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ABSTRACT

During the summer, giant jellyfish (Nemopilema nomurai) are transported from their main seeding and
nursery ground, Jiangsu Province and the coast of China, to Korean coastal waters by the currents of
the Yellow Sea (YS) and the East China Sea, causing problems for swimmers and hampering fisheries.
In this study, we derive new velocity fields based on satellite measurements and develop particle-
tracking experiments to simulate and analyze the interannual change of N. nomurai abundance off the
coast of Korea. The velocity fields are calculated by combining Ekman currents and geostrophic currents
based on an analytical solution of an approximated momentum equation. For validation, we compare
the particle-tracking experiment results with in situ observations obtained from the Korean National
Institute of Fisheries Science. The combined velocity fields during the summer show that geostrophic
currents are of the same order as Ekman currents over the YS, implying that the interannual changes in N.
nomurai abundance off the coast of Korea are determined by combined Ekman and geostrophic currents.
In addition, N. nomurai distribution off the coast of China in April is considered an important factor
driving blooms around Korean coasts. To test this supposition, we conducted a sensitivity experiment that
adjusted the position of particles off the coast of China in April. Results demonstrate that the appearance
of N. nomurai can increase by a factor of three depending on the initial distribution of the jellyfish off the

coast of China before eastward transport in April.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Nemopilema nomurai is a giant jellyfish, with origins generally
considered to be the Jiangsu Province and the coast of China(Yoon
et al., 2008; Moon et al., 2010; Toyokawa et al., 2012; Wei et al.,
2015; Sun et al., 2015). Fig. 1 shows a schematic diagram of the N.
nomurai life cycle (Kawahara et al., 2006; Uye, 2008). During early
summer, benthic polyps start strobilation and generate pelagic
ephyra stages. Young N. nomurai mature and become medusa. N.
nomurai is transported to the east during the summer by ocean
currents in the Yellow Sea (YS) and East China Sea (ECS) and begin
to appear off the coast of Korea. The appearance of N. nomurai off
the coast of Korea causes enormous damage to the ocean envi-
ronment and associated industries by decreasing fisheries catch
and injuring caught fishes (Kim et al., 2012; Yoon et al., 2014).
As a result, observations of N. nomurai have been obtained by the
Korean National Institute of Fisheries Science (NIFS) since 2006. In
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particular, the appearance of N. nomurai in the YS and ECS has been
surveyed using research vessels and small airplanes.

Yoon et al. (2014) reported that the appearance of N. nomu-
rai has become an annual event around the coast of the Korean
Peninsula since 2002. According to their observations, N. nomurai
are sighted in the northwest ECS and move toward the southeast
YS in May. From July to October, N. nomurai appear in all seas off
the Korean coast. After October, they retreat westward from the
Korean coast, following the regional current system and slowly
disappear from the Korean Peninsula. Observations show high cor-
relation between the dispersion of Changjiang diluted water and
the appearance of N. nomurai, which suggests that the N. nomurai
population moves with the Changjiang diluted water, reaching the
coast of Jeju Island and even the East/Japan Sea (Yoon et al., 2008,
2012).

Geographic locations and current systems of the YS and ECS
are illustrated in Fig. 2. The YS is surrounded by mainland China
and the Korean Peninsula and is connected to the ECS; it has an
average depth of 44 m. The YS has a complex current system
which can be influenced by both tidal and subtidal components
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(Kim, 1998). Intrusion of the Kuroshio Current branch and wind
stress from the East Asian Monsoon can govern the seasonal cur-
rent pattern of the YS (Naimie et al., 2001; Hsueh et al., 1986). The
East Asian Monsoon system generally produces northerly winds
during the winter and southerly winds during the summer. As a
result, southwestward and northeastward Ekman surface currents
occur during winter and summer, respectively. During the sum-
mer, the southerly winds are relatively weak and less consistence,
thus forcing from oceanic low-pressure systems induced by a
dense and low-temperature water mass (known as Yellow Sea Cold
Water, Fig. 2) becomes more dominant in the YS (Naimie et al.,
2001). This indicates that seasonal current systems of the YS are
controlled by pressure gradients and wind stress (Mask et al., 1998;
Park, 1986).

