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A simple but effective method has been developed for estimating diurnal and semi-diurnal tidal
currents from trajectories of satellite-tracked drifters. The estimation method consists of separation
of tidal current signals contained in the drifter trajectories, computation of undulations by diurnal and
semi-diurnal currents, and correction of dominant diurnal and semi-diurnal tidal constituents. M,
tidal currents estimated from drifter trajectories in the Yellow Sea are well consistent with those
observed by moored current meters and this supports the validity of this method. We have
constructed M, tidal current chart in the Yellow Sea by applying this method to available drifter
trajectories collected during 1994-1998. According to this chart, M, current in the Yellow Sea rotates
in the clockwise direction south of 35° 30'N but in the counterclockwise one to the north. Also it

* is found that the M, current is strong in the bank area northeast of the Changjiang River mouth and
in the Korean coastal area, while it is weak in the deep central trough.

INTRODUCTION

Tides in the Yellow Sea are one of key factors con-
trolling oceanographic structures and marine envi-
ronments of the Yellow Sea (YS). Strong tidal current
regime of the YS are engaged in major coastal ocean-
ographic processes such as formation of tidal fronts,
transport of sea waters and materials, and mixing.

Numerical tide models for the YS (An, 1977; Choi,
1980; Guo and Yanagi, 1998; Kang et al., 1991, 1998)
can reproduce coastal sea level changes with high
accuracy and satisfactorily explain the observed tidal
regime of complex amphidromies (Ogura, 1933; Nis-
hida, 1980). Sea levels in the YS have been moni-
tored for long periods at a series of coastal tidal sta-
tions along the Korean and Chinese coast. However,
offshore sea levels and tidal currents have not been
well described mainly due to insufficient observations
in the offshore area. Although numerical tidal models
provide information on the tidal current system,
model currents are very dependent upon various
model parameters such as grid spacing, bottom topog-
raphy, and viscosity including bottom drag coef-
ficient. Shoaling bottom topography, rugged coastline,
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and a lot of small islands and tidal channels in the
YS cannot be well resolved in the basin-scale models
with grid spacing of 5 to 10 km. Therefore, the model
currents are needed to be compared with observed
currents to assess how accurately tidal currents are
reproduced.

The Korea Ocean Research and Development Insti-
tute (KORDI) deployed a relatively large number of
satellite-tracked drifters at many places during 1994-
1998. The drifters are limited to measure currents at
predetermined drogue depths and satellite passages,
but they are cost-effective and have an advantage to
provide current information over a large area. Drifter
trajectories contain current signals in frequency bands
lower than the cut-off frequency defined by 1/(2At),
where At is time interval between two consecutive
position fixes sensed at the ARGOS system. In the
YS, the mean time interval is about 4 hours, so cur-
rent signals having periods longer than 8 hours are
resolved. Therefore, dominant semi-diurnal and diur-
nal tidal currents in the YS can be estimated by ana-
lyzing drifter trajectories. In this study we first intro-
duce a new, simple method of separating diurnal and
semi-diurnal currents in the drifter trajectories, com-
puting semi-diurnal and diurnal tidal currents, and
correcting two major tidal currents M, and K, using
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undulations. Next, the validity of the estimation is
examined by applying this method to both sea levels
and tidal currents observed in the YS. Finally, we
have attempted to construct M, tidal current chart of
the YS from all available drifter trajectories in the YS.

DRIFTER DATA

The KORDI deployed ARGOS drifters in the YS
and East China Sea at thirteen times during 1994-
1998 to collect current data for the basin-scale shelf
circulation (Lie, 1998a; 1998b). For this study, we
have used 73 drifter trajectories that were observed
longer than five days and wandered in the YS and
the YS-East China Sea boundary. Of the 73 drifters,
64 sets had a holey-sock drogue of WOCE prototype
(Sybrandy and Niiler, 1987) and other 9 sets had a
cross window-shaped drogue centered at 0.5 m. The
holey-sock drogues were centered at a depth of 15 m
below sea surface (50 sets) and at depths of 30 m
or deeper (14 sets).

All drifters were set to transmit signals contin-

—130
127°E N

121°E 123°E 125°E
Fig. 1. Trajectories of satellite-tracked drifters deployed by
KORDI in the Yellow Sea during 1994-1998. Symbols +

indicate release points of drifters.

