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Abstract. Great progress has been made in understanding the
mesoscale eddies and their role on the large-scale structure
and circulation of the oceans. However, many questions still
remain to be resolved, especially with regard to the reproduc-
tivity and predictability of mesoscale eddies. In this study,
the reproductivity and predictability of mesoscale eddies in
the northern South China Sea (NSCS), a region with strong
eddy activity, are investigated with a focus on two typical
anticyclonic eddies (AE1 and AE2) based on a HYCOM-
EnOlI assimilated system. The comparisons of assimilated re-
sults and observations suggest that generation, evolution, and
propagation paths of AEI and AE2 can be well reproduced
and forecasted when the observed amplitude is >8 cm (or the
advective nonlinearity parameter U/c is >2), although their
forcing mechanisms are quite different. However, when their
amplitudes are less than 8 cm, the generation and decay of
these two mesoscale eddies cannot be well reproduced and
predicted by the system. This result suggests, in addition to
dynamical mechanisms, that the spatial resolution of assimi-
lation observation data and numerical models must be taken
into account in reproducing and predicting mesoscale eddies
in the NSCS.

1 Introduction

Equivalent to the synoptic variability of the atmosphere,
ocean mesoscale eddies are often described as the “weather”
of the ocean, with typical spatial scales of ~ 100km and

timescales of a month (Wang et al., 1996; Liu et al., 2001;
Chelton et al., 2011). The mesoscale eddy is characterized
by temperature and salinity anomalies with associated flow
anomalies, exhibiting different properties to their surround-
ings, thus allowing them to control the strength of mean cur-
rents and to transport heat, salt, and biogeochemical tracers
around the ocean. The motion of mesoscale eddies would be
a straight line if eddies freely propagate in the open ocean.
However, most eddies may have interactions with topogra-
phy, strong currents (western boundary current), and other
eddies during their lifetime. The motion of an eddy will be
modified and even split when approaching an island (Yang
et al., 2017). It is also recognized that the western boundary
is where eddies disappear (Zhai et al., 2010). The dynam-
ical processes, such as splitting and/or merging of eddies,
can also result in termination and/or genesis of eddies in the
open ocean (Li et al., 2016). Thus, the dynamical processes
mean that the prediction of eddy motion is a challenge for
ocean simulation. Although the beauty and complexity, tem-
poral and spatial variability, eddy energy and tracking, and
the effects on atmosphere of these mesoscale features can
be seen today by viewing high-resolution satellite images or
numerical model simulations (Yang et al., 2000; Fu et al.,
2010; Morrow and Le Traon, 2012; Frenger et al., 2013), the
operational forecasts of the mesoscale eddy still pose a big
challenge because of its complicated dynamical mechanisms
and high nonlinearity (Woodham et al., 2015; Treguier et al.,
2017; Vos et al., 2018). A recent example is the explosion of
the Deepwater Horizon drilling platform in the northern Gulf
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Figure 1. Bathymetry of the northern South China Sea. The blue
and yellow contour lines are the isolines of 400 and 1000 m, respec-
tively. The solid black cross indicates Dongsha Islands. The migra-
tion path of AE1 and AE2 in the NSCS during December 2003—
April 2004 are shown. Solid (hollow) red dots and solid (dash) lines
indicate weekly passing position and migration path of observation
(assimilation) AE1. Solid (hollow) green dots and solid (dash) lines
indicated weekly passing position and migration path of observa-
tion (assimilation) AE2. The squares and triangles denote start and
end positions, respectively. The model domain of CSCS (the inset
panel), the curvilinear orthogonal model grid with 1/8-1/12° hori-
zontal resolution (147 x430) is denoted by the blue grid (at intervals
of 10 grid cells here).

of Mexico in 2010 where an accurate prediction of the posi-
tion and propagation of the Loop Current eddy was essential
in determining if the spilled oil would be advected to the At-
lantic Ocean or still remain within the Gulf (Treguier et al.,
2017).

