattern of current tends to be reason-
able. Further, the minimum of monthly normal flow through TUS
section using Rad-Nud and Clamped boundary conditions was
calculated respectively. The result shows that the velocity of neg-
ative normal flow decreases significantly in most months (Fig. 10).

In order to verify the accuracy of Tsushima Strait Warm Cur-
rent (TSWC) VT for the model after changing the eastern bound-
ary condition from Rad-Nud to Clamped, the timeseries of
monthly mean VT through the strait was calculated. We select the
same section (35.07°N, 129.13°E-34.83°N, 129.49°E-33.73°N,
130.22°E) with Takikawa et al. (2005) to calculated the VT
through TUS, the position for sections please refer to Fig. 1a in
Takikawa et al. (2005). Compared with the results of Rad-Nud,
when the Clamped boundary conditions were used in the system,
climatology monthly mean VT through this strait was much
closer to the ADCP observation (Takikawa et al., 2005), the flow
rate calculated by SLA (Takikawa and Yoon, 2005) and the simu-
lation results of Zheng et al. (2008) (Fig. 11). As shown in Table 3,
the RMSE of VT through the TUS was reduced dramatically. A
RMSE decrease was also detected by comparing the long-term
time series of the monthly mean VT of the TSWC calculated by
SLA data, dropping from 0.86 Sv to 0.79 Sv with the percentage of
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decreasing about 8.1% (Fig. 12). The absolute mean error de-
creases from 0.71 Sv to 0.65 Sv with the ratio about 8.4%. The res-
ults of climate state and monthly mean long-term variation of VT
through TUS showed that the Clamped boundary conditions
could improve the model skill of Tsushima Strait Warm Current.

As the use of radiation conditions alone without nudging to
the external data is insufficient to keep model’s running stably,
the adaptive nudging technique is used to handle the external in-
formation. To avoid blow-up and prevent substantial drift of sim-
ulation results during long-term integration, adaptive nudging
layer has to be set in mixed Rad-Nud open boundary condition.
The nudging layer is a region where a model data is relaxed to-
wards external data. Although increasing stability of the system,
the mixed Rad-Nud open boundary restrains the development of
boundary flows at the same time. This character of Rad-Nud
open boundary condition could be the reason for reducing east-
ward flow and generating the unreasonable westward flow.

The monthly mean surface normal flow fields and VT through
sections of TUS (34.3°N, 129.4°E-33.9°N, 129.7°E), the eastern
channel of TUS (35.1°N, 129.1°E-34.2°N, 130.9°E) and the eastern
lateral boundary (35.5°N, 133°E-37.3°N, 133°E) of the model do-
main (section positions shown in Fig. 13) were calculated to
compare the influence of eastern boundary conditions. Once us-
ing Clamped condition at the eastern lateral boundary, the
monthly mean VT in normal direction of these three sections in-
creased significantly, and the number of months in which the ab-
normal negative flow basically cleared (blue line in Fig. 14).

The vertical distribution of normal velocity fields across three
sections in December 1985 are compared, respectively (Fig. 15).
All of them show in dramatically different current patterns under
the Clamped and Rad-Nud boundary conditions. It is found that
the normal flow component increased obviously along two sec-
tions, TUS and the eastern channel of TUS, while using Clamped
condition, comparing with that from Rad-Nud condition being
used. Especially at the TUS and its eastern channel sections
(Figs 15a-d), the speed value of normal flow changes from most
negative (westward) to positive (eastward). The maximum velo-
city speed values are over 0.2 m/s and 0.3 m/s for the TUS and its
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Fig. 9. Velocity field in the day abnormal outflow appeared used Rad-Nud (left) and Clamped (right) boundary option.
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Table 3. RMSE of monthly mean VT through TUS by comparing Clamped and Rad-Nud boundary conditions with different observed
data

Observation type Observations using ADCP/Sv Calculated results using SLA/Sv Model results of Zheng et al. (2008)/Sv
Clamped 0.55 0.47 0.27
Rad-Nud 0.82 0.73 0.72
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Fig. 12. Time series of monthly mean VT through TUS.
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eastern channel, respectively. Meanwhile, along the eastern
boundary position (Figs 15e, f), vertical distribution of the posit-
ive normal flow obtained by Clamped condition is also larger
than that obtained by Rad-Nud condition.