Table 1. General information of drifter experiments perform-
ed in the Yellow Sea during 1994 to 1998

o s Data length sensed
Periods Ngrnilg:g)f Mea?dgfc;tlme continuously relative to
y the total length (day)
May to Oct. 36 52.0 1096/1872
Nov. to Apr. 37 26.3 736/972

uously for the first 30 days after release and then
during 8 hours a day for the remaining lifetime. In
case of the continuous transmission, drifter positions
are sensed at 2 to 5 hours intervals around Korea,
with a mean sensing frequency of about 6.1 times
per day. We used only the continuous position fixes
for a better estimation of tidal currents. Fig. 1 shows
a composite map of all 73 drifter trajectories. Cross
marks indicate release points of drifters. Table 1 summa-
rizes number of drifters and mean lifetime in warm
and cold seasons. The mean lifetime in the warm sea-
son (May to October) is almost twice longer than
that in the cold season (November to April). The
shorter lifetime in the cold season is mainly due to
strong fishing activity in the cold season in the YS.

SEPARATION OF HIGH- AND
LOW-FREQUENCY CURRENTS

Drifter trajectories, X, (r, £), at position r and time
t are decomposed into three parts as follows:

X (r, £) = Xo(r, )+ X(r, )+Er(?) ¢y

where X,(r,f) is position determined by low-fre-
quency currents, X (r, ) is position by high-frequency
currents, and Er is positioning errors.

Drifter positions are determined at time intervals
of 2—5 hours between two successive satellite passes,
with position errors of 150-350 m. Since velocities
are estimated from position displacements during indi-
vidual time intervals, velocity errors do not exceed
5 cm/s. This errors are small as compared to observ-
ed currents of 10—100 cm/s in the YS. Slippage due
to wind is below 2 cm/s in winds of 20 m/s (WOCE,
1991), so it is negligibly small as compared to other
error sources.

Low-frequency currents
In general, low-frequency currents in the YS are

not so strong as high-frequency tidal currents in the
interior YS (Lie, 1999), although relatively strong
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currents are intermittently generated during the win-
ter monsoon (Hsueh, 1988) and mean currents, compa-
rable to tidal currents, exist around Cheju-do (Lie et
al., 2000). Since scales of the low-frequency currents
are larger in space and longer in time than those of
the tidal currents, drifter displacement by the low-
frequency currents can be fitted to summation of
polynomials within a short time span of T or esti-
mated by using a low-pass filter. In this study, the
drifter displacements are simply least-squared fitted
to the second-order polynomials as below.

X (r)=ag+at+a,’ for -T/2<t<1/2  (2)

where a,, a; and a, are arbitrary constants.
High-frequency tidal currents

Drifter displacements by the high-frequency tidal
currents can be approximated to sum of a series of
displacements by major tidal current constituents.

N
X(r5t)zzxi(r,t) (3)
i=1
X,(r, 1) = A(r)cos(w-0,r) for -T/2<:<T/2  (4)

where N is number of tidal constituents to be consid-
ered, ®; frequency of ith constituent, A,(r) and 6, ()
amplitude and phase. A(r) and 0,(r) are space-depen-
dant variables. The tidal displacements during 7 are
within the corresponding tidal excursions in an area
where the low-frequency currents are relatively very
weak, so that the amplitude and phase are assumed
to be space-independent variables over the displace-
ments. This assumption can be applied to strong low-
frequency current area if shorter 7 is properly chosen.

X(r, )= X(1)=A;COS (w;—6,) for -12<t<772  (5)

Tidal currents are given by
dx,
U;(v) = = = Aw,co8(wiz+m/2-8,) for -T/2<t<-7/2
(6)

Relation between time interval and resolution of
tidal harmonics

The time interval T of boxcar window should be
carefully determined by considering sampling inter-
vals of drifter position data, resolution of tidal harmon-
ics, and space-dependency of tide harmonic con-
stants. According to the Rayleigh criteria IAfIT>1,
where Af is frequency difference between two har-

monics, the two harmonics can be separated in a time
series data of which the observation duration is
longer than synodic period of the two harmonics. For
given frequencies of the two harmonics, the har-
monics can be separated using only four data points,
but background noises in the observed data make the
separation difficult. Munk ez al. (1964) suggested
another criteria IAfIT>s"?, where s is the signal-to-
noise level. For small s, two harmonics are separated
from a time series shorter than the synodic period
of the harmonics.