Similar to the Gulf of Mexico, the South China Sea (SCS)
is also a large semi-closed marginal sea, in the northwest
Pacific, connecting to the western Pacific through the Lu-
zon Strait (LS; Fig. 1). Forced by seasonal monsoon winds,
the intrusion of the Kuroshio Current (KC), Rossby waves,
and the complex topography, SCS and especially the north-
ern SCS (NSCS) exhibits significant mesoscale eddy activity
(Fig. 2). Many studies have tried to investigate mesoscale ed-
dies in the NSCS (Wang et al., 2003, 2008; Jia et al., 2005).
Based on the potential vorticity conservation equation and
in situ survey data, Yuan and Wang (1986) pointed out that
the bottom topography forcing might be the primary factor
for the formation of anticyclonic eddies northeast of Dongsha
Islands (DIs). Using survey CTD data in September 1994,
Li et al. (1998) recorded evidence of anticyclonic eddies in
the NSCS and suggested these anticyclonic eddies are prob-
ably shed from the KC. Investigations by Wu et al. (2007)
showed that westward-propagating eddies in the NSCS orig-
inate near the LS rather than coming from the western Pa-
cific. Based on the altimeter, trajectory of drift, and hydro-
logical observation data, Wang et al. (2008) studied the evo-
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lution and migration of two anticyclonic eddies in the NSCS
during winter of 2003/2004. As they described it, the AEI1
generated by interaction of the unstable rotating fluid with
the sharp topography of DIs firstly appeared near DIs on the
10 December 2003 (see Fig. 3). Then it began to move south-
westward with its amplitude decreasing gradually. During
the movement of AE1, another anticyclonic eddy (AE2) was
shed and developed from the loop current of Kuroshio near
the LS on the 14 January 2004. The amplitude of AE2 was
then increased when it propagated southwestward (Fig. 3d—
f). About 5 weeks later, AE2 reached its maximum in ampli-
tude and then lasted around 3 weeks in its mature state. Dur-
ing its decay phase, AE2 moved southwestward quickly with
its amplitude decreasing, and finally disappeared at the loca-
tion of 18°N, 114° E on the 7 April 2004. Meanwhile, AE1
continued moving to southwest and eventually disappeared
the southeast of Hainan. In addition to physical characteris-
tics, the phytoplankton community at these two eddies have
also been studied by Huang et al. (2010). These studies im-
proved our understanding of the activities of mesoscale ed-
dies and their possible dynamical mechanisms in the NSCS.

Despite the activities and possible dynamical mechanisms
of mesoscale eddies in the NSCS having received much at-
tention in past decades, studies on the reproductivity and pre-
dictability of mesoscale eddies in the NSCS are still rare. As
mentioned above, mesoscale eddies are not only related to
complicated dynamical mechanisms but also involve strong
nonlinear processes (Oey et al., 2005); they are not a de-
terministic response to atmospheric forcing. The quality of
mesoscale eddy forecasting will depend primarily on the
quality of the initial conditions. Ocean data assimilation,
which combines observations with the numerical model, can
provide more realistic initial conditions and thus is essential
for the prediction of mesoscale eddies. As shown by previous
studies, after assimilating altimeter data into ocean models,
the ocean currents in the southern SCS (Xiao et al., 2006)
and the realism of the three largest eddies in the SCS during
Typhoon Rammasun (Xie et al., 2018) have been improved.
Furthermore, some studies show that the ocean model includ-
ing tides or assimilated altimeter data with reasonable mean
dynamic topography (MDT) can provide more realistic ini-
tial conditions (Xie et al., 2011; Xu et al., 2012). The above
studies show that the mesoscale eddies in the SCS are repro-
ducible, but the predictability of mesoscale eddies is rare. In
this study, we assessed the reproduction and predictability of
two typical anticyclonic eddies (Wang et al., 2008) chosen as
representing different generation mechanisms and surviving
long enough to be useful, with a focus on their generation,
evolution, and decay processes by a series of numerical ex-
periments based on a Chinese shelf/coastal seas assimilation
system (CSCAS; Li, 2009; Li et al., 2010; Zhu, 2011) along
with the observation data from surface drifter trajectories and
satellite remote sensing.

www.ocean-sci.net/15/97/2019/
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Figure 2. Annual mean standard deviation of sea level mesoscale signals (color shading, unit: cm) and propagation velocities of the signals