By comparing the VT variations between through eastern lat-
eral boundary and through the TUS, it is found that the VT
through those two sections is significantly correlated with that
through the eastern lateral boundary. The correlation coeffi-
cients of the VT between through the TUS and its eastern chan-
nel and through the eastern lateral boundary are 0.48 and 0.50 for
the Rad-Nud condition, 0.59 and 0.61 for the Clamped condition,
respectively, with an over 95% significance level. In addition,
both correlation coefficients from Clamped condition are higher
than those from Rad-Nud condition by about 0.11, which indic-
ates a much stronger correlation between the currents through
the eastern lateral boundary and the TSWC.

According to the suction effect of TSWC on the Taiwan Warm
Current (Zheng et al., 2009), the flow field of eastern lateral
boundary in the downstream area provides strong suction effect,
which enhances the eastward current speed of TSWC. Compared
with the Rad-Nud condition, the Clamped condition used the
outflow information from SODA open boundary data directly,
which could contribute to the velocity field of TUS and keep the
positive flow direction more effectively.
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Fig. 14. Monthly mean VT time series through the TUS (a), eastern channel of the TUS (b), and the eastern lateral boundary (c).
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3.4 Atmospheric pressure correction

As mentioned in Section 3.2, bulk_flux mode is used as a new
sea surface atmospheric forcing calculation mode which taking
the influence of mean sea level atmospheric pressure into ac-
count. In the meantime, it is found that atmospheric pressure
could also exert an influence on the momentum equation. The
atmospheric pressure can affect simulation results mainly by
adding the horizontal mean sea level atmospheric pressure dif-
ference term to modify the pressure gradient force terms (Shche-
petkin and McWilliams, 2003). There are two ways on which air
pressure correction option influences the system results: the first
one is correcting the baroclinic pressure gradient force term by
adding the air pressure difference between the air pressure at
mean sea level (Pair) and the standard air pressure (Paio =
1 013.25 hPa) to the sea surface pressure term of the three dimen-
sional momentum equation, and the second one is correcting the
right hand side term of the barotropic equation of motion by us-
ing the horizontal air pressure gradient. The pressure correction
term is calculated as (Pair — Pairo) / Pwater, Wwhich transforms the air
pressure difference into the height of water column producing
same pressure. Therefore, the air pressure correction option can
also be seen as using air pressure gradient changing momentum
field of the system.

In order to check the influence of air pressure correction on
simulation results, a pair of comparative experiments (with and
without air pressure correction) was conducted to compare the
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variation of the sea level anomaly (SLA). Taking the simulation
results in 2017 as an example, SLA of the YS in January (Figs 16a, b)
and October (Figs 16g, h) decreased slightly, while that in April
(Figs 16c, d) and July (Figs 16e, f) shows no obvious change after
atmospheric pressure correction introduced into the system. To
check the relationship between SLA and air pressure, air pres-
sure difference of spatial distribution in these four months is cal-
culated. The atmospheric pressure of YS is higher in winter and
autumn, while the air pressure gradient is from the YS and the BS
region to the western Pacific in these two seasons (Fig. 17). Lar-
ger atmospheric pressure gradient from the YS to the open sea
results in more net outflow of sea water volume, then inducing
the reduction of the sea surface height of YS. The pressure gradi-
ent in spring and summer is relatively small which cannot re-
duce the water exchange and SLA difference significantly.

Further, according to the statistics of daily mean SLA in 2017,
it is found that the daily mean SLA difference of YS area (north of
30°N, west of 127°E) between two experiments (with air pressure
correction minus without air pressure correction) is most negat-
ive in winter and autumn and fluctuates around zero in spring
and summer (red line in Fig. 18 ). The regional averaged differ-
ence of daily mean sea surface atmospheric pressure between the
YS and area out of the YS was calculated and compared with the
time series of regional averaged of SLA differences of the YS in
these two experiments. The pressure difference shows the atmo-
spheric pressure of the YS is higher in winter and autumn and
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Fig. 15. Normal velocity across the TUS (a, b), eastern channel of the TUS (c, d) and eastern lateral boundary (e, f) in December, 1985
using Rad-Nud (a, ¢, €) and Clamped (b, d, f) condition at eastern open boundary.
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fluctuates around zero in spring and summer (bule line in Fig. 18 ).
It is found that the time series of mean air pressure difference
and the mean SLA difference shows an obviously negative correl-
ation, with the correlation coefficient is -0.60 and the confidence
coefficient over 99%.

