
Nonlin. Processes Geophys., 24, 89–99, 2017
www.nonlin-processes-geophys.net/24/89/2017/
doi:10.5194/npg-24-89-2017
© Author(s) 2017. CC Attribution 3.0 License.

Statistical analysis of Lagrangian transport of subtropical
waters in the Japan Sea based on AVISO altimetry data
Sergey V. Prants, Maxim V. Budyansky, and Michael Yu. Uleysky
Laboratory of Nonlinear Dynamical Systems, Pacific Oceanological Institute of the Russian Academy of Sciences,
43 Baltiyskaya st., 690041 Vladivostok, Russia

Correspondence to: Sergey V. Prants (prants@poi.dvo.ru)

Received: 2 November 2016 – Discussion started: 9 November 2016
Revised: 20 January 2017 – Accepted: 29 January 2017 – Published: 16 February 2017

Abstract. Northward near-surface Lagrangian transport of
subtropical waters in the Japan Sea frontal zone is simu-
lated and analysed based on altimeter data for the period
from 2 January 1993 to 15 June 2015. Computing different
Lagrangian indicators for a large number of synthetic trac-
ers launched weekly for 21 years in the southern part of the
Sea, we find preferred transport pathways across the Subpo-
lar Front. This cross-frontal transport is statistically shown to
be meridionally inhomogeneous with “gates” and “barriers”
whose locations are determined by the local advection ve-
locity field. The gates “open” due to suitable dispositions of
mesoscale eddies facilitating propagation of subtropical wa-
ters to the north. It is documented for the western, central and
eastern gates with the help of different kinds of Lagrangian
maps and verified by some tracks of available drifters. The
transport through the gates occurs by a portion-like manner,
i.e. subtropical tracers pass the gates in specific places and
during specific time intervals. There are some “forbidden”
zones in the frontal area where the northward transport has
not been observed during all the observation period. They
exist due to long-term peculiarities of the advection velocity
field.

1 Introduction

The Japan Sea (JS) is a mid-latitude marginal sea with di-
mensions of 1600× 900 km, the maximal depth of 3.72 km
and the mean depth of about 1.5 km. It spans regimes from
subarctic to subtropical and is characterised by many of the
same phenomena found in the deep ocean: fronts, eddies, cur-
rents and streamers, deep water formation, convection and

subduction. It communicates with the Pacific Ocean at the
south and east through the Tsushima/Korean and Tsugaru
straits, respectively. In the north it is connected with the
Okhotsk Sea through the Soya (La Perouse) and Tatarsky
straits. All the four channels are shallow with depths not ex-
ceeding 135 m. Bathymetry of the JS and its geographic and
oceanographic features are shown in Fig. S1 in the Supple-
ment.

Warm and saline Pacific waters enter the Tsushima Strait
and split into three currents. Figure 1 with the AVISO ve-
locity field, averaged for the period from 2 January 1993 to
15 June 2015, reflects the main known features of mesoscale
near-surface circulation in the JS (Lee and Niiler, 2005;
Danchenkov et al., 2006; Talley et al., 2006; Yoon and Kim,
2009; Kim and Yoon, 2010; Lee and Niiler, 2010; Ito et al.,
2014). The Nearshore Branch of the Tsushima Current flows
northward along the western coast of the Honshu Island
(Japan). Its Offshore Branch with a meander-like path flows
into the Yamato Basin. The East Korean Warm Current flows
northward along the eastern coast of Korea to meet the North
Korean Cold Current which is a prolongation of the Liman
Cold Current flowing southward along the Siberian coast
down to Vladivostok. One of the major large-scale features in
the northern JS is a cyclonic gyre over the Japan Basin and
the Tatarsky Strait. Some well-known persistent mesoscale
eddy-like features are also indicated in Fig. 1. In the Ulleung
Basin there are the warm Ulleung anticyclonic circulation
(Chang et al., 2004; Mitchell et al., 2005; Shin, 2009; Lee
and Niiler, 2010) with the centre at about 37◦ N, 130.5◦ E and
a cyclonic circulation around 36.7◦ N, 132◦ E often called
the cold Dok Eddy (Lee and Niiler, 2010). The flow over
bottom topography around the Oki Spur in the southeastern
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part of the Sea generates the anticyclonic Oki Eddy (37.5◦ N,
134.2◦ E) (Isoda, 1994). In the western part of the Sea me-
andering of the East Korean Warm Current produces an anti-
cyclonic circulation called as the anticyclonic Wonsan Eddy
(39◦ N, 129◦ E) (Lee and Niiler, 2005).