Various studies based on numerical models have simulated the
transport of N. nomurai. Moon et al. (2010) simulated N. nomu-
rai transport in 2005 from May to July in the YS and ECS using
a particle-tracking model within the Regional Ocean Modeling
System (ROMS; Song and Haidvogel, 1994). To drive the model,
they used various types of atmospheric and oceanic forcing, such
as wind stress, freshwater flux, heat flux, river discharge, and
changes in the lateral boundary conditions of ocean temperature,
salinity, and velocity. The study concluded that wind stress plays
an important role and Ekman currents determine the distribution
of N. nomurai.

Japan’s Fisheries Research Agency also developed a particle-
tracking approach for considering the vertical migration of N.
nomurai based on the Japan Sea Data Assimilation Experiment
(Okuno etal., 2011). Using a particle-tracking approach, they mod-
eled N. nomurai transport in the East/Japan Sea in September 2009.
Later, they considered temperature as a key parameter in the ver-
tical migration and mortality of N. nomurai, and thus successfully
simulated a more realistic vertical distribution of N. nomurai in the
East/Japan Sea in 20009.

Wei et al. (2015) also used particle-tracking experiments to
simulate N. nomurai behavior off the east coast of China from May
to September in 2008 and 2009. They applied tidal forcing to a
numerical model and considered ecological perspectives such as
vertical migration and the conditions required for the birth of N.
nomurai, which is triggered by temperature. The study concluded
that physical circulation is more important than biological sup-
plementation for understanding the horizontal distribution of N.
nomurai off the coast of China and in the YS.

Most of the previous studies have focused only on events over
the short time periods of N. nomurai appearances using numerical
models. In contrast, we propose to use diagnostic velocity fields
based on satellite remote sensing measurements. Yanagi et al.
(1997) calculated the seasonal mean geostrophic current fields of
the YS and ECS from satellite altimetry and verified the velocity
fields using a numerical model and buoy measurements. Velocity
fields in this study are obtained by combining geostrophic cur-
rent data with wind stress data using the analytical solution of
the approximated momentum equation from Welander (1957). In
addition, we highlight the simulation of interannual N. nomurai
appearance changes off the coast of Korea using the combined ve-
locity fields based on satellite measurements and particle-tracking
experiments. By analyzing simulation results and velocity fields,
physical factors that determine the amount of N. nomurai trans-
ported toward the Korean Peninsula are discussed.

In Section 2, the velocity fields and particle tracking experi-
ments are considered together with observations in the study area.
In Section 3, we simulated the transport of N. nomurai observed by
NIFS using particle-tracking experiments to validate the velocity
fields. We then conduct simulations of the long-term and inter-
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Fig. 1. Schematic diagram of N. nomurai life cycle. Blue and red circles indicate
benthic and pelagic life stages, respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Geographical location and current systems of the YS and ECS. Black dots are
the initial positions of the particle-tracking experiment in Section 3.2. The circles
are for counting particles that appeared off the coast of Korea. Red and blue arrows
indicate warm and cold currents in the study area, respectively. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

2. Data and methods

For ocean current data we use absolute geostrophic veloci-
ties derived from satellite altimetry measurements. These mea-
surements were obtained through Archiving, Validation and In-
terpretation of Satellite Oceanographic data (AVISO) (available
at http://www.aviso.altimetry.fr/en/data/products). Its spatial and
temporal resolution is 0.25° x 0.25° and 1 day, respectively. Al-
though there are intrinsic measurement inaccuracies (particularly
in coastal areas) due to wet troposphere, sea surface height bias,
orbit determination, and other factors (Ablain et al., 2009), such
data can be used for seasonal circulation patterns in the YS and ECS
(Yanagi et al., 1997).