In winter, affected by cold snaps and air, mean sea level pres-
sure in the YS and the BS is in an average state controlled by cold
and high pressure system. According to the annual variation of
air pressure, it is found that the daily mean sea level pressure in
the model domain reaches its maximum value in winter, and the
difference with the standard air pressure reaches its maximum,
too (Fig. 18). The sea water pressure correction term affected by
atmospheric pressure is basically positive in winter and de-
creases from the BS and the YS area to the ECS and surrounding
sea area, resulting in the pressure gradient from the BS and the
YS to the open sea area. The higher mean sea level air pressure in
winter leads to an increase in the correction of pressure gradient
forces.

The change of pressure gradient force finally affects the water
exchange of the YS. By calculating the difference of daily mean
VT through the 34.5°N section in these two tests, it is found that
the absolute value of daily outflow (southward VT) from the YS is
enhanced after considering mean sea level pressure correction,
and the absolute difference (with air pressure correction minus
without) of southward VT is significantly increased in winter
(Fig. 19). The air pressure correction enhances water exchange
between the YS and the ECS by increasing the outflow of the YS.
The correlation analysis found that the outflow difference was
significantly correlated with the atmospheric pressure, and the
correlation coefficient was 0.23 with the confidence level over
99%. The pressure gradient forces outward open seas caused the
outflow anomaly of the YS, then increasing the negative anomaly
of sealevel in the YS.

The analysis of SLA and air pressure shows that the addition
of atmospheric pressure correction will increase the fluctuation
of SLA by decreasing SLA of the YS in winter and autumn. In the
meantime, the atmospheric pressure increases the rate of water
exchange of the YS. The influence of this term on the simulation
accuracy of SLA and coastal current field still needs further ana-
lysis after obtaining more accurate observed SLA and flow fields.

4 Verification and discussion

4.1 Scientific assessment of forecasting skill

To validate BYEOFS’s improvements of forecasting skill in
further, the optimum interpolation sea surface temperature
(OISST) (Reynolds et al., 2007) and observation data from off-
shore in-situ 12 buoy stations in the BS and YS (red circles in Fig.
13) are employed to compare with BYEOFS forecasted SST for
both before and after improvement, respectively. The forecasting
experiments include 5 d forecasting results on the 1st, 11th and
21st days of each month in 2017. OISST is used to check the daily
mean overall forecasting results, and in-situ buoy observations
are used to check the hourly forecasting results.

The annual mean RMSE of 5 d forecasting SST reduces from
1.24-1.30°C to 1.00-1.12°C after improving, with a significant re-
duction ratio of about 13%-19% (Table 4), by comparing with the
OISST data. The mean value of SST RMSEs for all 5-day forecast-
ing decreases from 1.27°C to 1.07°C after improving, with a de-
creasing ratio of 16% for SST forecasting skill. The RMSEs
timeseries of domain averaged daily mean forecasted SST from
the 1st to 5th day for before and after improving are shown in Fig.
20. It indicates that SST RMSE is reduced significantly after im-

proving in boreal winter, but not in summer.

The annual mean RMSEs of hourly forecast SST for each fore-
casting day before and after improving by comparing with 12
buoy stations observation data are shown in Table 5. It is found
that annual mean RMSEs at most buoy positions are significantly
decreased. The averaged RMSEs of forecasting SST for all sta-
tions reduce from 1.01°C to 0.78°C, from 1.12°C to 0.80°C, from
1.14°C to 0.79°C, from 1.13°C to 0.82°C, from 1.14°C to 0.86°C, for
the first to the fifth forecasting day, respectively. The overall re-
duction ratio ranges from 23% to 31% with a mean value 27% for
all stations.

In summary, the validation of SST RMSE shows that the fore-
casting skill of SST benefiting from the system’s improvements
mentioned in above has improved dramatically.