(vectors) derived from (a) altimeter observations and (b) OFES (Ocean General Circulation Model for the Earth Simulator) simulations.
Cited from Zhuang et al. (2010).
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Figure 3. Snapshots of sea level anomaly (SLA) from satellite remote sensing datasets. Buoy 22918 trajectory (blue lines, blue asterisk
represents the initial position of buoy, as in Fig. 4) (a) from 4 to 15 December 2003 superposed on SLA field on 10 December 2003;
(b) from 16 to 23 December 2003 superposed on SLA field on 17 December 2003; SLA field on (c) 7 January 2004, (d) 21 January 2004,
(e) 4 February 2004, and (f) 18 February 2004. Cited from From Wang et al. (2008).
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2 Datasets and methodologies
2.1 Datasets

In this study, altimetric data in 2003-2004 was selected,
including along-track sea level anomaly (SLA), total-
ing 29 passes (about 9300 points) over the domain of
the Chinese shelf/coastal seas (CSCS). Considering the
noise of SLA measurement in the shallow seas, data
for the shallow areas with depth <400m was excluded.
In order to verify the merged SLA based on Jason-1,
TOPEX/Poseidon, ERS-2, and ENVISAT (Ducet et al.,
2000) provided by Archiving, Validation and Interpreta-
tion of Satellites Oceanographic data (AVISO) at Collecte
Localisation Satellites (CLS, http://www.aviso.oceanobs.
com/en/data/products/sea-surface-height-products, last ac-
cess: June 2018), the 1/4° x 1/4° resolution and weekly av-
erage are used. In addition, because the SLA present only
the anomalies relative to a temporal mean sea level field,
a new mean dynamic topography (nMDT), which has been
corrected using an iterative method by Xu et al. (2012), was
used to calculate the realistic sea level in this study.

In addition to SLA datasets, the daily optimum interpo-
lation sea surface temperature (OISST) from the National
Oceanic and Atmospheric Administration’s (NOAA) Na-
tional Climatic Data Center (ftp://eclipse.ncdc.noaa.gov/pub/
OI-daily-v2/NetCDF/, last access: 31 January 2019) — which
was merged by an optimum interpolation method (Reynolds
et al., 2007) based on the infrared sea surface temperature
(SST) collected by the Advanced Very High Resolution Ra-
diometer sensors on the NOAA Polar Orbiting Environmen-
tal Satellite and SST from the Advanced Microwave Scan-
ning Radiometer for the Earth Observing System — are also
used. The daily OISST biases were fixed using in situ data
from ships and buoys. The dataset between 2003 and 2004
was used in this study with a spatial resolution of 1/4°x1/4°.
In addition, the surface drifting buoy data from the World
Ocean Circulation Experiment (WOCE, ftp://ftp.aoml.noaa.
gov/pub/phod/buoydata/, last access: 31 January 2019) are
also used. Three drifters were designed to drift at the sur-
face within the upper 15 m and tracked by the ARGOS satel-
lite system. Positions of the drifters were smoothed using a
Gaussian-filter timescale of 24 h to eliminate tidal and iner-
tial currents, and were subsampled at 6 h intervals (Hamilton
et al., 1999).

2.2 Method to identify the mesoscale eddies

Similar to the standard of Cheng et al. (2005) and Chel-
ton et al. (2011), we identify the mesoscale eddies in this
study as follows: (1) there must be a closed contour on the
merged SLA; (2) there must be one maximum or minimum
inside the area of the closed contour for anticyclonic or cy-
clonic eddies; (3) the difference between the extremum and
the outermost closed SLA contour, i.e., the amplitude of the
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mesoscale eddy, must be greater than 2 cm; and (4) the spa-
tial scale of the eddy should be 45-500 km. In addition, the
amplitude (A) of an eddy is defined here to be the magnitude
of the difference between the estimated basal height of the
eddy boundary and the extremum value of sea surface height
(SSH) within the eddy interior: A = |hext — Aol

2.3 Ocean model

Here we used a three-dimensional hybrid coordinate ocean
model (HYCOM; Halliwell et al., 1998, 2000; Bleck, 2002;
Halliwell, 2004; Chassignet et al., 2007) to provide a dynam-
ical interpolator of observation data in the assimilation sys-
tem. HYCOM is a primitive equation general ocean circula-
tion model with vertical coordinates: isopycnic coordinate in
the open stratified ocean, the geopotential (or z) coordinate in
the weakly stratified upper ocean, and the terrain following
sigma coordinate in shallow, coastal regions.