We calculate wind stresses using ERA-Interim reanalysis data.
This reanalysis dataset is provided by the European Centre
for Medium-Range Weather Forecasts (available at http://www.
ecmwf.int/en/research/climate-reanalysis), which has been tested
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we used ETOPO1 data, which are composed of numerous datasets
from the U.S. National Oceanic and Atmospheric Administration
(NOAA; Amante and Eakins, 2009). The spatial resolution is 1
arcmin. The data with different spatial and temporal resolution
were interpolated to 0.25° x 0.25° and 6 h intervals to coincide
with velocity fields. In addition, in situ distribution of N. nomurai
appearances were obtained from NIFS (available at http://www.
nifs.go.kr/bbs?id=jellynews) to verify the results of this study. The
N. nomurai appearances were recorded by fishermen and reported
as a proportion of fishermen observing jellyfish for a given week
among the entire fishing fleet.

2.1. Sea surface currents from geostrophic and Ekman currents

Velocity fields that combine wind stress and geostrophic cur-
rents are calculated based on an approximated momentum equa-
tion that considers three terms representing vertical eddy mixing,
pressure gradients, and Coriolis. Similar approaches have been
used and verified in previous studies calculating sea surface cur-
rent fields based on altimetry measurements. Saraceno et al. (2008)
showed that geostrophic current fields become more comparable
with in situ surface currents by simply adding the analytical solu-
tion for Ekman flow assuming infinite water depth and constant
Ekman depth. Bonjean and Lagerloef (2002) also used the same
momentum with an additional buoyant term representing the
thermal-wind contribution. Their methodology was used as the
basis for OSCAR (Ocean Surface Current Analysis Real-time) sur-
face velocity fields provided by NOAA (https://podaac.jpl.nasa.gov/
dataset/OSCAR_L4_OC_third-deg). Johnson et al. (2007) showed
that the OSCAR surface velocity fields have more comparable
probability distribution with observations than data-assimilated
numerical models, and suggested that the former velocity fields
could be better than the latter to simulate object-tracking and
tracer dispersion experiments. However, because OSCAR velocity
fields are optimized for large scale and vertically integrated, they
represent averaged sea surface currents above 30 m (Johnson et
al., 2007). Therefore, OSCAR velocity fields were deemed inappro-
priate for simulating surface drifting objects in marginal shallow
water such as the YS.

In this study, surface current velocity fields are obtained by cal-
culating the exact solution to the balance between the vertical eddy
mixing, pressure gradient, and Coriolis force (Welander, 1957). The
governing equations and boundary conditions are given by
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where u is the horizontal velocity in the Cartesian coordinate
system and has two complex components representing the Ekman
(i) and geostrophic (u,), U, = u, + iv, is the zonal (u,) and
meridional (v,) Ekman component, ti = u; + ivg is the zonal
(ug) and meridional (vy ) geostrophic component, T = 7, + it is
the zonal (7,) and meridional (z,) wind stress, p is the density of
seawater, A, is the vertical eddy viscosity coefficient, h is depth,
and z is the vertical coordinate. The analytical solution of Eq. (1) is
given by

et al., 2017). In addition, contributions of geostrophic components
for the total combined velocity were defined as

x 100. (3)

For N. nomurai transport, Eq. (3) is used to estimate the relative
importance of Ekman and geostrophic components.

2.2. Particle tracking scheme and random walk

To conduct the particle-tracking experiments, we use a fourth-
order Runge-Kutta scheme to prevent excessively large truncation
errors. Random walk was also considered to resolve sub-grid scale
phenomenon, such as horizontal turbulent flow and swimming of
the individuals (Willis, 2011). This term is defined as N,/2K,At,
where N is a normally distributed random number, At is time step
of the particle-tracking experiment, and Kj, is the horizontal diffu-
sivity coefficient based on the Smagorinsky diffusivity scheme,
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where Ax and Ay are the grid spacing, and A is an adjustment
constant defined as 0.02 (Sheng et al., 2009; Okuno et al.,2011). In
essence, N. nomurai is considered passive particles without biolog-
ical behavior (except within the random walk parameterization).