For longer 7, more constituents can be separated,
but the space-independence of tidal constituents in
equation (4) may not be maintained. On the other
hand, shorter 7 can be applied to strong low-fre-
quency current area, but the frequency resolution
becomes worse. To choose proper T for estimating
M, currents in the YS, three cases T equal to 4, 5,
and 6 days were tested. Although the results are not
significantly different, we have fixed 7=5 day for this
study because M, in the southeastern YS is estimated
with a little higher accuracy.

ESTIMATION OF DIURNAL AND
SEMI-DIURNAL TIDAL CURRENTS

In the YS, the diurnal and semi-diurnal currents are
much more dominant than the low-frequency residual
currents. The time span of 5 days is not long enough
to separate the major 5 tidal constituents, M,, S; N,
K, and O, (e.g., Choi, 1980). Therefore, as the first
step of analysis, we approximate tidal currents Uyr)
to sum of diurnal and semi-diurnal currents of which
frequencies are centered at M, and K, frequencies.

U(0)=U(6)+Uy?) for -1/2<r<7/2 (7a)
U=U i+ Vj (7b)
U;=Uyi + Vyj »(7c)

where U, and U, are semi-diurnal and diurnal tidal
currents, i and j are the east and north unit vectors
in the ordinary x-y coordinates, U, and U, the east
components of diurnal and semi-diurnal currents, and
V, and V; the corresponding north components.
To estimate major tidal currents from truncated
drifter data having 7=5 days, we have developed a
new technique that uses undulation of two tidal con-
stituents and corrects a specific constituent for contri-
bution of other constituents to the specific constit-
uent. The correction method is similar to that of
Zetler et al. (1965) who have corrected K; for the
contribution of Py, S, for K, and T,, and N, for v,,
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Fig. 2. Flow chart for estimating tidal currents from drifter
trajectories.

using amplitude ratios and phase relationships. Flow
chart in Fig. 2 shows the computing procedure of
semi-diurnal and diurnal tidal currents from the drift-
er trajectories.

Semi-diurnal currents

The east semi-diurnal tidal currents in (7b) can be
expressed by a single harmonic function within a
boxcar window.

U,(t) = A cos {or+v,(1,)—0} (8a)
= Ac cos ¢(1)+Ag sin ¢(r) (8b)

where 1, is reference time, ® is angular velocity of
M,, A, 0 are amplitude and phase, v(f) is equi-
librium phase of M, at #, Ac=A cos 6, A=A sin 6,
H(1)=0t+vy(ty). ULf) composes mainly of three major
semi-diurnal currents of M,, S,, and N,.

Equation (8a) is approximated as follows:

Us(t) = U, (1) + Ug(t) + Up(®) (%a)
Un(O)=fy ()M COS{(2) +uy (1) =6, } (9b)
Us(t) =g, Scos{d(r) — vy (1) +vs(tg)+A11 =05} (9¢)
Un(0)=f,()8,NCOS{0() = vy, (2g) + vy(tg) +up(t) + Ayt — (eé\,;)

where M, S, N are amplitudes of M,, S, and N,
0y, 05, Oy are phases of M,, S, and N,

fu> fu» W uy are nodal factors,
vs(fo), va(to) are equilibrium phases of S, and N,
at %,
Ai=0sm, Ay=0y-o are angular velocity differ-
ences between S, and M, and between N, and M,,
s, Wy are angular velocities of S, and N,
s, g, are contribution rates of S, and N, to M,.

We introduce amplitude ratios (Cs, Cy), phase differ-
ences (s, Qy), contribution rates of S, and N, to M,,
defined as follows:

S
Cy=2, 05=8)-05(10a)
N
Cy=120 oy=0,-6,(10)
sin(ZAl) sin(ZAz)
2 2
8= "7 &=T7 (10¢)
=A —A
2 1 2 2

These six coefficients in (10) are defined as ‘cor-
rection coefficients’ for M, current. g, and g, vary
with time span T. By replacing unknown amplitudes
and phases of S, and N, in (9) by the correction coef-
ficients, (9) is rearranged as follows:

Uy (8)=F pMcos{d(r) + @, (19) -0} (11a)
Ug(2) = FgMcos{0(£) + @g(25) — 0y} (11b)
Up(#) = FyMcos{ () + ®y(15)-8,,} (11c)
where Fy=fy, Fs=Csg:, Fx=fvCngn Pu=uu(D),
D= —vy(to)+Vs(to)+HPs, Prv=—Vito)Hvalto)+un(®) +Qv.
The amplitude and phase of M, can be calculated

as follows:
2 2
M= [ACAS (12a)
FC +FS

. \[AGFS+AgFC
m = [ACFC—ASFS}

(12b)

where FC = Fy,cos®,,+ Fgcos®@g+ Fycos®y
FS = FMsin(I)M+FSsin<I>S+FNsin(DN

The northward M, current can be calculated in the
same way.

Diurnal currents

The diurnal tidal currents also can be obtained simi-
larly. The east diurnal currents are expressed as fol-
lows;

U (1) = B(f)cos{ wgt+v(ty)—0(2) } (13a)
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UAt) = Bcecos@(H)+Bgsing(z) (13b)

where B, 0 are amplitude and phase of diurnal com-
ponent, g is angular velocity of K;, v¢ (%) is equi-
librium phase of K; at the reference time f,, B=
Bcos0, Bs=BsinO, @(8)=wxt+vilty).

The diurnal tidal currents compose mainly of .two
major constituents of O; and K.

U (1) = Ul + U (1) (14a)
Ug(t) = fre()Kcos{0(r) + ug(t) - 05} (14b)

Up(t) = fo(1)8,0¢08 {0(1)—v(te) + v to) + g )+ Agt =8}
(14¢)

where K, O are amplitude of K, and O,
0%, 0, are phase of K; and O,,
Jfx» fo, ux, uo are nodal factors,
vo(tp) is equilibrium phase of O, at to,
As=mo—0 is difference of angular velocity bet-
ween O; and K,,
W, is angular velocity of O,
g, is contribution rate of O; to K.
The correction coefficients for K, current are defin-
ed as follows:

0 sin(gA3j .
Co=g ®0=0xg=80 g,=—7— (15)
2%
The amplitude and phase of K; are given as fol-
lows:

22
K= /_Bg+352 (16a)

GC'+GS

_ _i[B.GS+B4GC

9K = tan [W_—BSGS:I (16b)

C
where GC = chosuK+f0g—0c0s(—vK+ Vo+itg+9p)
. o

c
GS =stinuK+ng 2

SIn(~vg+votuy+Qy)
4]

VALIDITY TESTS OF THE ESTIMATION
METHOD

. In order to check the validity of the estimation
method developed in former section, two tests were
preformed by applying this method to both sea levels
generated by five major tidal constituents and current
data observed at 11 mooring points in the YS (Fig.
3). The time span T is set to five days. Low-frequency
residual signals in the truncated data are estimated
by the second-order polynomial fitting method.
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Fig. 3. Bottom topography in meters and location of current
meter moorings in the Yellow Sea. Symbols of open diamond
and dark circle denote respectively moorings of Florida State
University() (Hsueh, 1988) and KORDI@) (Lie, 1998b).
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Test 1: model tide

Time sequential sea levels were generated at ran-
domly selected 180 points in the YS between 122°E
—126°E, and 32°N-38°N, using harmonic constants
of five major tidal constituents (M,, S,, N,, K;, O;)
computed by a two-dimensional tide model of Kang
et al. (1998). The model results are in good agree-
ment with observed tides and tidal currents in the
offshore area of YS. The generated time series were
re-sampled at the similar sampling intervals of drifter
data. By applying our new method to the 180 time
series, we have estimated semi-diurnal and M, tides
and then compared the estimated values with the
model harmonic constants of M, used for the data
generation.