In this study, HY COM was implemented in the CSCS with
a horizontal resolution of 1/12° x 1/12°, and in the remain-
ing regions with 1/8° x 1/8°; the model domain is from O
to 53° N and from 99 to 143° E, and the detailed model do-
main and grid can be referred to in the inset panel of Fig. 1.
The vertical water column from the sea surface to the bottom
was divided into 22 levels. The K-profile parameterization
(KPP; Large et al., 1994), which has proved to be an efficient
mixing parameterization in many oceanic circulation mod-
els, was used here. The bathymetry data of the model do-
main were taken from the 2 min Gridded Global Relief Data
(ETOPO2).

To adjust the model dynamics and achieve a perpetually
repeating seasonal cycle before applying the interannual at-
mospheric forcing, the model was initialized with climato-
logical temperature and salinity from the World Ocean At-
las 2001 (WOAOI1; Boyer et al., 2005) and was driven by
the Comprehensive Ocean-Atmosphere Data Set (COADS;
Woodruff et al., 1987) in the spin-up stage. After integrating
10 model years with climatological forcing, the model was
forced by the European Centre for Medium-Range Weather
Forecasts (ECMWF) 6-hourly reanalysis dataset (Uppala et
al., 2005) from 1997 to 2003. The wind velocity (10 m) com-
ponents were converted to stresses using a stability depen-
dent drag coefficient from Kara et al. (2002). Thermal forc-
ing included air temperature, relative humidity, and radia-
tion (shortwave and longwave) fluxes. Precipitation was also
used as a surface forcing from Legates and Willmott (1990).
Surface latent and sensible heat fluxes were calculated us-
ing bulk formulae (Han, 1984). Monthly river runoff was pa-
rameterized as a surface precipitation flux in the East China
Sea (ECS), the SCS and, LS from the river discharge sta-
tions of the Global Runoff Data Centre (GRDC; http://www.
bafg.de, last access: 31 January 2019), and scaled as in Dai
et al. (2002). Temperature, salinity, and currents at the open
boundaries were provided by an India-Pacific domain HY-
COM simulation at 1/4° x 1/4° spatial resolution (Yan et al.,
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Figure 4. The settings of assimilation and six forecast experiments, including the start dates and durations.

2007). Surface temperature and salinity were relaxed to cli-
matology on a timescale of 100 days. Both two-dimensional
barotropic fields such as SSH and barotropic velocities, and
three-dimensional baroclinic fields such as currents, temper-
ature, salinity, and density were stored daily.

2.4 The assimilation scheme

The ensemble optimal interpolation scheme (EnOI; Oke et
al., 2002), which is regarded as a simplified implementation
of the ensemble Kalman filter (EnKF), aims at alleviating the
computational burden of the EnKF by using stationary en-
sembles to propagate the observed information to the model
space. The data assimilation schemes can be briefly written
as (Oke et al., 2010):

¥* =y + K(d — Hy*), K = PPH [HP’H” +R]™', (1)

where ¥ is the model state vectors including model tem-
perature, layer thickness, and velocity; Superscripts a and b
denote analysis and background, respectively; d is the mea-
surement vector that consists of SST and SLA observations;
K is the gain matrix; and H is the measurement operator
that transforms the model state to observation space. P is the
background error covariance and R is the measurement error
covariance. In EnOlI, Eq. (2) can be expressed as:

K=a(o o PP)H  [¢H(c o PP)HT + R]!, )
where « is a scalar that can tune the magnitude of the analysis
increment; o is a correlation function for localization; and
P" is the background error covariance that can be estimated
by

PP=A'AT J(n—1). 3)

In Eq. (4), n is the ensemble size, A" is the anomaly of
the ensemble matrix, A = (¥, ¥,, ..., ¥ y) € NN (Y, €
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Figure 5. The advective nonlinearity parameter U/c (ANP). The
thick red (blue) curve indicates the ANP of the observations
(As_exp experiment) of AE2, the dashed line indicates the value
of eddy amplitude at 8 cm or the ANP greater than 2.

