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Abstract The responses to tidal and/or wind forces of
Lagrangian trajectories and Eulerian residual velocity in
the southwestern Yellow Sea are investigated using a high-
resolution circulation model. The simulated tidal harmonic
constants agree well with observations and existing studies.
The numerical experiment reproduces the long-range south-
eastward Eulerian residual current over the sloping bottom
around the Yangtze Bank also shown in previous studies.
However, the modeled drifters deployed at the northeastern
flank of the Yangtze Bank in the simulation move north-
eastward, crossing over this strong southeastward Eulerian
residual current rather than following it. Additional sensi-
tivity experiments reveal that the influence of the Eulerian
tidal residual currents on Lagrangian trajectories is relatively

weaker than that of the wind driven currents. This result is
consistent with the northeastward movement of ARGOS
surface drifters actually released in the southwestern
Yellow Sea. Further experiments suggest that the quadratic
nature of the bottom friction is the crucial factor, in the
southwestern Yellow Sea, for the weaker influence of the
Eulerian tidal residual currents on the Lagrangian trajecto-
ries. This study demonstrates that the Lagrangian trajecto-
ries do not follow the Eulerian residual velocity fields in the
shallow coastal regions of the southwestern Yellow Sea.

Keywords Eulerian residual velocity . Eulerian tidal residual
current . Yellow Sea . Lagrangian drifter . Bottom friction
parameterization

1 Introduction

The Yellow Sea is a semi-enclosed embayment located
between the Chinese mainland and the Korean Peninsula.
The bottom of the southwestern Yellow Sea is varied and is
quite shallow, especially at the Yangtze Bank where the
water depth is generally less than 20 m (Fig. 1). The basin
geometry, varied topography and shallow water cause that
the circulations and tides in this area are extremely complex
and difficult to model and predict. Furthermore, due to the
limited direct current measurements that have been made
until now, the understanding of the circulation in the south-
western Yellow Sea is still primitive.

The strong tides and tidal currents in the East China Sea
and Yellow Sea have been well known to investigators from
field observation data (Ogura 1933; Nishida 1980; Larsen et
al. 1985; Fang 1986), satellite altimetric sea level data
(Yanagi et al. 1997), and a series of numerical models (An
1977; Shen 1980; Choi 1980, 1984, 1990; Yanagi and Inoue
1994; Zhao et al. 1993; Ye and Mei 1995; Kang et al. 1998;
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Kang et al. 2002; Moon et al. 2009). According to the
existing results, the Eulerian tidal residual current forms a
basin-scale cyclonic circulation in the central of the Yellow
Sea, while it flows northward along the Subei coast as a part
of an anticyclonic gyre. It has been suggested that the large
tidal amplitudes over the sloping bottom around the Yangtze
Bank, which lies between the basin scale cyclonic circula-
tion and the anticyclonic gyre, produce strong southeast-
ward residual currents. In particular, the weak monsoon and
surface heating allow strong thermal stratification in sum-
mer leading to a significant sub-surface intensification of
this southeastward residual current (Lee and Beardsley
1999), which could play an important role in the regional
circulation. Conceptual models (Lie 1986; Hu et al. 1991;
Hu 1994), drifter tracking observations (Beardsley et al.
1992), and numerical studies (Yanagi and Takahashi 1993;
Takahashi and Yanagi 1995; Tang et al. 2000; Xu et al.
2002) have revealed a cyclonic baroclinic frontal circulation
associated with the strong thermal fronts in the central part
of the Yellow Sea, roughly along the 40–50-m isobaths. The
southeastward Eulerian tidal residual current is thought to
strengthen the basin-scale cyclonic circulation in the central
part of the Yellow Sea in summer time (Xia et al. 2006).

Recently, Yuan et al. (2008) discovered that the Subei
coast current actually flowed northward in summer time in
response to the southerly wind forcing. This northward flow
was confirmed by the satellite tracking of algal patches
movements during the green tide event (Ulva prolifera
bloom) off Qingdao in the summer of 2008 (Hu and He
2008; Qiao et al. 2008; Hu et al. 2010). Furthermore, the
trajectories of ARGOS surface drifters released in the south-
western Yellow Sea in the summer of 2009 have confirmed
this northward Subei coast current (Li 2010). Instead of
following the southeastward Eulerian residual current, the
ARGOS surface drifters flowed northeastward and
meandered through it (Fig. 2).