Fig. 4 shows comparisons of the estimated semi-
diurnal and M, tides with the model M, tides. Ampli-
tudes and phases of the estimated semi-diurnal tides
have large variations around the model M, tides (Fig.
4a). The variation ranges of amplitudes and phases
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Fig. 4. Comparisons between model M, tides and estimated
semi-diurnal and M, tides. Time sequential sea level data
of which the length is 5 days are generated by five major
harmonic constants of M,, S,, N,, K;, and O,. (a) estimated
semi-diurnal tide versus model M, tide and (b) estimated M,
tide versus model M, tide.

are about +50% of the model M, amplitudes and +30
degrees of the model M, phases, respectively. The
phase range of 30 degrees corresponds to about one
hour difference in phase. These discrepancies between
estimated semi-diurnal and model M, tides are
mainly due to the undulation with synodic periods
of M, and S, and/or N,, and partly due to the data
truncation. Table 2 shows mean correction coef-
ficients of amplitude ratios and phase difference at
the 180 points. Sum of the mean amplitude ratios
of Cy and Cy is 0.56, which accounts well for the
variation ranges of amplitude of +50% and of phase
of +26 degrees in Fig. 4a.

Estimated M, tides, corrected for the contribution
of S; and N,, are compared with the model M, tides
(Fig. 4b). The variation ranges are much reduced by
the correction. The estimated M, tides are in good
agreement with the model M, tides, within error
ranges of +15% for amplitude and =10 degrees for
phase. Since these error ranges result mainly from
the data truncation, the error ranges may be dimin-
ished when T is longer than 5 days. Fig. 5 present
comparison results for 7=10 days. The error ranges

Table 2. Means and standard deviations of the correction
coefficients of amplitude ratio and phase difference for M,
tide in the Yellow Sea which are computed from 180 sea
level time series

Correction coefficients Cs Cy O5 [0)%
Mean 0.39 0.17 -38.0 279
Standard deviation 0.03 0.02 5.5 7.7
it : LH A
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Fig. 5. Same as for Fig. 4, except longer data length of 10
days.

are reduced to almost half of those for 7=5 days.
For the practical purpose, the spatially averaged correc-
tion coefficients as in Table 2 may be used as the
reference values, with exceptions near amphidromic
points, unless reliable correction coefficients are provid-
ed.

Test 2: moored current data

Current measurements at 11 mooring points in Fig.
3 were conducted for about one month or longer. Pro-
gressive vector diagrams of these current data are
considered as Lagrangian trajectories for test 2. The
imaginary trajectories are re-sampled at the similar
sampling intervals of observed trajectories and are
truncated into time series of 5 days. The re-sampled
times series have not position errors unlike the
observed trajectories since they are originally from
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Fig. 6. Amplitudes and phases of estimated semi-diurnal (thin
I in Fig. 3. (a) east current component and (b) north current

M, tidal currents from all moored data.

moored current data. Low-frequency residual currents
are estimated using the second-order polynomial fit-
ting and high-frequency tidal currents are obtained
by subtracting the low-frequency currents from the
re-sampled time series.

Fig. 6 shows amplitudes and phases of estimated
semi-diurnal (thin lines) and M, (thick lines) currents
at mooring I in the southern YS trough. Dashed lines
correspond to amplitudes and phases of M, current
which are computed by applying a tide harmonic
analysis to the full current data observed during 33
days. For convenience, the amplitudes and phases
from the full current data are named ‘observed val-
ues’ of M, current. Amplitudes and phases of the
estimated semi-diurnal currents fluctuate around the
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lines) and M, (thick lines) current components at mooring
component. Dashed line denotes amplitudes and phases of

L 1

observed values with an undulation having a period
of about 15 days. The undulation period corresponds
to the synodic period of M, and S,. The undulation
ranges are about 60—-70% of the observed M, ampli-
tude and 3045 of the observed M, phase. After correc-
tion for the contribution by S, and N,, the undula-
tion ranges of estimated M, current are reduced to
about half of the semi-diurnal ranges. Table 3 pre-
sents mean values of the correction coefficients for
this test, computed from current data observed at 11
moorings in Fig. 3.

We also estimated amplitudes and phases of diurnal
currents at mooring I (Fig. 7). The diurnal currents
undulate with the K;-O; synodic period of about 14
days. The undulations fluctuate more largely in time

Table 3. Means and standard deviations of the correction coefficients of amplitude ratio and phase difference for M, tidal cur-
rent in the Yellow Sea which are computed from observed current data at 11 moorings marked Fig. 3

U-comp. V-comp.
Cs Cy Co Ps DOn Po Cs Cx Co Ps On Po
Average 0.50 0.15 0.80 -77.6 27.0 64.6 0.45 0.17 0.70 -67.2 239 55.5
Standard deviation 0.04 0.02 0.12 9.7 12.5 11.6 0.04 0.01 0.05 4.6 4.5 7.1
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Fig. 7. Amplitudes and phases of estimated diurnal (thin lines) and K, (thick lines) current components at mooring I in Fig.
3. (a) east current component and (b) north current component. Dashed lines denote amplitudes and phases of K; tidal currents

from all moored data.

