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Preface

Kuh K

This Proceedings contains selected papers
given at the Sixth JECSS (Japan and East China
Seas Study) Workshop held in Fukuoka, Japan
on April 22-27, 1991. The workshop was con-
vened by Prof. K. Takano (University of
Tsukuba) and organized by Profs. H. MiITsu-
vasyU (Chairman), K. KAWATATE (Secretary),
M. TakeEMATUS, H. Honugi, S. Mizuno, T. Kusa-
BA, T. YAMAGATA, J.-H. Yoon and A. KANEKO
at Kyushu University. The workshop was spon-
sored by the Regional Committee for the West-
ern Pacific Ocean (WESTPAC) of the Inter-
governmental  Oceanographic ~ Commission
(I0C), the American Geophysical Union, the
Oceanographic Society of Japan, La Société
franco-japonaise d’océnographie and Kyushu
University with supports by Ministry of Educa-
tion, Science and Culture of Japan, Fukuoka Sci-
ence and Technology Foundation, Fukuoka
Convention Bureau, Yokatopia Foundation and
other volunatary companies. Efforts of the
local committee in successfully organizing both
the scientific and social programmes were
greatly appreciated by all participants.

Eighty-nine papers, the largest ever presented
at the JECSS workshop, reflect the growing in-
terests in physical oceanography of the Japan

Sea, the East China Sea and adjacent waters,
and also the intensity of research activities in
these seas initiated through previous five work-
shops. It is exciting that JECSS itself is grow-
ing to cover important subjects such as the air-
sea interactions and exchange processes between
margional seas and the Pacific Ocean. Partici-
pants at the sixth workshop submitted forty-
one papers to this Proceedings and nineteen
papers were finally accepted after reviews. [ am
very thankful to forty five referees, whose com-
ments and criticisms were so helpful to improve
most of papers in this volume.

Prof. K. TAKANO, who have worked so hard to
convene six workshops ever since JECSS began in
1981, made an arrangement with Prof. Y.
ARUGA, the president of Société franco-japo-
naise d’océanographie, to publish this Proceed-
ings in La mer. I am most grateful to Profs.
TAkANO and ARUGA for their cooperations.
Also I am deeply indebted to Prof. B. H. CHoI
for his unlimited helps and am encouraged by
Prof. K. KAWATATE to complete the long and
difficult task of editing this Proceedings.

(Guest Editor, Seoul National University)
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Meanders of the Tsushima Current

Takashi IcHIYE® and Matthew HOWARD"®

Abstract: The Tsushima Current in the Japan Sea is treated as a thin jet in a reduced
gravity field with the beta effect, including dissipation and entrainment. Integration with
the latitude of a cross-jet momentum equation leads to the path equation together with the
along jet momentum equation and with a simplified conservation equation of volume
transport. The non-dissipative and transport conserved solution corresponds to the one de-
rived by C.G.RossBY and R.O.REID earlier. The linear friction and a given entrainment
function are incorporated in a linearized form. Those effects tend to cause crossings of the
streamlines, suggesting that these processes may be a cause of pinch-off of mesoscale ed-
dies frequently observed in the Japan Sea. As preliminary applications, several computed
paths are fitted to the 100m isotherms of the Japan Sea collected in August 1990. An exam-
ple of meso-scale eddies formation by streamline crossing is inferred from a series of IR
images taken in spring of 1984 west of Oki Island.

1. Introduction

Meandering of the Tsushima Current (TC)
can be seen in charts of isotherms both at the
surface and subsurface published routinely by
the Japan Meteorological Agency, Hydrographic
Department of the Maritime Safety Agency and
the Japan Fisheries Agency. The 100m iso-
therms are particularly useful to interpret the
meander from ocean dynamics, because they are
relatively free from short-term interactions by
the atmospheric heating. They represent to a de-
gree geostrophic flow in the upper layer (ICHIYE
and TAKANO, 1988) and the data are relatively
abundant.

Many Japanese authors noticed that in the
Japan Sea the water below 200-300 meters is
almost uniform both in temperature and salin-
ity with a sharp thermocline and pycnocline at
these levels (MoRIYASU, 1972; KAwABE, 1982).
This feature suggests that we can handle dynam-
ics of the TC that mainly flows in the upper
200m as a process in a two-layer ocean with an
inactive lower layer. This does not imply that
effects of the lower layer or bottom topography
are unimportant to the TC. On the contrary,
these effects could become important for long-

* Department of Oceanography, Texas A & M
University, College Station, Texas 77843 USA

term behaviors of the TC and their effects on
heat and mass transports in the Japan Sea.

In this paper we only deal with a short-term
or synoptic process with the duration of, say
several weeks but after achieving geostrophic
adjustment. A basic approach is to start from
momentum equations with natural ceordinates,
incorporating the conservation of volume in a
simple scheme with an assumption that the TC
is a jet-like flow with almost uniform across the
flow. Emphasis is put on paths of the flow as it
meanders in the upper layer.