The straightforward definition of the Eulerian residual
current is the averaged velocities at a fixed location over
multiple tidal periods (Abbott 1960). Comparing with the
Lagrangian framework, the Eulerian residual velocity is
more widely used to explain the mass transport in shallow
seas. However, the Eulerian residual currents do not always
represent the net movement of the water parcel. As was first
theoretically pointed out by Longuet-Higgins (1969), the
velocity of the water parcel is controlled not only by the
mean velocity at that point (Eulerian residual velocity) but
also by the Stokes drift velocity. There are extra-dispersion
terms in the inter-tidal transport equation (Fischer et al.
1979). In short, the Lagrangian trajectories do not necessar-
ily follow the Eulerian residual velocity field in the presence

Fig. 1 Model domain and topography. The thick solid line shows the
initial location of artificial drifters (the contour interval is 10 m). Black
dots are the locations of the tidal observation stations

Fig. 2 The trajectories of surface ARGOS drifters from Li (2010) in
the summer of 2009 (Fig. 3.2 in that paper)
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of oscillatory tidal motion. The previous studies and the
behavior of the ARGOS surface drifters suggest that the
Eulerian residual current flows southeastward over the slop-
ing bottom around the Yangtze Bank, while the Lagrangian
drifters extend northeastward, which could be a particular
example of the above principle.

Previous models have demonstrated, both quantitatively
and qualitatively, the differences between the tidal-induced
only Lagrangian and the Eulerian residual velocities in an
idealized narrow bay (Ianniello 1977; Jiang and Feng 2011)
and Bohai Sea (Breton and Salomon 1995; Wei et al. 2004).
Only a few researches (Feng 1990; Delhez 1996) have
directly pointed out the accuracy of the Lagrangian residual
current in representing the long-term transport in the light of
the tides, atmospheric forcing and density-driven currents.
In the present study, we have used a numerical model to
investigate the Lagrangian trajectories and the Eulerian re-
sidual velocity in response to tidal and wind forces in the
southwestern Yellow Sea. This model could have practical
applications, such as predicting green-tide events, which
have occurred frequently on the beach of Qingdao city
during recent summers. The data and model are described
in the following section. The model validation and results of
the numerical experiments are presented in Section 3. In
Section 4, we consider the effects of using synoptic winds
instead of climatological wind stress in the simulations. The
last section outlines our conclusions.

2 Data and model

The Princeton Ocean Model (POM) is applied to study the
difference between the Lagrangian trajectories and the
Eulerian residual velocity in the southwestern Yellow Sea.
The model domain and topography are shown in Fig. 1. The
model covers the domain of (28°N–41°N, 117°E–128°E),
with a horizontal resolution of 1/12°×1/12°. There are 16
vertical levels with sigma coordinates 0.000, −0.003, −0.
006, −0.013, −0.025, −0.050, −0.100, −0.200, −0.300, −0.
400, −0.500, −0.600, −0.700, −0.800, −0.900, and −1.00
from surface to bottom. The topography is averaged from
1′×1′ depth data of the Coastal and Ocean Dynamics
Studies Laboratory of Sungkyunkwan University (Choi et
al. 2002). Two modifications, setting the maximum water
depth to 140 m and the minimum water depth to 10 m, are
made to the original topography data to relax the CFL
condition and to reduce possible errors in the finite-
difference of the baroclinic pressure gradient over steep
topography with a vertical sigma coordinate grid (Haney
1991; Chen et al. 1995a, b).