2.2.1. N. nomurai population tracking experiment

To clarify the performance of the velocity fields for surface par-
ticle tracking experiments, we simulated transport of N. nomurai
populations that were observed, predicted the distribution of the
jellyfish over time, and compared results with the observed in
situ distributions. Two N. nomurai groups were observed by NIFS
at 124°E, 32°N and 125°E, 32°N on May 26, 2012 (Fig. 3a) and
observed again southwest of Jeju Island on July 12 (Fig. 3b). Based
on this observation, 10,000 and 5000 particles, respectively, were
released at the two positions within the velocity fields at the time
when the jellyfish groups were first observed. Simulation results
are discussed in Section 3.2.

2.2.2. Simulation of interannual N. nomurai appearances off the coast
of Korea

We conducted particle-tracking experiments to simulate N. no-
murai appearances off the coast of Korea from 2006 to 2015. Five
particles per day were deployed from March to November at six
initial points (Fig. 2, black dots) off the coast of Jiangsu Province.
Even though there are two additional possible seeding places —-the
inner part of Liaodong Bay and Gunsan (Fig. 2, Sun et al., 2015) -
Jiangsu Province is generally considered to be the primary seeding
location of N. nomurai (Yoon et al., 2008; Moon et al., 2010). We
counted the number of particles in three areas (Fig. 2, circles), and
compared with observed N. nomurai appearances (Section 3.3).

2.2.3. Comparison with velocity fields from HYCOM reanalysis data
We compared the surface current patterns in the YS and ECS
from the combined velocity fields with those from the Hybrid
Coordinate Ocean Model (HYCOM) reanalysis data, which have
been used previously to address complex ocean dynamics near the
Korean Peninsula (Seo et al., 2013; Hong et al., 2016). To compare
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where j = (1 + i)+/f/2A,. Because most jellyfish float on the sea
surface (Honda et al., 2009), sea surface velocities were used at

z = 0,and A, = 10~ m?/s was assumed to be constant (Zhang
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in Sections 2.2.1 and 2.2.2 were reproduced using the HYCOM
velocity fields. Identical initial conditions were used for both sim-
ulations; only the velocity fields from the combined velocity fields
were replaced to those of HYCOM.
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Population of N. nomurai in 2012 and those of simulation result
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Fig. 3. (a) N. nomurai distribution in the YS and ECS observed by NIFS in May 2012, (b) observed jellyfish group in July. In (a) and (b), red and yellow areas indicate high and
low density of N. nomurai individuals, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Source: (a) and (b) were adapted images from NIFS (available at http://www.nifs.go.kr/bbs?id=jellynews).

3. Results
3.1. Combined velocity fields for particle-tracking experiments

The combined velocity fields resolve the seasonal surface cur-
rent patterns of the YS and ECS. Fig. 4 shows summer (June-
August) and winter (December-February) mean Ekman current
fields (Fig. 4a and b), geostrophic current fields (Fig. 4c and d),
and the combined surface current fields and contributions of
geostrophic currents (Fig. 4e and f). During winter, the com-
bined velocity fields reflect strong southeastward currents that are
mainly driven by wind stresses (Fig. 4f). However, during the sum-
mer Ekman currents become relatively weaker than during winter,
and the contribution of geostrophic currents increases (Fig. 4e).
This pattern coincides with the intensification of low-pressure
systems driven by Yellow Sea Cold Water (Mask et al., 1998; Park,
1986; Naimie et al.,2001). The velocity fields show surface currents
matching the reported surface circulation patterns in the YS and
ECS. For instance, a clockwise current off the south coast of China
to Jeju Island was observed in July and an oppositely directed
current developed from September to October. In addition, the
northeastward current off the south coast of China in July changes
its direction to southwestward in October, which also agrees with
observations (Moon et al., 2010; Ichikawa and Beardsley, 2002).