4.2 Model skill of YSWC

The improvement of the BYEOFS represents the pattern of
YSWC much better than BYEOFS-v1.0. Since the sea surface wind
field data used in the system has not been changed, the correc-
tion of the model topography could be regarded as the principal
factor for the improvement of the YSWC. Previous studies also
found that the topography of the YS is an important factor affect-
ing the axis location of YSWC. Lin and Yang (2011) found that the
wind stress curl under the influence of V-shaped topography of
YS is the primary cause of westward shift of YSWC. According to
the traditional academic view about YSWC, it generally flows
northward along the 50-70 m isobath of western side of YS trough
(Guan, 1994; Tang et al., 2000). It was found that the depressions
near 36.1°N and the discontinuous topography near 35.3°N in the
west side of the YS (Fig. 2a) are the main differences between the
two sets of topography data used in before and after system im-
proving. The YSWC would bend its flow axis and lose its energy
when it flows through above two areas. After the improvement of
the topography, the area topography of the flow axis path is relat-
ively smoother, resulting in the weakening of axis bending and
energy loss.

In addition, uneven and speckled topography also exists in
other areas of the YS trough, which may also affect the simula-
tion of flow axis and velocity field of the YS in winter. The im-
provement of topography also reflects the importance of reason-
able topography to the accuracy improvement of simulated velo-
city field. With the accumulation of oceanographic surveys data
in the future, the model topography will be further modified to
make it more realistic.

4.3 Model skill of SST

The accurate input of sea surface atmospheric forcing plays a
key role in determining the model simulation result of SST. It is
found from Egs (1)-(3) in Section 3.2 that, by comparing with the
direct forcing, the calculation of sensible heat flux, latent heat
flux, and longwave radiation flux need to use SST from oceanic
model. The increasing of SST can lead to the change of these
three radiation fluxes, resulting in the increasing of sea surface
heat loss, then inhibiting the continuous increasing of SST, vice
versa. By introducing these calculation formulas, an effective
negative feedback mechanism is formed between SST predicted
by the ocean model and above three sea surface radiation fluxes
field, which can effectively inhibit the abnormal warm or cold of
SST in the system. Therefore, theoretically, the thermal radiation
provided by bulk_flux mode is more reasonable and effective
than direct forcing mode, especially for the case of the surface at-
mospheric forcing data with large errors (Li et al., 2019). Figure
7c shows the distributions of monthly mean SST differences of
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directly forcing mode minus MGDSST in April 2011. It is found  differences of SST mainly occur near the middle of BS, Subei

that the simulated SST are much warmer than MGDSST near the

shoal and the Changjiang Estuary, which are about 4-6°C. It is

coast areas of the BS, YS and Zhejiang Province. The maximum because sea surface atmospheric forcing data is not accurate,
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Fig. 17. Monthly mean air pressure differences between the air pressure at sea surface and the standard air pressure (1 013.25 hPa) in

January (a), April (b), July (c) and October (d) of 2017.

such as providing much more heat to ocean, which would mani-
fest to heating the sea surface continually. This phenomenon can
be alleviated significantly by employing the COARE 3.0 bulk al-
gorithm which could introduce the effective negative feedback
mechanism between model’s SST and air-sea heat flux into
oceanic model. After changing the surface forcing mode, the
maximum of monthly mean differences between simulated SST
by bulk_flux and MGDSST are about 2-3°C, and the area of ab-
normal warmer SST is significantly reduced (Fig. 7d). It can be
considered that in the case of large deviations in sea surface radi-
ation flux data at the coastal area, the usage of bulk_flux mode
can better ensure the accuracy of simulated SST.

However, the improvements to the BYEOFS-v1.0 presented in
this paper mainly concern about sea surface temperature and
patterns of mean velocity field or sea water volume transport. It is
less related to three dimensional temperature and salinity struc-
tures or some specific physical processes, such water masses, the
model or forecast skill in a typhoon process. Large number of in-
situ observations are needed to support the exploration of influ-
ences of the vertical mixing schemes and turbulence parameter-
ization by considering wave-induced mixing on the 7/S profiles
and vertical distribution of velocity based on BYEOFS-v2.0. Fur-

thermore, the improvement of the data assimilation scheme al-
lows assimilate much more observations from different plat-
forms in subsurface layer, whose necessity has been widely ac-
knowledged in many other coastal operational forecasting sys-
tems mentioned at the beginning. All in above will be our major
direction to improve BYEOFS-v2.0 continually on the next step.

5 Conclusions

The BYEOFS based on ROMS has been upgraded and im-
proved. The physical model configurations are modified in as-
pects such as correcting topography of the system, changing the
surface forcing mode, adjusting the open boundary conditions,
and using the mean sea level pressure correction option, and the
simulation results are mainly compared. A set of comparison ex-
periments are designed to distinguish different roles played by
different model configuration in the upgrade process. Validated
by observations and literature description, the simulated results
show more consistence with the observations than before.