Tidal forces including M2, S2, K1, and O1 are considered
on the open boundary by using a fixed radiation condition
for the depth-averaged velocity. The tidal amplitudes and

phases are taken from the global 0.25°×0.25° TPX0.6 tide
model (Gary et al. 1994). The tidal forcing is ramped up to
full amplitude within the first two tidal periods to minimize
starting transients. The climatological monthly wind stress
fields from the Japanese 25-year re-analysis (JRA-25)
dataset are interpolated to force the numerical model. The
model is integrated for two months from May to June
because that is when the southerly wind stresses as well as
the wind effects are weak. The initial and boundary condi-
tions are determined from a 1/4°×1/5° Western North
Pacific Ocean Model (Hirose 2011). The sea surface tem-
perature and salinity are relaxed to the climatology obtained
from the same large-scale model instead of surface heat and
salinity flux conditions. The tangential components of ve-
locity, temperature, and salinity at the open boundaries
satisfy zero-gradient conditions.

Numerical experiments performed in this study are shown
in Table 1. The first experiment TQ is conducted using only
tidal forcing, whereasWQ uses only climatological wind forc-
ing. The third experiment called WTQ includes both tidal
forcing and climatological wind forcing. In all the cases, the
superscript Q means that the bottom friction term is given by
the nonlinear quadratic parameterization:

F
!

Q ¼ �CD u!�� �
� u! ð1Þ

where u! is the near bottom velocity vector. The drag coeffi-
cient CD is 0.001 in the Bohai Sea, while it is 0.0016 in the
other areas (Wan et al. 1998). The comparison of these three
numerical experimental results will indicate the primary driv-
ing force of Lagrangian currents in the southwestern Yellow
Sea. As the bottom friction has strong effects on the regional
circulation (Jiang and Feng 2011), additional experiments TL,
WL, and WTL are designed to check the effects of the bottom
friction. The superscript L means that the linear bottom fric-
tion scheme

F
!

L ¼ �ΓL u! ð2Þ
is used. Apart from the bottom friction scheme, the experi-
ments TL, WL, and WTL assume the same conditions as TQ,
WQ, and WTQ, respectively. After some sensitivity experi-
ments to match the nonlinear cases in terms of kinetic energy,
we chose the linear drag coefficients ΓL to be 0.0005 in the
Bohai Sea and 0.0008 in the other areas.

The movement of the upper layer water parcel in the
southwestern Yellow Sea is studied by modeling the trajec-
tories of the modeled drifters, which are deemed to be
Lagrangian tracers. The trajectories are calculated by the
fourth-order Runge–Kutta scheme. A hundred modeled
drifters are released at a depth of 15 m along the 33.80°N
section (Fig. 1). In each experiment, the positions of the
drifters are calculated every 2 computational hours after the
model has been running for 15 simulated days.

Ocean Dynamics (2013) 63:565–576 567



3 Results

3.1 Water mass distribution

The simulated temperature structures along the vertical sec-
tions at 33°N and 35°N in June (Fig. 3) are compared with
the Hydrobase2 climatological monthly mean data.
Roughly, the basic features of the summer stratification
and water mass distributions are represented well by the

baseline experiment WTQ, suggesting that the simulated
circulation reproduces the basic characteristics of the sum-
mer circulation in this region.

Both the simulated and observed temperatures are verti-
cally uniform at the coastal area of the 33°N section (Fig.
3a), indicating that vertical mixing is strong in this shallow
area due to tidal motion (Zhao et al. 1994; Xia et al. 2006).
In the central Yellow Sea, a vertical temperature gradient
starts to form, characterizing the seasonal thermocline,

Table 1 The final mean meridional displacement of the artificial drifters and the area-averaged magnitude of the bottom momentum flux in each
experiment

Experiment Forcing Bottom friction Final mean meridional
displacement (km)

Bottom momentum
flux (×10−3 N/m2)

TQ Only tidal forcing Quadratic −59.28 8.10

WQ Only climatological wind +111.78 1.70

WTQ Both tidal and climatological wind +97.33 12.7

Linear combination of WQ and TQ +52.52

TL Only tidal forcing Linear −48.02 5.80

WL Only climatological wind +139.73 8.60

WTL Both tidal and climatological wind +98.85 12.3

Linear combination of WL and TL +92.30

Fig. 3 The simulated vertical
temperature distributions along
the 33°N and 35°N sections
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separating the water column into upper and lower layers.
The upper part of the seasonal thermocline is elevated
toward the sea surface while the lower part of it forms a
strong front at a depth of roughly 15–20 m.