RN =1, ...n) is the ensemble members, N is the dimen-
sion of the model state, usually representing the model vari-
ability at certain scales by using a long-term model run or
spin-up run. A more detailed description and evaluation of
the CSCAS are in Li et al. (2010) and Xu et al. (2012).

3 Results

3.1 The reproduction of anticyclonic eddies AE1 and
AE2 in the NSCS

In order to investigate whether the evolution and migra-
tion features of these two eddies can be reproduced by the
CSCAS or not, we firstly set up an assimilation experiment
named As_exp (see Fig. 4, black line) for AE1 and AE2. In
this experiment, the observed SST and SLA are both assim-
ilated into CSCAS every 3 days. To meet dynamic adjust-
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Figure 6. Comparisons of AE1 derived from weekly SLA of assimilation results and observation from satellite remote sensing during the
period of December 2003-February 2004. Background color is SLA; “*” symbols mark and closed lines indicate the center position and the
outermost closed isoline of AEI, respectively; the black line is from satellite observation SLA and the pink line is from assimilation SLA.
The cyan, green, and blue solid circular lines indicate the start positions and trajectories of numbers 22517, 22918, and 22610 drifter buoys,
respectively; (a-1) is SLA on the 3 December 2003-18 February 2004, respectively; unit: cm.

ment, the first assimilation was performed on the 27 Septem-
ber 2003, 2 months prior to the generation of AEI.

Based on the As_exp experiment output, we use the ob-
servation SLA to evaluate the uncertainty of CSCAS in the
research area. In this study, we calculated the weekly mean
root mean square error (RMSE) of the As_exp and control
experiment outputs and observations for SLA. As the results
indicate, the RMSE for the As_exp is between 6 and 14 cm,
while RMSE for the control is between 10 and 18 cm. This
result suggested that data assimilation effectively improved
the SLA field and had a beneficial impact on model results in
this area.

In addition, we also use the advective nonlinearity param-
eter U/c (ANP; Chelton et al., 2011; Li et al., 2014, 2015,
2016; Wang et al., 2015) as a criterion to estimate the eddy
forecast ability of the CSCAS. As Fig. 5 shows, when the
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ANP is greater than 2 (that is the amplitude greater than 8 cm
in our runs) AE2 can be reproduced by the CSCAS.
Besides, we also use the independent evaluation. Fig. 6
compares the assimilating results of AE1 with observations
from both the satellite remote sensing and drifter buoys tra-
jectories of numbers 22517, 22918, and 22610 between 3 De-
cember 2003 and 18 February 2004. From Fig. 6 and Table 1,
we can see that the generation and movement of AE1 can
be well reproduced by the CSCAS; the pink curves (assim-
ilation) match well with those of the black (satellite obser-
vations) and dotted lines (the trajectories of drifter buoys).
In addition, the spatial pattern of AEI can also be well re-
vealed by the CSCAS: the meridional and zonal radii of
AE]1 detected by the assimilation are 163 and 93 km, respec-
tively, which are almost equal to that of observations (148
and 79 km). The migration path of AE1 can also be well re-
produced by the CSCAS (see Fig. 6, black and pink lines)

www.ocean-sci.net/15/97/2019/
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Figure 7. The same as Fig. 6, but for AE2; the corresponding period is 28 January 2003—14 April 2004.

Table 1. The amplitude of AE1 and AE2 derived from observation SLA and the assimilation SLA, and distance of eddy centers between the

observation SLAs and assimilation SLAs.