The axis of YSWC shows unreasonable bend around the
36.1°N area of the YS, influenced by inaccurate topography in
BYEOFS-v1.0. The correction to system topography is by chan-
ging it to a combination of the GEBCO_08 bathymetric database
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Fig. 18. Daily air pressure difference index between the YS and area out of YS (blue), and SLA difference of YS area between before
and after air pressure correction considered (red) in 2017.
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Fig. 19. Daily mean VT difference of through 34.5°N section in 2017 between experiments with and without atmospheric pressure
correction.

Table 4. The annual mean RMSE (C) of forecasting SST at each buoy position before and after system improvement in 5 d

1st day 2nd day 3rd day 4th day 5th day

Before After Before After Before After Before After Before After

QF102 1.30 0.99 1.35 0.94 1.38 0.93 1.37 0.92 1.41 0.98
QF103 0.88 0.66 0.91 0.69 0.95 0.69 0.91 0.72 0.90 0.72
QF104 0.91 0.78 0.94 0.79 0.91 0.74 0.95 0.79 0.89 0.82
QF105 0.90 0.73 0.89 0.73 0.92 0.72 0.97 0.84 0.97 0.86
QF106a 1.21 1.13 1.27 1.24 1.22 1.09 1.18 1.28 1.22 1.37
QF107a 1.40 0.85 1.32 0.85 1.26 0.85 1.29 0.80 1.45 0.89
QF108 1.10 0.58 1.13 0.64 1.20 0.67 1.13 0.70 1.13 0.74
QF109 1.13 0.66 1.08 0.67 1.09 0.70 1.01 0.76 1.09 0.82
QF110a 1.19 0.65 1.20 0.73 1.27 0.68 1.24 0.71 1.20 0.71
QF110b 1.13 0.52 1.12 0.51 1.15 0.54 1.19 0.51 1.20 0.47
QF111 1.01 0.63 1.04 0.68 1.09 0.67 1.09 0.65 1.12 0.80
QF113 1.10 1.14 1.20 1.14 1.18 1.18 1.25 1.18 1.12 1.18
Average 1.01 0.78 1.12 0.80 1.14 0.79 1.13 0.82 1.14 0.86

and the measured bathymetric data of the BYES, which signific- forcing mode to bulk_flux mode, sea surface radiation field of the
antly improves the flow pattern of YSWC in winter. The velocity = system has built up a negative feedback relationship with model
pattern of YSWC is more obvious and the unreasonable bending  SST by employing the COARE 3.0 bulk algorithm. The change of
disappears after this correction. surface atmospheric forcing remarkably improves the simulation

With the change of surface atmospheric forcing from direct  and prediction ability of SST. The abnormal SST along the coastal
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Fig. 20. The time series of domain averaged RMSE of forecasting SST in the 1st to 5th day (black, red, blue, green and cyan,
respectively) before (circles) and after (asterisks) system improvement in 2017.

Table 5. The annual mean RMSE (°C) of forecasting SST before
and after system improvementin 5 d

Forecastday 1stday 2ndday 3rdday 4thday 5thday
Before 1.24 1.25 1.28 1.30 1.29
After 1.00 1.03 1.08 1.11 1.12

area is significantly reduced. The annual mean RMSE of simu-
lated SST after the improvement is 0.24°C less than that before
the improvement, and the decreasing ratio is about 18%.

In the simulation and debugging process, it was found that a
westward current in the TUS was inconsistent with the observa-
tions. The opening boundary conditions of eastern lateral bound-
ary is adjusted from Rad-Nud to Clamped, which enhances the
suction effect of eastern boundary. After this correction, the velo-
city of normal positive flow through the TUS significantly in-
creased, and the abnormal westward flow rarely appeared.

Atmospheric pressure correction exerts an influence of sea
level pressure on the momentum equation during the calcula-
tion process of the circulation model. The atmospheric pressure
gradient from the YS and the BS region to the western Pacific will
increase the fluctuation of SLA of the system in autumn and
winter, while cold and high atmospheric pressure system affect-
ing the region of YS. The mean sea level pressure correction op-
tion influences the outflow and SLA of YS area due to outward
mean sea level pressure gradient in winter.
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