The confluence of northward warm subtropical waters
with southward cold subarctic ones forms one of the most re-
markable features in the JS – the distinct Subpolar Front that
extends across the basin near 40◦ N (Park et al., 2004; Talley
et al., 2006). It is a boundary of physical and chemical prop-
erties such as temperature, salinity, dissolved oxygen and nu-
trients. Like many other hydrological fronts, the Subpolar
Front is a highly productive zone with favourable fishery con-
ditions. It is not a continuous curve crossing the basin with a
maximal thermal gradient. It is rather a vast area between
38 and 41◦ N extending across the basin from the Korea
coast to the Japanese islands. Understanding transport path-
ways of subtropical water in the JS is relevant to a number
of applications. Physical properties (temperature and salin-
ity), chemical properties, pollutants and biota (phytoplank-
ton, zooplankton, larvae, etc.) are transported and mixed by
currents and eddies. Transport of heat to the north is crucial
for climatic applications. The ability to simulate transport ad-
equately would be useful to deal with the aftermath of acci-
dents at sea such as discharges of radionuclides, pollutants
and oil spills. It is also crucial, for instance, for understand-
ing transport pathways for species invasions.

Since the last decades in the twentieth century, invasions of
heat-loving fish (conger eel, tuna, moonfish and triggerfish)
and some tropical and subtropical marine organisms (turtles,
sharks and others) have been observed in the northern part
of the JS, near the coast of Russia (Ivankova and Samuilov,
1979). It is natural to assume that such invasions could be
caused by intrusions of subtropical waters in the northern
part of the sea across the Subpolar Front. They may be also
one of the reasons for a prolongation of the warm period
in the fall in Primorye province in Russia since the 1990s
(Nikitin et al., 2002). From the oceanographic point of view,
this transport of subtropical waters contradicts long-held be-
liefs on circulation in the JS. It is believed that the Subpolar
Front is a transport barrier for propagation of subtropical wa-
ters to the north, at least in the western and central parts of
the front area (see e.g. Danchenkov et al., 2006). In this paper
we use altimetry data to simulate and analyse the northward
near-surface transport of subtropical waters across the frontal
area from 2 January 1993 to 15 June 2015.

The paper is organised as follows. Section 2 introduces
briefly the altimetry data and simulation methods we use.
Northward transport of subtropical waters across the frontal
area is studied statistically in Sect. 3 for a long period of
time. We compute, document and discuss preferred trans-
port pathways and meridional distributions of artificial trac-
ers launched in the southern part of the sea. Supplement data
can be found in the online version.

2 Data and methods

Geostrophic velocities were obtained from the AVISO
database (http://aviso.altimetry.fr) archived daily on a 1/4◦×
1/4◦ grid from 2 January 1993 to 15 June 2015. Our La-
grangian approach is based on solving equations of motion
for a large number of passive synthetic particles (tracers) ad-
vected by the AVISO velocity field

dλ
dt
= u(λ,ϕ, t) ,

dϕ
dt
= v (λ,ϕ, t) , (1)

where u and v are angular zonal and meridional veloci-
ties, ϕ and λ are latitude and longitude, respectively. Bicu-
bical spatial interpolation and third-order Lagrangian poly-
nomials in time are used to provide numerical results. La-
grangian trajectories are computed by integrating Eq. (1)
with a fourth-order Runge–Kutta scheme with an integration
step of 1/1000 day. The merged TOPEX/POSEIDON and
ERS-1/2 altimeter data sets have been shown by Choi et al.
(2004) to be appropriate to study mesoscale surface circula-
tion in the JS because of their comparatively small temporal
and spatial sampling intervals. In particular, they have been
shown to correlate well (0.95) with tide gauge data in the
western JS (Choi et al., 2004).

We study northward transport of tracers in the central part
of the JS basin between 37 and 42◦ N. With this aim 105

tracers have been launched weekly from 2 January 1993 to
15 June 2013 at the latitude 37◦ N from 129 to 138◦ E. Tra-
jectory of each tracer has been computed for 2 years after its
launch date. We fixed the location and the moment of time
where and when each tracer crossed a given latitude in the
central JS between 37 and 43◦ N. We take into account the
first crossing only, because we are interested not in a net
transport but in the northward transport. We stop to com-
pute trajectories of those tracers which get into an AVISO
cell with at least two corners situated at the land.

Each water parcel can be attributed to temperature, salin-
ity, density and other properties which characterise this vol-
ume as it moves. In addition, each water parcel can be at-
tributed to more specific characteristics which are trajectory
functions called “Lagrangian indicators”. They are, for ex-
ample, a distance passed by a fluid particle, its displacement
from an original position, its travel time and others. The La-
grangian indicators contain information about the origin, his-
tory and fate of the corresponding water masses. Lagrangian
maps are plots of Lagrangian indicators versus particle ini-
tial positions. A studied area is seeded with a large number
of tracers whose trajectories are computed for a given pe-
riod of time to get the field of a specific Lagrangian indicator
whose values are coded by colour and represented as a map
in geographic coordinates.