Fig. 5 shows summer and winter mean climatological veloc-
ity fields obtained by HYCOM global reanalysis data from 2006
to 2012. The velocity fields show similar circulation patterns as
the combined velocity fields used in this study; relatively weak
northeastward currents during summer (Fig. 5a) and strong south-
westward currents during winter (Fig. 5b). However, there were
also differences. In particular, the Yellow Sea Warm Current, a
branch of the Kuroshio Current that intrudes into the YS, frequently
appeared in the surface HYCOM velocity fields during the summer.
This current became more dominant in August, and figures promi-
nently in the monthly mean velocity fields from HYCOM (Fig. 6a).
Conversely, the combined velocity fields did not show the Yellow

3.2. N. nomurai population tracking experiment results

We conducted additional tests by tracking observed N. nomurai
groups using the combined velocity fields and particle-tracking ex-
periments. Fig. 7a shows simulated particles on 12 July 2012 using
the combined velocity fields. All particles moved westward from
their original location and then bifurcated; most moved southward
but some moved northward and entered the YS. By the end of June
the paths of all particles deflected eastward in response to wind
stress. The distribution of the simulated particles on 12 July 2012,
displayed in Fig. 7a, shows a group of highly concentrated particles
that appeared between Jeju Island and Ieo Island. This result agrees
with NIFS observations of N. nomurai distribution also located
between Jeju and leo Islands in July (Fig. 3b), and suggests that
the particle-tracking experiment using the velocity fields derived
in this study can be used to reasonably simulate jellyfish advection.
For the jellyfish population tracking experiment using HYCOM,
simulated particles were transported by the Yellow Sea Warm
Current and moved more northwestward than the simulation re-
sult using the combined velocity fields. Consequently, particles
were located at center of the YS on July (Fig. 7b), which did not
correspond to the observed distributions (Fig. 3b).

3.3. Simulation for interannual changes of N. nomurai appearance
using particle-tracking experiments

Fig. 8 shows the climatological distribution of particles that
represent typical seasonal changes of the jellyfish distribution. In
March the particles were concentrated off the east coast of China
because of strong southwestward Ekman currents. Starting in April
the winds weakened and their direction changed. Some parti-
cles moved away from the coast of China, began to move slowly
northeastward, and arrived off the coast of the Korean Peninsula
in June. After June, the particles continuously moved toward the
Korean Peninsula and became concentrated. Some particles were
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not been found (Beardsley et al., 1992; Teague and Jacobs, 2000;

Ichikawa and Beardsley, 2002; Tang et al., 2004). Recent studies
and observations show that the Yellow Sea Warm Current spo-
radically appears during winter (Teague and Jacobs, 2000; Lie et
al., 2001). In addition, Yu et al. (2010) suggested that the Yellow
Sea Warm Current is stably observed near the bottom of the west
part of YS during winter, but not a persistent current in the surface
layer.
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appearances.

Fig. 9 shows comparisons between particles simulated by the
particle-tracking experiment and in situ measurements of N. nomu-
rai appearances. The blue line indicates the total number of parti-
cles in the three areas, whereas the red line indicates N. nomurai

appearances off the coast of Korea as observed on site by NIFS.

Ekman, geostrophic currents, and combined velocity fields in summer and winter
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Fig. 4. Summer and winter mean velocity fields of the Ekman current (a) and (b), geostrophic current (c) and (d), and combined flows (e) and (f). Color scale in (e) and (f)
indicate contribution of geostrophic currents for the combined velocity fields.