Along the vertical section of 35°N (Fig. 3b), the so-called
western core of the Yellow Sea Cold Water Mass is identi-
fied at a depth of 40–50 m over the slope on the western
flank of the Yellow Sea trough. The intensity of the cold
core is weaker than the individual observation because the
simulated temperature is driven by the climatological
forcing.

The pattern of the isohaline and the low salinity
tongue of the Yangtze River diluted water also generally
agree with observations (not shown here). All of the
characters, including the thermocline and the position of
the surface and subsurface water masses, are simulated
well by the experiment WTQ, implying that the present
model has captured the essential dynamics of the cur-
rent systems.

3.2 Verification of the simulated tides

To verify the simulated tides, only tidal forcing with ho-
mogenous water are tested in the model at first, and the
temperature and salinity are set to 21 °C and 33.5 PSU,
respectively. In this case, the model approaches steady state
after about 5 days. After 15 days, harmonic constants are
obtained by harmonic analysis. The co-tidal charts of the
M2, S2, K1, and O1 tides generated from the model are
shown in Fig. 4. These structures basically agree with the
previous studies (Fang 1986; Yanagi et al. 1997; Guo and
Yanagi 1998; Kang et al. 1998; Lee and Beardsley 1999;
Bao et al. 2000; Fang et al. 2004). All of the semi-diurnal
amphidromic points (M2 and S2 tides) and the diurnal
amphidromic points (K1 and O1 tides) in the southwestern
Yellow Sea are reproduced successfully.

Forasmuch as the limitation of tidal observations, only
M2 tidal harmonic constants from the model are compared
with observed values of 63 sites as shown in Fig. 1. The
observed data comes from Wan et al. (1998) and Zhang et al.
(2005), and the model values are used after interpolation.
The standard deviations between the simulated and ob-
served M2 tidal amplitude and phase for all sites are 9.
3 cm and 12.0° (Fig. 5). The results show that the simulated
M2 tide agrees the observations well. The results with cli-
matological stratification (not shown here) are essentially
the same as those with homogenous water.

3.3 Eulerian residual velocity fields

The simulated Eulerian tidal residual current at 15 m during
June in TQ (Fig. 6a) shows a basin-scale cyclonic circulation
in the Yellow Sea. The result is similar to those of existing

studies (Zhao et al. 1993; Lee and Beardsley 1999; Xia et al.
2006). Three obvious characteristics of the Eulerian tidal
residual current have been reproduced. The first feature is
the strong northward current around the southwest of Korea
with a maximum speed of 10 cm/s. The second feature is the
northward flow along the Subei coast (water depth less than
15 m cannot be illustrated in Fig. 6a), forming an anticy-
clonic gyre in the area. The third feature is the strong long-
range southeastward current with a speed of ~5 cm/s over
the sloping bottom around the Yangtze Bank, between the
basin-scale cyclonic circulation and the anticyclonic gyre.
Generally, the tides and tidal currents produced by the
model agree well with previous studies.

By including wind forcing, a more realistic circulation is
generated in experiment WTQ. As shown in Fig. 6b, the
circulation at a depth of 15 m in June is a cyclonic circula-
tion that encompasses the entire deep basin. Along the
Korean coast, the northward flow is strong; on the other
hand, in the western and central parts of the Yellow Sea, the
current flows southward and is much broader and weaker. In
particular, along the Subei coast, the northward current is
enhanced by tidal rectification (cannot be presented in Fig.
6b). With the strong southeastward current over the sloping
bottom around the Yangtze Bank, an anticyclonic gyre is
formed next to the western limb of the cyclonic current. This
result is similar to the model result of Naimie et al. (2001)
and the analysis of observations in Liu (2006). The realistic
features of the present model allow us to study the dynamics
of the Lagrangian trajectories in the southwestern Yellow
Sea.