To simulate and analyse transport across the frontal area,
we solve successively a few tasks which are numbered in
the text in accordance with the following diagrams and La-
grangian maps.
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Figure 1. The AVISO velocity field averaged for the period from 2 January 1993 to 15 June 2015. Elliptic and hyperbolic stagnation points
with zero mean velocity are indicated by triangles and crosses, respectively. Abbreviations: TsS (Tsushima or Korean Strait), TS (Tsugaru
Strait), EKWC (East Korean Warm Current), NKCC (North Korean Cold Current), TWC1 and TWC2 (the first and second branches of the
Tsushima Warm Current, UE (Ulleung Eddy), DE (Dok Eddy), OE (Oki Eddy), WE (Wonsan Eddy), AC-C (vortex pair near the eastern
gate), AC (anticyclonic eddy over the Japan Basin), VMJ (Vladivostok meridional jet).

1. A meridional distribution of the number of tracers, N ,
crossing fixed latitudes, λf, in the central JS with a space
step 0.1◦. The corresponding data are represented as
a density map which shows by colour the density of
tracks of the particles crossed all the latitudes in the
central JS from 2 January 1993 to 15 June 2015. Track-
ing maps show where the subtropical tracers, which
crossed eventually the fixed zonal line through fixed
meridional “gates”, wandered for the whole integration
period. They also can be represented as a N(λf) distri-
bution which shows how many tracers reached a fixed
zonal line at the longitude λf for the whole period of
integration.

2. Fixing initial longitudes λ0 of launched tracers along the
material line 37◦ N, we compute those final longitudes
λf at which they cross a fixed zonal line for the whole
period of integration. The results are represented as λ0–
λf plots.

3. The T –λf plots show when and at which longitudes the
tracers, launched at 37◦ N, crossed the latitudes 40 and
42◦ N for the whole period of integration.

4. In order to document and visualise intrusions of
subtropical waters into subarctic ones, we compute
backward-in-time Lagrangian maps (Prants, 2015). A
subbasin in the sea is seeded at a fixed date with a
large number of tracers whose trajectories are com-
puted backward in time for a given period of time. We

use three kinds of Lagrangian map in this paper. Such
maps have been shown to be useful in studying large-
scale transport and mixing in various basins, from bays
(Prants et al., 2013) and seas (Prants et al., 2011a, 2013)
to the ocean scale (Prants et al., 2011b; Prants, 2013), in
quantifying propagation of radionuclides in the North-
ern Pacific after the accident at the Fukushima Nuclear
Power Plant (Prants et al., 2011b, 2014a; Prants, 2014;
Budyansky et al., 2015) and in finding potential fishing
grounds (Prants et al., 2014b, c).

In order to track those subtropical waters which were able
to cross the Subpolar Front and reach northern latitudes, we
colour the tracers that reached the line 37◦ N in the past and
compute how much time it took. In order to know where this
or that tracer came from for a given period of time, we com-
pute the drift maps with boundaries. The waters that entered
a given area through its southern boundary are shown by one
colour, and waters that came through the northern bound-
ary are shown by another colour. The drift maps show in
greyscale the finite-time displacement of tracers, D, that is
a distance between final, (λf, ϕf), and initial, (λ0, ϕ0), posi-
tions of advected particles on the Earth sphere with the radius
RE:

D ≡ RE arccos[sinϕ0 sinϕf

+cosϕ0 cosϕf cos(λf− λ0)] . (2)

“Instantaneous” stagnation elliptic and hyperbolic points
are indicated by triangles and crosses, respectively. They
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are points with zero velocity which are computed daily.
Up(down)ward orientation of one of the triangle’s top means
anticyclonic (cyclonic) rotations of water around them. The
triangles are coloured as (blue), marking elliptic points for
anticyclones (cyclones). The elliptic points, situated mainly
in the centres of eddies, are those stagnation points around
which the motion is stable and circular. The hyperbolic
points, situated mainly between and around eddies, are unsta-
ble ones with the directions along which waters converge to
such a point and another directions along which they diverge.
The stagnation points are moving Eulerian features and may
undergo bifurcations in the course of time. In spite of non-
stationarity of the velocity field some of them may exist for
weeks and much more.

We have used for a comparison and verification tracks of
surface drifters that are available at the site http://aoml.noaa.
gov/phod/dac.