We added red circles to Fig. 9 to show the N. nomurai appearances the simulated particles lead the data. The 95% significance level
reported by Yoon et al. (2014). The maximum correlation between (0.41) was determined by bootstrap methods defined in Ebisuzaki
simulations and observations is 0.77, with a 35-day lag in which (1997).In each year except for 2010 and 2011, particle abundances
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Surface velocity fields from HYCOM in summer and winter

(a) HYCOM surface current in summer (b) HYCOM surface current in winter
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Fig. 5. HYCOM surface velocity fields during summer (a) and winter (b) from 2006 to 2012.
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Fig. 6. Climatological mean velocity fields in August from HYCOM reanalysis (a) and the combined velocity fields (b).

Simulated distribution of N. nomurai in 2012

(a) July 12, 2012 (b)July 12, 2012
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Fig. 8. Results of the particle-tracking experiment from 2006 to 2015, and indicate climatological distribution of particles. Color scale indicates particle density.
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Climatological distribution of particles in the inter-annual appearances experiment
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generally agree with the observations of maximum N. nomurai
appearances. Consequently, the combined velocity fields that com-
prise Ekman and geostrophic currents appear to simulate plausible
interannual changes of N. nomurai appearances, which implies the
importance of the Ekman and geostrophic currents for N. nomurai
transport. An equivalent simulation was conducted using velocity
fields from HYCOM reanalysis data from 2006 to 2012. Although
the general pattern of jellyfish appearances is reproduced, the
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Comparison between observed and simulated N. nomurai appearances off the coast of Korea
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4. Discussion and conclusion

4.1. Validation of particle-tracking experiments based on the com-
bined velocity fields

There are certain limitations to the results in this study. For
instance, in Fig. 3, the NIFS-observed locations of N. nomurai and
those of the simulated particles do not precisely match, with dis-
crepancies of approximately 0.5°. Furthermore, simulation of the
jellyfish appearances do not provide reasonable results in 2010
and 2011, with simulated particles arriving earlier off the coast of
Korea than observed (Fig. 9). These discrepancies may be due to
simplifying assumptions in the momentum equation of Welander
(1957), or by uncertainties in the nearshore region of the mapped
sea surface height data provided by AVISO (Saraceno et al., 2008).
This issue also contributes to incorrect alongshore coastal current

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
Time (year)

Fig. 9. Comparison between simulated particles using combined velocity fields and
the appearances of N. nomurai off the coast of Korea. The blue line indicates the total
number of particles in the coastal area of the Korean Peninsula (Fig. 1, circles). The
red line indicates the appearances of N. nomurai off the coast of Korea as reported
by NIFS. Red circles show the appearances of N. nomurai as reported by Yoon et al.
(2014). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

data in the velocity fields. Nevertheless, it is a worth noting that
the velocity fields simulate the outline of the location and dis-
tribution where observed jellyfish groups appear after approxi-
mately two months (Fig. 7a), and the results of the inter-annual
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simulated N. nomurai appearances off the coast of Korea using HYCOM
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Fig. 10. Interannual N. nomurai appearances experiment results using HYCOM
surface velocity field. Blue line is simulated time series for number of particles off
the coast of Korea (Fig. 1, circles), and red line and dots are observed N. nomurai
appearances off the coast of Korea from NIFS and Yoon et al. (2014), respectively.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

jellyfish appearance experiments are, in general, reasonably simu-
lated (Fig. 9).

Velocity fields based on our simple model show better perfor-
mance than the HYCOM reanalysis data for tracking jellyfish in the
YS and ECS. HYCOM velocity fields indicate the presence of the
Yellow Sea Warm Current that is inconsistent with observations.
We presume that the presence of the Yellow Sea Warm Current
at the surface caused significant differences between results using
HYCOM velocity fields and those using the combined velocity fields
proposed in this study. The poorer performance of the simulations
using HYCOM relative to our data-derived velocity fields supports
the conjecture that simple models can sometimes yield better re-
sults than a more complex model that is sensitive to uncertainties
in many coefficients (Nof, 2008; Paudel and Jawitz, 2012; Orth et
al., 2015). Velocity fields from numerical models are simulated by
integrating initial and boundary conditions, and the uncertainties

the YS and ECS (Moon et al., 2010; Son et al., 2015). In particular,
Moon et al. (2010) focused on modeling a N. nomurai appearance
eventin the YS and ECS in 2005 using ROMS and denoted that wind
was a key process governing N. nomurai distribution. The results of
particle-tracking experiments in this study indicate that the wind
determines not only the distribution of N. nomurai during a short-
term event but also the number of N. nomurai reaching the coastal
regions around the Korean Peninsula.