as compared with those of semi-diurnal currents in
Fig. 6. Magnitude of the amplitude undulation is
greater than the observed K; amplitude. This large
undulation is not reduced by correction for the con-
tribution of O;. Rather, the undulation of the K; north
current increases. The large estimation error in the
diurnal band may be caused by relatively high back-
ground noise level. At the mooring point I, the ampli-
tude of K, current is about one thirds of M, current.
If the background noise were assumed to be equally
distributed in the semi-diurnal and diurnal frequency
bands, the signal-to-noise level in the diurnal band
would be three times larger than that in the semi-
diurnal band.

Through the above two tests, it is found that this
method is valid only for cases where the signal-to-
noise levels are sufficiently small in frequency bands
‘under consideration. At the current moorings in Fig.
3, root mean square values of low-frequency currents
are below 5 cm/s. Because of relatively low signal-
to-noise level in semi-diurnal frequency band, strong
M, currents are effectively estimated with high accu-
racy by taking 7=5 days. However, this time span

" is not proper for estimation of weaker diurnal cur-

rents in the YS since the signal-to-noise level remains
high. To reduce the signal-to-noise level in the diur-
nal frequency band, a longer time span should be
chosen, provided that low-frequency currents are very
weak as compared with the diurnal tidal currents.

M, TIDAL CURRENTS IN THE
YELLOW SEA

We compute M, tidal currents in the YS by apply-
ing the developed method to all available trajectories
in Fig. 1. The drifter position data are truncated into
pieces of five days (7=5 days). Fig. 8 shows compu-
tation locations of M, tidal currents which correspond
to position of each truncated piece at the mid time
of the five day duration. Diamonds denote locations
of eleven current meter moorings and ellipses mark
circular range of 0.2 degrees from the mooring points.
Mean values of the correction coefficients for M, cur-
rent in Table 3 are used for the computation.

As the first step, we compare M, tidal currents at
two moorings with semi-diurnal and M, tidal currents
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Fig. 8. Estimation points of tidal currents from drifter trajec-
tories marked by + symbol. The diamond marks indicate
current meter moorings and ellipses around the moorings
correspond to a spatial distance of 0.2 degrees from the
moorings.

computed from drifter data within the range of 0.2
degrees around the corresponding moorings. Fig. 9
is scatter plots of semi-diurnal (upper panel) and M,
(lower panel) currents computed from drifter trajec-
tories around mooring F (+symbols). The trajectories
were those traced by a drifter having a drogue at
40 m. Thin arrows and circles indicate mean and root
mean square (rms) currents. For a convenience of
presentation, amplitude of each current component
(U, V) is multiplied by cosine and sine functions of
its corresponding phase (Pu, Pv) since each compo-
nent is expressed by amplitude and phase. Therefore,
the length of each arrow corresponds to amplitude
and the angle of arrow from the x-axis counted in
-the counterclockwise direction corresponds to phase.
On the other hand, thick arrows indicate M, currents
at two depths of 70 and 95 m of mooring station
F, which are computed using an ordinary tidal har-
monic analysis. The observation length of moored
current data are 39 days long and the water depth
is 96 m. Semi-diurnal currents computed both from

the drifter and moored current data show that the
north component is much stronger than the east com-
ponent. M, current at 70 m depth is much stronger
than that at 95 m depth near the bottom. Although
the observation time and depths are different, M, cur-
rents from the drifter data (Fig. 9d) are fairly con-
sistent with that observed at 70 m depth within 10%
for amplitude and about 10 degrees for phase. It is
also seen that rms currents of the drifter data are
much reduced by correcting M, current for S, and N,.