3 Results and discussion

3.1 Northward transport of subtropical water and
advection velocity field

Figure 2a shows the density of tracks of tracers launched
along 37◦ N and across all the latitudes in the central JS
for the whole period of integration. The density is shown in
greyscale in the logarithmic scale, log10Nϕ . The magenta ar-
eas in Fig. 2a along the coastal line indicate that the AVISO
grid cells there touch the land, and we did not compute tra-
jectories there. An uneven density of points in Fig. 2a means
that the northward transport of subtropical waters is merid-
ionally inhomogeneous with “gates” with increased density
of points. The gates are such spatial intervals along a given
zonal line across which subtropical tracers prefer to cross.

Any tracer, as a passive particle, is able to cross the fixed
latitude in the northward direction if the northward com-
ponent of the velocity field is nonzero at its location. In
Fig. 2b we plot distribution of the northward component of
the AVISO velocity field averaged over the whole period of
integration as follows:

〈v+(λ,ϕ)〉 =
1
n

∑
θ(v(λ,ϕ))v(λ,ϕ), (3)

where v+(λ,ϕ) is a northward (positive) component of the
velocity at the point (λ,ϕ), θ(v) the Heaviside function and
n the number of days in the period from 2 January 1993 to
15 June 2015. Comparing the Lagrangian representation in
Fig. 2a with the Eulerian one in Fig. 2b, it is clear that ar-
eas with increased density of points in Fig. 2a correlate well
with areas with increased average values of the northward
component of the AVISO velocity field in Fig. 2b. Thus, the
northward transport of subtropical waters in the central JS
is determined mainly by the local advection velocity field,
more precisely by local values of its northward component.

The greater is that northward component at a given point and
the longer is the period of time when it is positive, the more
tracers are able to cross the corresponding latitude.

The density difference in some meridional ranges in
Fig. 2a may be very large because of the logarithmic-scale
representation. There are even some places in the northern
frontal area where the northward transport has not been ob-
served during all the simulation period, from 1993 to 2015.
They are marked by magenta rectangles in Fig. 2a. One “for-
bidden” zone is situated in the deep Japan Basin with the
centre at about 41.5◦ N, 134.2◦ E, and another one is situated
to the south off Vladivostok from 43 to 41◦ N approximately
along the 132◦ E meridian. We stress that they are forbidden
only to northward transport of tracers but can be and really
are open to transport in other directions.

The “forbidden” zones exist due to long-term peculiari-
ties of the advection velocity field there. The zone to the
south off Vladivostok exists due to a quasi-permanent south-
ward jet approximately along the meridian 132◦ E from 43
to 40◦ N (VMJ in Fig. 1). It turns to the east at about 40◦ N
and contributes to the eastward transport. In fact, the north-
ward velocity is practically zero in this area (see Fig. 2b)
and, therefore, the northward transport is absent. The other
“forbidden” zone exists due to two factors: the presence of a
quasi-permanent anticyclonic eddy with the centre at about
41.3◦ N, 134◦ E in the deep Japan Basin (AC in Fig. 1) and
the eastward zonal jet blocking northward transport across
it. Topographically constrained anticyclonic eddies with the
centre at about 41–41.5◦ N, 134–134.5◦ E have been regu-
larly observed there (Takematsu et al., 1999; Talley et al.,
2006; Prants et al., 2015).

3.2 Transport pathways of subtropical water and its
intrusions across the Subpolar Front

Now let us look more carefully at the meridional distribu-
tion of subtropical tracers crossed the Subpolar Front for the
whole period of simulation. We choose for reference four
zonal lines along the AVISO grid at 42.125, 41.875, 40.125
and 39.875◦ N. They are shown in Fig. 3 by solid curves
with superimposed meridional distributions of the averaged
northward AVISO velocity (arrows). The number of cross-
ings of those latitudes by the available 333 drifters is shown
by dashed curves. The correspondence between the peaks in
the meridional distributions of the tracers, drifters and the
averaged northward AVISO velocity is rather good for all
the chosen zonal lines, confirming their direct connection.
However, the comparison with drifters should be taken with
care because of a comparatively small number of available
drifters. Drifters are not ideal passive tracers, and their mo-
tion is subjected to submesoscale features which were not
caught by altimetry-derived data. Moreover, the drifters have
not been launched at the zonal line 37◦ N like artificial trac-
ers in simulation. Their launch sites for more than 20 years
have been distributed rather randomly over the basin.
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Figure 2. (a) The logarithmic-scale density of tracks of the tracers crossing all the latitudes ϕ in the central JS, Nϕ , from 2 January 1993
to 15 June 2015. The rectangular magenta areas are forbidden zones where the northward transport has not been observed during the whole
integration period. The magenta areas near the coast mean that the AVISO grid cells there touch the land, and we did not compute trajectories
there. The tracers have been launched weekly along the zonal line at 37◦ N from 2 January 1993 to 15 June 2013. (b) Distribution of the
averaged northward component of the AVISO velocity field 〈v+(λ,ϕ)〉 in the logarithmic-scale averaged over the same period.