Week (starting 3 December 2003) 1 2 3 4 5 6 7 8 9 10 11 12
Distance (km) 94 45 26 62 98 70 54 30 63 131 199 298

AEL Amplitude (cm) Observed 8§ 10 9 8 8§ 13 13 11 8 8 4 6
phitu Assimilated 18 12 11 6 5 4 5 6 2 3 3 2

Week (starting 28 January 2004) 1 2 3 4 5 6 7 8 9 10 11 12
Distance (km) 107 83 67 57 85 91 221 36 26 26 117 328

AE2 Amplitude (cm) Observed 7 12 18 17 17 16 15 10 7 6 NA 6
p Assimilated 3 2 5 6 10 8 4 8 9 4 5 6

until its amplitude decays to less than 8 cm. In addition to
AE], the generation and evolution of AE2 are also evaluated.
As shown Fig. 7, the evolution and propagation pathway of
AE2 (Fig. 7b—j), e.g., moving firstly northwestward and then
southwestward, can generally be reproduced by the CSCAS,
although its initial location shows a slight southward bias in
the simulation (Fig. 7a). Similar to the results of AEI, dis-

www.ocean-sci.net/15/97/2019/

crepancies between model and observations become larger
again during the decay phase of AE2.

In general, the comparison of assimilation SLA with that
of satellite observation and the trajectories of drifter buoys
suggested that the generation, development, and the propa-
gation of AE1 and AE2 can be reproduced by the CSCAS
when their observed amplitude is greater than 8 cm (or the

Ocean Sci., 15, 97-111, 2019
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ANP greater than 2). However, when their amplitudes are
relatively small, less than 8 cm, the features of these two
mesoscale eddies are not well reproduced by the CSCAS.
This may be related to the value of parameter «, the localiza-
tion length scale, or insufficient spatial resolution of assim-
ilated SSH or the numerical model (Counillon and Bertino,
2009).

3.2 The predictability of these anticyclonic eddies in
the NSCS

Since the generation, development, and the propagation of
AE1 and AE2 can be well reproduced by the CSCAS when
their amplitude >8 cm (or the ANP greater than 2), as men-
tioned above, in this section we further use the CSCAS to in-
vestigate the predictability of these two eddies. According to
the generation, evolution, and migration of these two eddies,
we designed six forecast experiments, hereafter referred to
as Expl to Exp6 (see Fig. 4) to investigate their predictabil-
ity. The model’s initial state prior to each of the six forecast
experiments is constrained by assimilating satellite SLA and
SST before. Based on the initial state, each experiment is run
forward 30 days with the forcing of 6-hourly wind, surface
heat flux, monthly mean river runoff, etc. The first exper-
iment, named Expl, is applied on the 29 November 2003,
which tends to study whether the generation of AE1 can be
forecasted or not. Exp2 is implemented on the 10 Decem-
ber 2003 and is used to study whether the development and
the migration of AEI can be forecasted. Exp3 is run based on
the initial state on the 31 December 2003 and used to show
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whether the generation of AE2 and the continued migration
of AE1 can be forecasted. In order to investigate whether the
continued evolution of AE1 and AE2 can be forecasted, Exp4
is applied on the 21 January 2004. Exp5 is set up to reveal
whether the attenuation of AE1 and the evolution of AE2 can
be forecasted, while Exp6, which is applied on the 29 Febru-
ary 2004, was designed to find out whether the disappearance
of AE1 and AE2 can be forecasted.

The prediction results of Expl are shown in Fig. 8. In
Fig. 8a, we can see that the forecast is almost coincident with
the satellite observation and the trajectory of drift buoys, in-
dicating that the generated position of AE1 can be well fore-
casted by the CSCAS. In addition, the initial migration of
AE] can also be forecasted by the CSCAS (see Fig. 8a and
f). In order to evaluate the forecasted amplitude of AEI, the
amplitude and the distance of eddy centers between the ob-
servation and the forecast are also quantified (Table 2, Expl).
From Table 2, Expl, we can see that the amplitude of fore-
casting matches well with that of observation, although its
amplitude is slightly larger than that of observation. After
4 weeks, the amplitude of the forecast is still close to those
of the observation, suggesting that the generation of AE1 can
be well predicted by the CSCAS.