Fig. 10 presents scatter plots of semi-diurnal and
M, currents from trajectories around moorings E and
E2 off the mid-west coast of Korea, and moored cur-
rent data at three different depths. Amplitudes of the
moored currents decrease with increasing depth. On
the other hand, the mean currents computed from the
drifter data have larger amplitudes and phases than
the moored currents have. M, current vectors of the
moored current data are not inside the rms current
range. Large discrepancy in phase may result from
various causes such as complicated bottom topog-
raphy around the mooring points and different obser-
vation time and depths. The bottom topography
around the moorings is shoaling and sloping. Aver-
aging currents computed from truncated drifter data
around the moorings smoothes out local change in
tidal current induced by bottom topography. Drifters
had drogue at 15 m and their positions were mea-
sured in spring during April 11 to May 11, 1996 when
stratification was just established with thermocline
near 20 m. On the other hand, the moored current
data were collected in winter from January 11 to
April 12, 1986 at the point E and from March 3 to
April 4, 1984 at the point E2 when the water column
was vertically homogeneous. The north component
of mean M, current has larger amplitude by about
10% and phase difference of 17 degrees as compared
to the moored current at 20 m depth. Such discrep-
ancies are also detected when barotropic model cur-
rents are compared with moored currents in the deep
central YS (Kang et al., 1998). Therefore, the bottom
topography is thought to be most responsible for the
large discrepancies.

Semi-diurnal currents and M, currents computed
from drifter trajectories around all moorings are com-
pared with M, currents computed from the: moored
current data (Table 4). At each mooring, M, current
at shallow depth is stronger that that at deeper depth
and the mean M, current of the drifter data is closer
to the moored M, current at the shallow depth.

Since the mean M, currents computed from drifter
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Table 4. M, tidal currents computed from moored current data and semi-diurnal and M, tidal currents computed from satellite-
tracked drifter trajectories in the Yellow Sea. Locations of current moorings are marked in Fig. 2.

Drifter data
Station Moored current data —
’ Period No Semi-diurnal current data M, current data
Meter | (mon/day U-comp. V-comp. of U-comp. V-comp. U-comp. V-comp.
f;gtethr fyear) Amp. | Pha. | Amp.| Pha drifter Amp. | Pha. | Amp. | Pha. | Amp. | Pha. | Amp. | Pha.
depth (cm/s) | (deg.) | (cm/s) | (deg.) Mean/rms Mean/rms
I | 01/10/86- 132 | 1308 | 385 | 142 | 134 | 1142 | 388 | 3569
2500 | 02n2se | 133 | 1134 1438 1 L0 12 ey | 303 | 125 | /190 | /7.0 | /318 | /137 | /208
C | o111/86- 471 | 132 | 393 | 813 | 376 | 252 | 327 | 951
Sos3 | 03086 | 295 | 40 | 2600 893 3 1 g5 /104 | 109 | /61 | 724 | 137 | 790 | /160
B 225 | 132 | 342 | 1647 | 198 | 187 | 299 | 1723
375 | outss 181 1 63 | 325 | 1481 /8.6 | 71225 | /145 | /251 | /7.8 | /233 | /152 | 1306
T 04/12/86 17
— 118 | 144 | 223 | 1388
74175
F 98 | 96| 384 | 103 | 88| 130 | 361 | 133
7096 | onose. | | | PP /43 | 261 | /148 | 1227 | /42 | 1287 | 789 | /143
| 03/19/%6 17
S 83 | 3546 | 258 | -16.1
95/96
E | o111/86- 287 | 264 | 426 | 712 | 268 | 245 | 400 | 686
c3ea | oannse | 200 | 34781250 1 4231 27\ o7 | 1o | naa | 197 | /80 | 173 | /77 | /111
HA | 06/22/83- 153 | 1056 | 632 | 30 | 121 | 1150 | 511 | 3594
060 | 07/0283 | 21| 991 | 644 34741 T yR3 330 | 21 | 205 | 18 | /783 | 130 | /1438
E2 274 | 234 | 399 | 693 | 265 | 207 | 382 | 66.1
200 | ozozma. | 0| TP P 18 | 254 | 1165 | naa | 794 | 208 | /106 | /161
T 04/04/84 30
— 26.1 | 345.1 | 299 | 39.0
45/60
H3
187 | 1402 | 46.8 | 3409 | 272 | 1462 | 669 | 3369
206 | aosen | || 7] P /38 | 71118 | /4| /5| /14| /29| /87 |7 74
04/11/84 2
I 7.0 | 907 | 59.0 | 349.1
45/63
H5 | 03/05/84- 92 | 1270 | 417 | 155 | 92 | 1259 | 39.1 | 146
o092 | 03n26/84 | >4 | 928 | 288 134721 28 | 0 | 463 | 1166 | /235 | /54 | /358 | /150 | /227
Ml o486 312 | 1571 | 470 | 74 | 369 | 1269 | 552 | 338.1
cos | 0a3se | 228 13031 67.5 1 3129 4 0T 00 | se4 | /78 | 792 | 7145 | /106 | 7111