Figure 3. Meridional distributions of the number of tracers which crossed indicated zonal lines (solid curves), of the averaged northward
component of the AVISO velocity in cm s−1 (arrows) and of the number of crossings of those zonal lines by available drifters (dashed
curves). The period of observation is from 2 January 1993 to 15 June 2015.

The local maxima and minima of the distribution functions
correspond to gates and conditional barriers, respectively.
The very eastern, 138–140◦ E, and western, 129–131◦ E,
gates are provided mainly by the near-shore branch of the
Tsushima Warm Current and the East Korean Warm Current,
respectively. The central gate, 133–137◦ E, probably exists
due to topographically constrained features over the Yam-
ato Rise there (see Fig. S1 in the Supplement). The transport
through that gate will be shown to be enhanced due to a spe-
cific disposition of frontal eddies regularly observed there.
The intervals between the gates may be called “conditioned
barriers” because of a comparatively small number of tracers

crossing zonal lines there, and because they used to “open”
for comparatively short time intervals.

Figure 4a, b shows in accordance with task 2 at which final
longitudes λf the tracers, launched with the initial longitudes
λ0 at the line 37◦ N, reached the zonal lines 40 and 42◦ N
for the whole period of integration. The meridional distribu-
tion of the number of tracers with pronounced peaks which
crossed the zonal line 42◦ N for the same period is plotted
in Fig. 4c. This zonal line was divided into eight meridional
intervals numbered by the roman numerals in Fig. 4b and c
with horizontal straight lines running via local minima at the
distribution in Fig. 4c.
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Figure 4. Density plots show in the logarithmic scale how many and at which final longitudes λf the tracers with initial longitudes λ0 were
able to cross the zonal lines (a) 40◦ N and (b) 42◦ N for the whole simulation period. The tracers were launched weekly at the line 37◦ N
from 2 January 1993 to 15 June 2013. (c) Meridional distribution of the number of tracers which crossed the zonal line 42◦ N for the whole
simulation period. This line is divided into eight intervals numbered by Roman numerals.

The Tsushima Warm Current contributes mainly to the
eastern peak VIII in the distribution in Fig. 4c. Black across
all the range of initial longitudes λ0 in Fig. 4b indicates that
fluid particles, crossing eventually the line 42◦ N through the
gate 138–140◦ E, could have any value of the initial longi-
tude λ0 at the zonal line 37◦ N. They could reach that gate
in different ways: either to be initially trapped by the near
shore branch or to be advected by the offshore branch and
then to enter the near-shore branch. Moreover, those particles
could be involved initially in the East Korean Warm Current
and then be transported to the east along the Subpolar Front
to eventually join the Tsushima Warm Current. Thus, the
subtropical tracers, crossing the gate VIII, may have rather
distinct values of some Lagrangian indicators, e.g. travelling
time and distance passed.

There is a narrow barrier, the white strip in Fig. 4b be-
tween gates VIII and VII, with the centre at the local mini-
mum at 137.8◦ E in Fig. 4c. A comparatively small number
of tracers have been able to cross the line 42◦ N there for the
whole simulation period. Gate VII between 136 and 137.8◦ E
(Fig. 4b, c) provides northward transport of subtropical trac-
ers by means of a quasi-permanent vortex pair located there.
The number of subtropical tracers passing through this gate
is much smaller than that passing through gate VIII (remem-
ber the logarithmic scale in Fig. 4). Only a small number
of tracers, launched initially at the very eastern part of the
zonal line 37◦ N, were able to cross the line 42◦ N through
that gate, because most of the eastern tracers passed through
the gate VIII to be captured by the near-shore branch of the
Tsushima Warm Current. Most of the tracers passing through
gate VII came from the western and central parts of the mate-
rial line at 37◦ N. The numbers of subtropical tracers passing

through the central and western gates are much smaller as
compared with those passing by the eastern ones. We dis-
tinguish two central gates V and III, 134–135.5 and 132.5–
133.5◦ E, respectively, and the western gates I and II (Fig. 4c)
in the range 130–132.5◦ E. It follows from Fig. 4b that the
western and central gates collect subtropical tracers mainly
from the western part of the initial zonal line, from 129 to
133◦ E. In other words, water parcels from its eastern part
(133–137◦ E) practically do not pass through those gates at
the latitude 42◦ N. Thus, the western part of the initial mate-
rial line at 37◦ N contributes to all the peaks in the tracer dis-
tribution 42◦ N, whereas its eastern part contributes mainly
to the Tsushima peak.