In order to find out whether the development and move-
ment path of AE1 can be predicted after generation, we con-
tinue to carry out Exp2. As shown by the observation (Fig. 9),
AE1 moves southwestward along the continental shelf with
its amplitude decreasing and again increasing after its gen-
eration. This observed southwestward movement is also pre-
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Figure 9. Same as Fig. 8, but for Exp2; the experiment period is the 10 December 2003 to the 9 January 2004.
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Figure 10. Same as Fig. 9, but for Exp3; the experiment period is the 31 December 2003 to the 30 January 2004.

dicted by the CSCAS (see pink closure curve in Fig. 9a—d),
although a sudden southwestward movement cannot be well
predicted (Fig. 9f). In addition, the first attenuation and then
enhancement of AE1 was also predicted by the CSCAS (see
Table 2 and Fig. 9b). On the whole, the development and
movement path of AE1 can be well predicted by CSCAS for
the first 4 weeks after its generation. After that, the errors be-
tween observation and prediction increase significantly, and
by the fifth week, the distance between the center of the pre-
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diction and the observation become larger, more than 100 km
(see Fig. 9e).

For further analysis, we carry out Exp3 to look at whether
the continued evolution of AE1 and the generation of AE2
can be predicted. This experiment is carried out based on the
initial condition of the assimilation on the 31 December 2003
and the corresponding results are shown in Fig. 10 and Ta-
ble 2. As shown by the prediction (Fig. 10, Table 2), although
with a slightly weak amplitude, the CSCAS can reproduce
AE] after assimilating SLA and SST and predicted its devel-
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Table 2. The amplitude of AE1 and AE2 derived from observation SLA and the six forecast SLA, and distance of eddy centers between the

observation SLAs and forecast SLAs.

Week 1 2 3 4 5
Distance (km) 80 58 32 68 47
Expl Amplitude (cm) Observed 8 10 9 8 8
P Forecasted 4 12 14 11 12
Distance (km) 57 22 63 51 113
Exp2 Amplitude (cm) Observed 0 9 8 8 13
P Forecasted 12 11 6 8 10
Distance (km) 134 85 111 130 124
Exp3 Amplitude (cm) Observed 13 13 11 8 8
P Forecasted 2 3 3 3 NA
Distance (km) 32 58 111 161 231
AEI Amplitude (cm) Observed 11 8 8 4 6
Exp4 P Forecasted 4 2 2 2 NA
Distance (km) NA NA 132 95 81
AE2
Amplitude (cm) Observed NA NA 12 18 17
P Forecasted NA NA NA 6 9
Distance (km) 188 274 287 405 503
AEI Amplitude (cm) Observed 4 6 2 NA NA
Exp5 P Forecasted 2 2 2 2 2
Distance (km) 69 77 102 95 226
AE2 Amplitude (cm) Observed 18 17 17 16 15
P Forecasted 5 7 6 6 9
Distance (km) 91 227 277 339 453
Exp6 AE2

Amplitude (cm)

Observed 16 15 10
Forecasted 7 9 6 4 6

3
[e)}

opment trend. In addition, the movement path of AE1 cannot
be accurately predicted at this period; for instance, the ob-
served AE1 moves directly to the southwest (see solid red
line and solid circle in Fig. 10f), but the predicted movement
is firstly toward the northeast, then turns to the southwest (see
solid blue line and solid circle in Fig. 10f). The generation of
AE?2 cannot be predicted in Exp3, which may be related to
the smaller amplitude (<8 cm) of AE2 during this period.
The purpose of Exp4 is to look at whether the evolution
of both AE1 and AE2 can be reasonably predicted. Since
this experiment mainly focuses on the evolution of AE1 and
AE2, Fig. 11 shows only the evolution of AE2 from the sec-
ond week after generation, i.e., from the beginning on the
21 January 2004 to the fifth week. As shown in Fig. 11, Ta-
ble 2, and Fig. 14d, the trends of amplitude variation in both
eddies can be well predicted with the decreasing of AE1 and
slow increasing of AE2. For AEI, the results of the predic-
tion and observation are very close in the first 2 weeks, with
the centers of the two almost coinciding. The central position
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of the prediction and observation began to deviate after the
third week. For AE2, although the amplitude and movement
path are not predicted well at its initial stage, the prediction
is slowly approaching to the observation during third to fifth
week, and distance between the center of the prediction and
the observation is reduced from 132 km at the beginning to
81 km at the end (see Fig. 14d, the solid black line).