In the interannual simulation the particle distribution was pri-
marily influenced by the East Asian Monsoon. When northerly
winds from the winter Monsoon are sustained over the YS and ECS,
southwestward Ekman currents prevented particles from moving
toward the Korean Peninsula. On the contrary, southerly winds
during the summer play a role in controlling the number of par-
ticles transported to the Korean Peninsula. Fig. 11 shows the mean
velocity fields and accumulated distribution of particles during the
summers of 2009 and 2014. Strong surface currents from the coast
of China to the Korean Peninsula can be seen in 2009 (Fig. 11a)
when the highest N. nomurai appearances were observed and a
large number of particles were recorded. Conversely, in 2014, weak
currents toward the Korean Peninsula occurred in the YS, resulting
in relatively small number of particles arriving off the coast of Ko-
rea (Fig. 11b). This difference is attributed to seasonal variation in
winds (see the wind rose in Fig. 11). Strong southerly winds during
the summer occurred in 2009, and a weak easterly wind field was
formed over the YS in 2014. This suggest that sufficiently strong
southerly winds are associated with large jellyfish appearances off
the coast of Korea, and that weak easterly wind fields in the YS
(2014 and 2015) are associated with fewer jellyfish appearances.

To examine the influence of winds from each season, we calcu-
lated correlation coefficients between seasonal mean wind com-
ponents and maximum N. nomurai appearances off the coast of
the Korean Peninsula each year. The seasonal mean winds were
calculated using the spatial mean and temporal three-month mov-
ing average. Zonal wind components did not show a significant
relation, but meridional wind components showed relatively high
correlation coefficients. In particular, winds before April had a
strong relation with the N. nomurai appearances (correlation co-
efficient of 0.63). Winds after April had a weaker influence on
N. nomurai appearances. April is when particles concentrated off
the coast of China begin moving eastward. We presume that the
Ekman currents off the coast of China until April can control the
initial position of N. nomurai population before their eastward



in these conditjons can pro acgelte into the oInain. The governigg
equations in chaotic numerical ocean modeling systerns can

extremely sensitive to infinitesimal errors (Lorenz, 1963). On the
other hand, the simple approach in this study directly estimates ve-
locity fields from observed sea surface height derived from altime-
try using the linear steady-state momentum equations. Although
our model cannot resolve the full dynamics, it is directly based on
observation and thus free from boundary and initial condition error
propagation.

The results in this study imply that the simple method accounts
for the dominant dynamics of jellyfish transport in the YS and
ECS. In addition, the method has the advantage of computational
efficiency and readily deducing the relative contributions of Ekman
(%) and geostrophic (i) velocity components. Calculating the
solution from Welander (1957) is significantly more efficient than
solving the full primitive equation using more complex dynamical
approaches. In general, the data method appears to be a useful tool
for understanding the surface current systems of the YS and ECS.

4.2. Physical environment for N. nomurai transportation

Previous studies have shown that wind plays an important role
in the transport of surface drifting objects, including jellyfish in
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movement. Thus, the rteflqﬁion between,winfls before April ang N
nomurai appearances off the Korean Peninsula can be influence

A
different distributions of N. nomurai off the coast of China, whicK
can be considered as an initial location for eastward transport of
jellyfish.