3.4 Lagrangian trajectories

The Lagrangian phenomena are studied by using the trajec-
tories of modeled drifters. Table 1 shows the mean meridi-
onal displacement of the modeled drifter movements after
45 days in each experiment. A positive value means north-
ward movement whereas a negative value means southward
movement. It should be pointed out that the thermohaline
conditions and wind stress are based on climatological
fields. The simulated trajectories of the modeled drifters
represent a climatological Lagrangian circulation field while
the observations are in the summer of a particular year.
Therefore, more attention should be paid to the differences
between experimental results instead of being concerned
with the accurate reproduction of observed trajectories.

The modeled drifters in TQ (only tidal forcing), released
at the northeastern flank of the Yangtze Bank, flow south-
eastward at high speed (Fig. 7a). The other drifters released
at the shallow western area flow northward at a lower speed.
The mean meridional displacement of all the modeled
drifters is about −59.28 km (Table 1), which is distinct from
the mean meridional displacement of −73.24 km for
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trajectories that are directly driven by the Eulerian tidal
residual current (not shown here). The dissimilarity between
the two sets of trajectories indicates that the Lagrangian and

the Eulerian residual velocities are different, in agreement
with previous studies (Longuet-Higgins 1969; Ianniello
1977; Jiang and Feng 2011).

Fig. 5 Comparison between
the observed and simulated
harmonic constants of the M2

tide a amplitude and b phase.
Station locations are shown
with black dots in Fig. 1

Fig. 4 Co-tidal charts
simulated with homogeneous
water. Solid and dashed lines
show the distributions of
amplitude (in meters) and phase
lag (in degrees and referred to
120°E), respectively

570 Ocean Dynamics (2013) 63:565–576



In comparison, in experiment WQ (only climatological
wind forcing) almost all these modeled drifters released at
the northeastern flank of Yangtze Bank flow northeastward
(Fig. 7b). The mean meridional displacement of these
modeled drifters exceeds +110 km (Table 1).

In experiment WTQ (including both tidal and climatolog-
ical wind forcing), the modeled drifters move in the similar

directions as in WQ. We especially noticed a difference for
the modeled drifters deployed at the northeastern flank of
Yangtze Bank: these modeled drifters do not flow directly
northeast but begin by moving southeast due to the effects
of the strong long-range southeastward Eulerian residual
current over the sloping bottom around the Yangtze Bank,
as illustrated in the small box of Fig. 7c. However, the

Fig. 6 a The simulated
Eulerian tidal residual currents
in TQ and b the simulated
circulation in WTQ at a depth of
15 m during June

Fig. 7 The trajectories of the
artificial drifters plotted with
2.5-day interval a in TQ, b in
WQ, c in WTQ, with 1-day
interval in the small box area,
and d the linear combination of
WQ and TQ. The square
indicates the final center of
gravity of the drifters 45 days
after release
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drifters easily drop out of the Eulerian residual current and
move further northeastward. This indicates that the Stokes
drift velocity of tidal motion is comparable in magnitude to
the Lagrangian residual velocity, and eclipses the Eulerian
residual velocity. The center of gravity of the modeled
drifters moves northward by about 97.33 km from the initial
latitude (Fig. 7c). The pattern of these trajectories corre-
sponds with observations of the ARGOS surface drifters
released in the southwestern Yellow Sea in the summer
season of 2009 (Li 2010).

To exam the effects of wind and tide on the Lagrangian
trajectories respectively, the simple average of the velocity
field snapshots of WQ and TQ are calculated. The simple
linear combination of WQ and TQ (Fig. 7d) results in a mean
meridional displacement of only +52.52 km (Table 1),
which is much less than that in WTQ. The tidal effect in
WTQ is obviously weaker than what is expected from the
linear combination. Thus, the wind stress is the dominant
factor determining the Lagrangian trajectories in the south-
western Yellow Sea in summer, which could explain the
transport of large numbers of green tide patches from
Subei to Qingdao during recent summers.