As mentioned above, the purpose of ExpS5 is to investigate
whether the decay of AE1 and the continued development of
AE2 can be predicted. From Fig. 12, Table 2, and Fig. 14e,
we can find that the CSCAS cannot predict the movement
path of AE1 well in its decay stage: the distance between the
center of the prediction and that of the observation is greater
than 188 km, and movement direction of the two is not con-
sistent (see red lines and dots in Fig. 12f). But the evolu-
tion and movement direction of AE2 can be well predicted
at this stage. The amplitude of observation and prediction
of AE2 are getting closer with time (Fig. 14e), although the
speed of movement of AE2 given by prediction is slower than
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Figure 12. Same as Fig. 11, but for Exp5; the experiment period is the 8 February to the 10 March 2004.

that of observation (see dashed blue lines and hollow dots in
Fig. 12f).

The aim of Exp6 is to find out if the disappearance of AE1
and AE2 can be both predicted. As described in Fig. 13, the
disappearance of AE1 cannot be well predicted owing to the
low amplitude (less than 8 cm) of AEI at this stage. Simi-
larly, the disappearance of AE2 is also less accurately pre-
dicted by the CSCAS (Fig. 14f). The observed amplitude of
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AE2 decays continually at this stage, but the predicted ampli-
tude is almost constant. In addition, there is large deviation
of the direction of movement between prediction and obser-
vation for AE2 (see the solid red line and dot in Fig. 13f).
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4 Conclusions and challenges for forecasting of
mesoscale eddy

In this paper, we carry out a series of assimilation and predic-
tion experiments by the CSCAS to assess the production and
predictability of mesoscale eddies in the NSCS, along with
observations of satellite observed SST, SLA, and the trajec-
tory data of drift. The comparisons of AE1 and AE2 observa-
tions with CSCAS prediction experiments, which assimilate
SLA and SST, show that when the amplitudes of mesoscale
eddies are higher than 8 cm, the generation, development, de-
cay, and movement of eddies can be well reproduced, but
when the amplitude of the mesoscale eddies is lower than
8 cm, the generation and disappearance of mesoscale eddies
cannot be well reproduced.

The comparisons of AE1 and AE2 through six prediction
experiments with observations also show that the generation,
evolution, and movement path of these two eddies with high
amplitude (>8 cm or the ANP greater than 2) can be well pre-
dicted by the CSCAS, although the generation mechanism
of these two eddies is quite different (Wang et al., 2008).
However, when the amplitudes of eddies become less than
8 cm, the generation position and the movement path cannot
be well predicted by the CSCAS.

Our results suggest that for powerful mesoscale eddies,
a good initial condition after assimilating observations can
help to improve their reproduction and predictability. As
mentioned above, the mesoscale eddies are related to strong
nonlinear processes and are not a deterministic response to
atmospheric forcing, thus the quality of mesoscale eddies
forecast will depend primarily on the quality of the initial
conditions. In addition, the ability of the ocean numerical
model to faithfully represent the ocean physics and dynamics
is also crucial. Although data assimilation, which combines
observations with the numerical model, can provide good ini-
tial conditions, it cannot make up for limitations of numeri-
cal model algorithms and in their resolution. Hence for high-
resolution operational oceanography, numerical models need
to be improved using more accurate numerical algorithms
and resolution especially in the weakly stratified regions or
on the continental shelf.

Furthermore, so far most of the information about the
ocean variability is obtained remotely from satellites (SSH
and SST), information about the subsurface variability is
very rare. Although a substantial source of subsurface data is
provided by the vertical profiles (i.e., expendable bathyther-
mographs, conductivity temperature depth, and Argo floats),
the datasets are still not sufficient to determine the state of
the ocean. In addition, in order to accurately assimilate the
SSH anomalies from satellite altimeter data into the numer-
ical model, it is necessary to know the oceanic mean SSH
over the time period of the altimeter observations (Xu et al.,
2011; Rio et al., 2014). This is also a big challenge because
the earth’s geoid is not presented with sufficient spatial res-
olution when assimilating SSH in an eddy-resolving model.
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With the advent of the SWOT (Surface Water and Ocean To-
pography) satellite mission in 2020, it should be possible to
better resolve and forecast the mesoscale features in eddy-
resolving ocean-forecasting systems.
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