To visualise the transport paths by which subtropical trac-
ers reach the northern frontal area we compute so-called
tracking maps in Fig. S4 in the Supplement showing where
the subtropical tracers, which crossed eventually the zonal
line 42◦ N, wandered for the whole integration period.

The T –λf plots in Figs. S2 and S3 in the Supplement show
when and at which longitudes the tracers, launched weekly
at the zonal line 37◦ N from 2 January 1993 to 15 June 2013,
reached the zonal lines 40 and 42◦ N, respectively. This was
designated in Sect. 2 as task 3. As an example, we show in
Fig. 5 a typical T –λf plot for the tracers crossed eventually
the zonal lines 40 and 42◦ N in the period from 1 March 1995
to 1 March 1996. This demonstrates the eastern gates VIII
and VII (Fig. 4) through which the subtropical tracers cross
the corresponding latitudes. The locations of the central and
western gates fluctuate in time, and some gates may be even
closed for a while to the northward transport. The patchiness
in the plot means that subtropical tracers prefer to cross the
zonal lines in specific places (note the peaks in Figs. 3) and
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Figure 5. The T –λf plots show when and at which longitudes the tracers, launched at the zonal line 37◦ N, eventually crossed the zonal lines
(a) 40◦ N and (b) 42◦ N in the period from 1 March 1995 to 1 March 1996.

Figure 6. (a) The Lagrangian map documents intrusions of subtropical water to the southern coast of Russia through the western gate.
Greyscale shows travelling time T in days that it took for subtropical tracers to reach their locations on the map from latitude 37◦ N to the
dates shown. “White” tracers are those which did not come from latitude 37◦ N for the integration period, 140 days. Locations of available
drifters are shown by full circles for 1 day before and after the dates indicated. (b) The drift map documents a streamer-like northward
transport of subtropical water across the front through a central gate with the help of the cyclone with the centre at 41.5◦ N, 134.4◦ E. Red
and green code the waters that entered the studied area for 2 years through its southern and northern boundaries, respectively. White indicates
the tracers arriving at the coast.

during specific time intervals. Any patch with a large num-
ber of tracers somewhere, for example at the central merid-
ional gate, means that a water mass proportional to the size of
this patch passed through the central gate across a given lat-
itude during the period of time proportional to its zonal size.
Thus, the northward transport of subtropical water across the
Subpolar Front occurs in a proportion-like manner. Specific
oceanographic conditions may arise in a given area and at a
given time which produce a large-scale intrusion of subtrop-
ical water to the north by means of mesoscale eddies present
there.

To document intrusion of subtropical water there, we com-
pute the backward-in-time Lagrangian maps (for a recent re-
view of backward-in-time techniques see Prants, 2015). This
is a realisation of task 4 in Sect. 2. The basin, shown in
Fig. 6a, is seeded with a large number of tracers for each of
which we compute the time required for a tracer to reach its
location on the map on a fixed date from the latitude 37◦ N.
This is what is known as a residence–time map (Lipphardt
et al., 2006; Uleysky et al., 2007; Hernández-Carrasco et al.,
2013). The travelling time T in days is shown in greyscale.
The map in Fig. 6a illustrates the mechanism of penetration
of subtropical water northward through the western gate. A
vortex street with four anticyclones is formed in the fall of
2005 to the north of the Subpolar Front in the western part of

the sea. Their centres are marked in Fig. 6a by the triangles
at coordinates 39.1◦ N, 131.5◦ E; 39.3◦ N, 130.1◦ E; 40.8◦ N,
131.4◦ E and 41.7◦ N, 130.8◦ E. Subtropical “grey” tracers
propagate along the unstable manifolds of the three hyper-
bolic points between and around the eddies to the north (a
simple description of the notion of stable and unstable mani-
folds in fluid flows can be found e.g. in Prants, 2014). The hy-
perbolic points are marked by crosses in Fig. 6a with the co-
ordinates 39.2◦ N, 130.8◦ E; 40.3◦ N, 130.5◦ E and 41.6◦ N,
130.9◦ E. Thus, the vortex street provides an intrusion of sub-
tropical water towards the southern coast of Russia. The evi-
dence of at least two anticyclones in the AVISO velocity field
is confirmed by tracks of two available drifters. Their loca-
tions are shown in Fig. 6a by full circles for 1 day before
and after the date indicated on the map. Drifter no. 56739
has been trapped by the anticyclone with centre at 39.3◦ N,
130.1◦ E and drifter no. 56746 by the anticyclone with centre
at 40.8◦ N, 131.4◦ E. We have found similar episodes with
penetration of subtropical waters far to the north to the coast
of Russia through the western gate in different years. Periph-
eries of mesoscale eddies in the ocean are known to be trans-
port pathways larvae, fish and other marine organisms (see
e.g. Cotte et al., 2010; Prants, 2013; Prants et al., 2014c; and
references therein). In our case they might be transport for
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Figure 7. The drift maps in (a) September and (b) October of 2003 with snapshots of the drifter’s track superimposed show how the vortex
pair facilitates transport of subtropical tracers to the northwest through the eastern gate.

heat-loving organisms to reach the southern coast of Russia
(Ivankova and Samuilov, 1979).