To further understand the dynamics of these Lagrangian
phenomena, the effect of bottom friction has been examined
by considering the linear bottom friction scheme. TL, WL,
and WTL have the same conditions as TQ, WQ, and WTQ,
respectively, except for the use of the linear bottom friction
scheme. As shown in Fig. 8a, the results of WTL resemble
those of WTQ. The mean meridional displacement of the
modeled drifters in WTL is about +98.85 km (Table 1). In
contrast, the linear combination of WL and TL (Fig. 8b)
results in a mean meridional displacement of +92.30 km
(Table 1), which is relatively similar to WTL, in contrast
with the nonlinear cases. These results suggest that, in this
region, the Lagrangian trajectories can be simply deter-
mined by linear dynamics without a quadratic friction term.
In other words, the nonlinearity of the bottom friction plays
an important role for the weaker influence of the tidal

residual currents on Lagrangian trajectories in the south-
western Yellow Sea.

In general, bottom friction is an important sink of mo-
mentum and energy in the ocean, especially for shallow
areas. The bottom momentum fluxes (hereafter BMFs) in
POM are represented by

ρ� wu �1ð Þh i; wv �1ð Þh ið Þ ¼ �ρ� CD u!�� �
� u! ð3Þ

where u! and CD have same meanings as in Eq. (1). The
density of seawater ρ is 1.025 kg/m3. In the linear bottom
friction parameterization approach mentioned above (Eq.
(2)), the BMFs are

ρ� wu �1ð Þh i; wv �1ð Þh ið Þ ¼ �ρ� L u
! ð4Þ

Equations (3) and (4) are similar if we assume that ΓL=
CDU, where U is the typical friction velocity. The difference
between the two expressions is that U is a constant (0.5 m/s),
whereas u! is time-dependent and space-dependent.

The magnitudes of area-averaged BMFs are shown in
Table 1. In accordance with the results described above,
the BMFs of WTL and WTQ are very similar (12.3×
10−3 N/m2 and 12.7×10−3 N/m2, respectively) which means
WTL can reproduce WTQ by choosing the appropriate value
of U. However, the BMF in TL (5.8×10

−3 N/m2) is 28.40 %
weaker than that of TQ (8.1×10−3 N/m2) in the shallow area,
whereas it is considerably enhanced in WL (8.6×10

−3 N/m2)
in contrast to that of WQ (1.7×10−3 N/m2).

In the southwestern Yellow Sea, the tidal currents are
usually stronger than the typical friction velocity (0.5 m/s).
Conversely, the wind-driven currents in this area are nor-
mally weaker than 0.5 m/s, meaning that the BMFs of wind
effects given by the quadratic relation are weaker than those
given by the linear relation. This indicates that the quadratic
bottom topography shear leads to strong steering effects on
the regional circulation in summer. Thus, the larger BMFs in
the experiment TQ utilizing the quadratic bottom friction
scheme lead to a weaker tidal effect than the one in TL.

Fig. 8 The trajectories of the
artificial drifters plotted with
2.5-day interval in aWTL and b
the linear combination of WL

and TL
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The wind effect, however, shows the opposite behavior: the
BMFs in experiment WQ, which uses the quadratic bottom
friction scheme, are much smaller than those in WL,
resulting in a stronger wind effect.

4 Effects of synoptic forcing

The wind forcing employed in previous sections was clima-
tological wind stress from May to June. The realistic wind
with a high frequency (synoptic variability) might have an
impact on the behavior of the surface drifters. To examine
the effects of synoptic winds and to enhance the generality
of the results described in the previous section, additional
experiments were carried out, in which the JRA-25 6-hourly
wind stresses from May to June in 2009 and 2010 were
adopted instead of climatology.

For comparison, in the experiment forced by the tidal
forcing and the wind stresses from May to June in 2009, the
pattern of the modeled drifter trajectories successfully repro-
duces observation of the ARGOS surface drifters (Fig. 9).
Since the wind stress from May to June is feebler than that
of observed period, then the final gravity center of these
drifters arrives at 35.62°N, where is slightly south off that of
observation. The characters of the ARGOS surface drifters
trajectories are simulated well by this experiment, showing

once again that the present model has caught up the realistic
features of the regional circulation.

The monthly mean southerly wind in June of 2010 (~1.
09 m/s) is observably weak, even compared to the climato-
logical one (~1.34 m/s). The wind effects on Lagrangian
trajectories would be minimal in 2010. The experiments
forced by wind stress of 2010 should be representative, thus
only which are used to check the effects of synoptic winds
because of paper length. The prefix R is used to indicate the
use of realistic wind forcing in the experiments.