trajectories are in good agreement with the moored
M, currents, we have computed M, currents using
all available trajectories shown in Fig. 1. To offset
estimation errors caused by local topography and
observation time, we average M, currents of trun-
cated drifter data in 0.5 degrees by 0.5 degrees rect-
angular boxes and discard boxes where number of
the truncated series are less than five. Fig. 11 shows
a spatial distribution of box-averaged M, current

ellipses. Ellipses marked by full and broken lines
mean, respectively, clockwise and counterclockwise
rotations. In general, shape of ellipses varies with lati-
tude; circular in the southern YS and the boundary
zone between the YS and the East China Sea, recti-
linear at latitudes of 34° 30'-35° 30'N, and circular
north of 35° 30'N. The rotation direction of ellipses
changes its sign around 35° 30'N from the clockwise
direction to the south to the counterclockwise one
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Fig. 11. Spatial distribution of 0.5 degrees-by-0.5 degrees
box-averaged M, tidal current ellipses in the Yellow Sea,
estimated from all available drifter trajectories. Ellipses
marked by full and broken lines mean, respectively, clock-
wise and counterclockwise rotations.

to the north, with exceptions in coastal areas east
and south of the Shandung peninsula where amphi-
dromic points are located. M, current is strong off the
Changjiang River estuary and in the Korean coastal
area, while it is weak in the deep central area of
the YS. The rotation direction based on the drifter
experiment is in generally good agreement with that
computed by tide models (e.g., Choi, 1980; Kang et
al., 1998). The clockwise rotation in a very limited
area off the eastern tip of the Shandung peninsular
is also remarked in a fine grid tide model (Kang et
al., 1998).1 A difference between the model results
by Kang et al. (1998) and our computation is seen
in the Cheju Strait. The model M, currents show
change of rotation direction there; clockwise in the
western entrance of the Cheju Strait but counter-
clockwise in the eastern Cheju Strait, while the box-
averaged M, currents show only the clockwise rota-
tion. When we look into individual M, currents prior
to the box-averaging, the counterclockwise rotation
is also seen from some trajectories. Both of the com-

puted and model M, current ellipses in the Cheju
Strait are almost rectilinear, although the rotation
direction of rectilinear tidal ellipses is not so meaning-
ful as that of elliptical or circular ellipses.

CONCLUSIONS

We have developed an effective method for esti-
mating diurnal and semi-diurnal tidal currents from
drifter trajectories. This estimation method can be
applied to area where tidal current signals are signif-
icantly higher than background noise levels. How-
ever, prior to its application, it is necessary to check
carefully sampling interval of position fixes, data
truncation, and separation of low-frequency current
signals for a better estimation. The method can com-
pute major tidal currents with high accuracy, provid-
ed that the time span T of truncated serial data is
properly chosen and the signal-to-noise level is low.
For a better estimation, the time span T of boxcar
window should be chosen according to the low-
frequency currents; long in weak mean current area
but short in strong mean current area. In order to
decrease the signal-to-noise level in tidal frequency
bands, we need to apply a proper method to eliminate
the low-frequency signals. Low-frequency current
signals in drifter trajectories can be separated by both
filtering and fitting. Although the second-order poly-
nomial fitting used in this study is a good method,
it does not filter out effectively important low-
frequency signals contained in the beginning and
ending parts of truncated time series.

Application of the developed method to all avail-
able drifter trajectories in the YS has provided the
spatial distribution of the most dominant M, tidal cur-
rent in the YS, for the first time based on directly
measured current data. The good agreement between
M, currents computed from moored current data and
drifter trajectories in the vicinity of the mooring
points supports not only the validity of this method
but also the reliability of the M, current chart in the
YS. It is concluded that this method can effectively
estimate major diurnal and semi-diurnal currents
from drifter position data and moored current data,
provided signal-to-noise levels in the corresponding
frequency bands are sufficiently low and the data
truncation is adequately chosen.
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