An example of the intrusion of subtropical water through
the central gate across the Subpolar Front is shown in
Fig. 6b with another kind of Lagrangian map, the so-called
backward-in-time drift maps (Prants et al., 2011a, 2014a)
computed as part of task 4. The red and green colours in
the backward-in-time drift maps code the waters that entered
the studied area for 2 years through its southern and north-
ern boundaries, respectively. At the beginning of September
1995 a mesoscale cyclonic eddy to the north of the Subpolar
Front with centre at about 41.5◦ N, 134.4◦ E “grabbed” some
subtropical water at its southern periphery and pulled it to
the north. In the course of time the streamer-like intrusion
of subtropical tracers reached latitude 42◦ N moving to the
north (Fig. 6b).

The transport of subtropical waters through the eastern
gate VII (see Figs. 3 and 4) occurs mainly due to the exis-
tence of a quasi-permanent vortex pair labelled AC-C in the
mean field in Fig. 1. This provides a propulsion of some sub-
tropical tracers to the northwest whereas most of them, prop-
agating along the eastward frontal jet, join with the Tsushima
Warm Current and flow out to the Pacific through the Tsug-
aru Strait. The maps in the Supplement (Figs. S5 and S6)
document a typical situation with a propulsion of subtropi-
cal water to the northwest in September–October 2003. The
study and analysis of Lagrangian drift maps, computed for
the whole observation period, have shown that frontal eddies
facilitated the northward transport of subtropical water across
the Subpolar Front via the central and eastern gates.

To illustrate how this quasi-permanent vortex pair works
we show in Fig. 7 the drift map for tracers distributed over
the area and advected for 2 months backward in time start-
ing from the dates indicated. The values of displacements
of the tracers, D, in km are shown in greyscale. The black
tracers have been displaced for the same time considerably
as compared to the white ones. To verify our simulation we
show in Fig. 7 positions of drifter no. 35660 by full circles
for 2 days before and after the date indicated with their size

increasing in time. The entire track of that drifter, launched
on 2 May 2003 at the point 34.925◦ N, 129.3◦ E, is shown in
Fig. S7 in the Supplement.

At the beginning of September 2003 (Fig. 7a) the vortex
pair at the entrance to the gate VII consists of an anticyclone
with the centre at about 42◦ N, 137.7◦ E and a cyclone at
41.25◦ N, 138.35◦ E. The cyclone pulls some subtropical wa-
ter from the eastward frontal jet round its northern periphery
in a streamer-like manner (see the black tongue in Fig. 7a).
Then this water is wound by the anticyclone round its south-
ern periphery and propelled northeast. This is confirmed by
snapshots of the track of drifter no. 35660 for September–
October 2003 (see Fig. S6 in the Supplement). Being at the
beginning of September in the main stream (Fig. 7a), it has
drifted round the cyclone for the first half of September, then
round the anticyclone for the second half of September and
at the beginning of October. Eventually drifter no. 35660
crossed the latitude 42◦ N (Fig. 7b) and moved to the north
lugged by modified subtropical waters.

3.3 The effect of possible altimetry errors on statistical
features of Lagrangian transport

It has been shown statistically that the average northward
component of the AVISO velocity field dictates preferred
near-surface transport pathways of subtropical waters in the
central JS. The ability of satellite altimetry to accurately mea-
sure sea level anomalies has vastly improved over the last
decade. However, there are still some measurement errors
due to different reasons that lead to errors in the velocity field
provided by AVISO.

In this section we discuss the possible effect of errors in the
altimetry field on our simulation results. The AVISO velocity
field has errors as compared with a “true” velocity field. The
difference could be simulated by adding a noise 1(u,v) in
the velocity data. The question is how reliable are our statisti-
cal simulation results based on an imperfect AVISO velocity
field? All the simulation results, based on the average AVISO
velocity as in Fig. 1, are supposed to be reliable because
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the errors are averaged out for 22 years. As to other simula-
tion results, they depend on possible noise 1v in the AVISO
northward component v+ which could, in principle, change
the results but only if the noise were strong enough to change
the direction of the meridional velocity, i.e. if1v > |v|. If the
average AVISO northward component 〈v+〉 is large enough
as in the areas with dominated northward currents, we do not
expect that it would be changed there significantly under the
influence of noise. So, locations of the preferred transport
pathways are not expected to be changed significantly.