The patterns of the Lagrangian trajectories are essentially
the same as those in the climatological experiments. In RTQ

(Fig. 10a), the modeled drifters released at the northeastern
flank of the Yangtze Bank flow northeastward with a mean
meridional displacement of +61.74 km (Table 2). In this
case, the northeastward movement of artificial drifters is
suppressed due to the weaker southerly monsoon in summer
season of 2010. In the linear combination of RQ (only forced
by realistic wind) and TQ (only forced by tidal forcing) the
mean meridional displacement is +16.22 km (Fig. 10b). So,
even with the realistic weak wind forcing of 2010, the
influence of the Eulerian tidal residual currents on the
Lagrangian trajectories is still weaker than the wind effect.

RTL, which uses the linear bottom friction scheme, re-
produces the results RTQ (Fig. 10c) with a mean meridional
displacement of +66.41 km. The result of a simple linear
combination of TL and RL (Fig. 10d) is almost the same as
the simulation of RTL, giving a mean meridional displace-
ment of +62.38 km (Table 2). In conformity with the clima-
tological cases, the nonlinearity of the bottom friction leads
to a weaker influence of the Eulerian tidal residual currents
on the Lagrangian trajectories in the southwestern Yellow
Sea.

In a normal year, the southerly wind from May to June is
stronger than that of 2010. Thus, the wind effect is expected
to be much stronger and the effect of the Eulerian tidal
residual current on Lagrangian trajectories may be relatively
minor in any summer. Therefore, the experiments using the
realistic wind stress of 2010 might indicate the minimum
size of the wind effect.

5 Summary and concluding remarks

In this study, a high-resolution circulation model based on
POM was used to compare the influences of the tidal resid-
ual currents and wind-driven currents on Lagrangian trajec-
tories during summer time in the southwestern Yellow Sea.
The four kinds of tides (M2, S2, K1, and O1) and climato-
logical wind stress forced the model from May to June. The
simulated tidal harmonic constants agreed well with existing
studies and observations. The numerical experiments also
successfully reproduced the patterns of Eulerian residual

Fig. 9 The trajectories of the artificial drifters plotted with 2.5-day
interval in the experiment forced by the tidal forcing and the wind
stresses from May to June in 2009
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currents in this region that have been shown in previous
studies.

Our simulation results showed that the Lagrangian tra-
jectories in the southwestern Yellow Sea are dominated by
wind driven currents. The influence of the Eulerian tidal
residual currents on Lagrangian trajectories is weaker than
that of the southerly wind in summer time. Further experi-
ments indicated that, in the southwestern Yellow Sea, the
quadratic nature of the bottom friction led to strong steering
effects on the regional circulation in summer, and caused the
weaker influence of the Eulerian tidal residual currents on
Lagrangian trajectories. This study also demonstrated that
Lagrangian trajectories did not follow the Eulerian residual

velocity fields in shallow coastal regions. Additional exper-
iments, which used the realistic wind stresses exhibiting
high frequency variability from May to June in some par-
ticular years, were consistent with the results described
above.

In addition to the wind and tidal currents, recent
studies suggested that wave effects improved the accu-
racy of modeled surface currents (Perrie et al. 2003;
Tang et al. 2007; Röhrs et al. 2012). This factor prob-
ably brings more complex but realistic behaviors of
Lagrangian drifters. The consideration of the wave ef-
fects on Lagrangian trajectories may be an important
future work.

Fig. 10 The trajectories of the
artificial drifters plotted with
2.5-day interval a in RTQ, b the
linear combination of RQ and
TQ, c in RTL, and d the linear
combination of RL and TL

Table 2 The final mean idional displacement of the artificial drifters in the realistic cases

Experiment Forcing Bottom friction Final mean meridional
displacement (km)

RTQ Both tidal and realistic wind in 2010 Quadratic +61.74

Linear combination of RQ and TQ +16.22

RTL Both tidal and realistic wind in 2010 Linear +66.41

Linear combination of RL and TL +62.38
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