To verify this supposition we conducted sensitivity tests of
particle-tracking experiments using the climatological combined
velocity fields from 2006 to 2015. Two groups of particles were
launched off the Changjiang estuary in April. Each group comprised
10,000 particles and there was a 0.4° meridional distance between
the two groups: A (black dot in Fig. 12a) and B (black dot in
Fig. 12b). Fig. 12 shows that more particles from B border on the
coast of Korea than particles from A. In addition, many particles
from A are not transported to the YS and remained off the coast
of China. The maximum number of particles off the coast of Korea
from group A was 748, but for group B was 2176, approximately
three times larger. This result implies that the surface currents
off the coast of China determine the initial position of N. nomurai
before they start moving eastward and the position affects the
amount of N. nomurai transported toward the Korean Peninsula.

Interestingly, winds after April, when the N. nomurai are trans-
ported east, are qualitatively less correlated with jellyfish appear-
ances at the Korean Peninsula. Even though the southerly wind

Number of accumulated particles and mean velocity fields in summer
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2014 (b). Color scale indicate accumulated number of particles during each summer.
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Fig. 12. Sensitivity of the particle-tracking experiment for relations between N. nomurai starting points off the east coast of China and appearance off the coast of Korea. (a)
is the distribution of particles that are launched on the southern part and (b) is from the northern part. Each initial position is marked as a black dot. Color scale indicates

particle density.

fields similar to those in 2009 frequently appeared in many other
years (except for 2014 and 2015), the abundance of simulated
particles and observed jellyfish off the coast of Korea varied in
each year. This indicates that N. nomurai transport toward the
Korean Peninsula is not caused by summer winds alone and can
be affected by other velocity components, such as geostrophic
currents. In winter, the magnitude of Ekman components is larger
than geostrophic components in most of the YS (Fig. 4f). In summer,
geostrophic components become more important, being as strong
as Ekman components owing to weak wind stress (Fig. 4e). Accord-
ingly, Ekman currents and geostrophic currents contribute simi-
larly to summer surface current patterns. Consequently, oceanic
forcing that can affect sea surface height, such as forcing from
the Kuroshio Current, could also have an important role in the
migration of N. nomurai. Fig. 13 shows that the population tracking
experiment using each velocity component: geostrophic (Fig. 13a)
and Ekman (Fig. 13b) velocities. When only one velocity compo-
nent is considered, simulated particle distribution does not repro-
duce the observed jellyfish appearances (Fig. 3b). Between Jeju and
leo Island, the simulations considering only geostrophic compo-
nents better reproduced the observations than when considering

only Ekman currents, suggesting that the geostrophic component
could be more important than Ekman component.

In this work, we present a new approach to use data-derived ve-
locity fields to simulate advection of surface drifting particlesin the
YS and ECS, and applied the method to simulate appearances of N.
nomurai off the coast of Korea. Physical factors that can determine
inter-annual appearances of N. nomurai around the Korean coast
were identified. Recently, various biological disturbances such as
green algae and sargassum masses have cropped up in the YS
and ECS (Son et al., 2015; Komatsu et al., 2014). It is possible
that our method can be extended to track these disturbances. In
practice, when the combined velocity fields were applied to track
green algae masses in 2011, which was reported and simulated by
Son et al. (2015), the simulation using combined velocity shows
rational results and the distribution of simulated particles (green
dots in Fig. 14) agrees with observations (white squares in Fig. 14).
Fig. 14 also shows the distribution of particles simulated by only
one velocity component, either geostrophic currents (red dots in
Fig. 14) or Ekman currents (blue dots in Fig. 14), neither of which
alone reproduces the observations. This suggests that both velocity
components should be considered concurrently to simulate advec-
tion of biological disturbances in the YS and ECS.
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Distribution of particles from simulation considering only one velocity component
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Fig. 13. Ideal population tracking experiments considering only each velocity component in the combined velocity fields: geostrophic (a) and Ekman (b) components. Color
scales indicate particle density, and gray lines show trajectories of each particle.
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