If the average AVISO northward component 〈v+〉 is small,
then two options are possible.

1. It is small due to domination of a southward current
somewhere, i.e. v−�1v. It is clear that possible noise
has practically no effect on northward transport in this
case. For example, the forbidden zone in Fig. 2a to the
south off Vladivostok, where northward transport has
not been observed during the whole observation period,
should be located there at any realistic level of noise be-
cause it exists due to the domination of a sufficiently
strong southward jet (VMJ in Fig. 1).

2. The average AVISO northward component 〈v+〉 is
small due to a smallness of the absolute velocity, i.e.√
u2+ v2 ∼1v. In this case northward and southward

transports are equalised, and they are small if the noise
is small enough. Such a situation is unlikely along the
Subpolar Front because of the presence of numerous
mesoscale eddies along the front where the absolute ve-
locities are not small.

The influence of possible errors in altimetry-derived veloc-
ity field on concrete mesoscale features has been studied by
Harrison and Glatzmaier (2012), Hernández-Carrasco et al.
(2011) and Keating et al. (2011) by analysing how an ad-
ditional noise in the advection equations might change La-
grangian coherent structures revealed by the finite-time and
finite-size Lyapunov techniques. Strongly attracting and re-
pelling individual Lagrangian coherent structures in the Cal-
ifornia Current System have been shown to be robust to per-
turbations of the velocity field of over 20 % of the maximal
regional velocity (Harrison and Glatzmaier, 2012). Individ-
ual trajectories have been shown to be sensitive to small and
moderate noisy variations in the velocity field but statistical
characteristics and large-scale structures like mesoscale ed-
dies and jets are not (Cotte et al., 2010; Hernández-Carrasco
et al., 2011; Keating et al., 2011).

4 Conclusions

The main results of altimetry-based simulation and analysis
of the northward near-surface Lagrangian transport of sub-
tropical water across the Japan Sea frontal zone for the period
from 2 January 1993 to 15 June 2015 are the following.

1. A methodology to simulate and analyse Lagrangian
large-scale transport in frontal areas is developed (tasks
1–4 in Sect. 2).

2. There are “forbidden” zones in the Japan Sea where the
northward transport has not been found during all the
observation period (the rectangles in Fig. 2a). The “for-
bidden” zone to the south of Vladivostok exists due to
a quasi-permanent southward jet there (VMJ in Fig. 1).
The other “forbidden” zone exists due to the presence
of a quasi-permanent topographically constrained anti-
cyclonic eddy with centre at about 41.3◦ N, 134◦ E in
the deep Japan Basin and the eastward zonal jet block-
ing northward transport there (AC in Fig. 1).

3. Northward near-surface Lagrangian transport of sub-
tropical water across the Subpolar Front has been statis-
tically shown to be meridionally inhomogeneous with
specific gates and barriers in the frontal zone whose lo-
cations are determined by the local advection velocity
field (the pronounced peaks in Figs. 3 and 4).

4. The transport through the gates has been shown to occur
by a portion-like manner, i.e. those gates “open” dur-
ing specific time intervals (a patchiness in Fig. 5 and
Figs. S2 and S3 in the Supplement).

5. The gates “open” due to suitable dispositions of
mesoscale frontal eddies facilitating propagation of sub-
tropical waters to the north. It is documented for the
western, central and eastern gates with the help of dif-
ferent kinds of Lagrangian maps and validated by some
tracks of available drifters (the intrusions of subtropi-
cal tracers around the eddies in Figs. 6, 7, and Figs. S5
and S6 in the Supplement). In particular, invasion of
tropical and subtropical marine organisms in the north-
ern part of the sea, to the southern coast of Russia, can
be explained by the presence of vortex streets at the
western gate (Fig. 6).

5 Data availability

The altimeter products were produced by Ssalto/Duacs and
distributed by Aviso, with support from Cnes (http://www.
aviso.altimetry.fr/duacs/).

The drifter data were collected and made freely available
by the Global Drifter Program (http://www.aoml.noaa.gov/
phod/dac) of the National Oceanic and Atmospheric Admin-
istration, NOAA, USA. The data used cover the period up to
September 2016.

For any questions regarding the simulations data,
we encourage the reader to contact the author at
uleysky@poi.dvo.ru. They are very large files of a few gi-
gabytes in size that cannot be deposited in a reliable public
data repository.
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