2. Basic equations

The natural coordinates (s, n) are taken with
s along the flow and n across it to the left, as in-
dicated in Fig. 1. The momentum conservation
equations along s and n are given by

Ov _  y0h
Vos ~ & Gs F L
kvt fo=—g G @

respectively, where v, h, k&, f, g, and F are ve-
locity, thickness of the upper layer, curvature of
streamlines, Coriolis parameter, reduced grav-
ity and dissipation force, respectively.

Conservation of volume transport is ex-
pressed by
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vh=voho+8S (3)

S is the entrainment (or detrainment) along
the flow and the suffix o indicates the values at
the starting point (for the TC at the Korean
Strait). More exactly, both sides should be av-
eraged across the flow over an unspecified
width, but this analytical subtlety is forsaken
for conceptual simplicity of (3). If we assume
that the velocity vanishes outside a narrow band
of the flow and that there is no dissipation and
entrainment then equation (1) yields

%vz+g’h=%voz+g’ h—G (4)

This equation represents the energy conserva-
tion along a streamline and this equation with G
=0 and equation (3) with S=0 leads to a solu-
tion

U= Vo, h=ho (5)

Therefore, both v and A are constant along the
streamline, equaling their initial values, though
they may be variable across the flow. By solving
equations (3) and (4) as algebraic equations
about v and A, these two quantities can be deter-
mined in terms of v, ho, S and G, where vo and
ho are dependent on n only but S and G are de-
pendent on both n and s. Equations (3) and (4)
lead to a cubic equation about v or A which has
three roots. One of the roots is positive and
equivalent to (5) even when G and S do not van-
ish. When there is a root which is real and posi-
tive, two or three roots can represent real flows.
In Icarve (1990), it was speculated that transi-
tion from one flow regime represented by one
root to other regime represented by another root
could be occurred analogous to hydraulic jumps
in a channel flow when the streamlines crossed
each other. Such processes seem to be a cause of
mushroom-like flows, particularly of multiple
structures which had been observed commonly
along the edge of a jet-like flow of warm water
or fresher water over heavier stagnant water of
a great depth below (FEBROV and GINSBURG,
1989).

In other manifests of streamline crossings and
transitions in flow regimes can be seen in IR im-
ages of the Tsushima Current west of Oki Is-
land. KiTaNI et al. (1986) analyzed IR data

from March 28 to April 24, 1984 and reported
formation and change of warm water belts of 10
to 20 km wide and 100 to 200 km long at about
132° E to 133° E and 36° N to 38° N. The loca-
tion of these belts corresponds to the west leg of
the second penetration of the meander (west of
a portion designated C in Fig. 8). The tip of the
warm belts indicated anti-cyclonic vorticity.
The formation took only 12 hours in the begin-
ning but for full development it took several
days.

Since the location of formation of the warm
belts or ribbons could be determined with IR im-
agery and its time scales are within range of
shipboard measurements, it is possible to deter-
mine dynamical processes accompanying with
streamline crossing and the transition of flow
regimes corresponding to different roots of
equation (3) and (4). The results of further
studies on this problem will be reported else-
where.

Since the TC flows from 35° N to 45° N, the
beta effect cannot be neglected as in ICHIYE
(1990) , where G and S are assumed to vanish.
The x—y coordinates are taken as eastward and
northward (Fig. 1). Then the curvature can be
expressed by

_ 00
K—*g‘s— (6)

where 6 is the angle of the streamline with the
x-axis. When the effects of dissipation and
entrainment are small, deviation of v and A
from ve and ho are also small. Thus

v=vota, h=het+b @)

When at the starting point (s=0 and y=0) the
flow is geostrophic,

fom - (£) e ®

Vo on

Using a relation 9y/ &s=sin8 in (6), equation
(2) can be integrated with 6 and y, leading to

oh
on

Y
cos @ —cos 0 u=f (fu‘H—g’v’2 )dy ®
0

Anomalies a and b can be determined by substi-
tuting (7) into (3) and (4). When only the first
order terms of a and b are retained,
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a= (LG+g'S) ¢ (10a)

b=— (heG+uveS) g (10b)
where

g=g ho—uvd an

When (7) is substituted into (9), retaining only
the first order terms of @ and b and relation (8)
is used, (9) becomes

y

cos 8 :J' [ﬁyvo‘“ra(fo— By)ve™

0
+g (%f—’;) uﬁ] dy a2

where the relation f=fo+ By is used, vo is con-
stant and the flow at the starting point is as-
sumed northward (6 .= 7 /2).

The dissipation term G is an integration of
frictional force F along the path. In a simple
parameterzaion, we assume Rayleigh-type fric-

tional force and also the path mainly of
meridional direction. Then

G=Fkuoy 13)

where & is a friction coefficient including a fac-
tor of deviation of the path from the strictly
meridional direction. Substitution of (10) and
(13) into (12) leads to

cos 8 =g foSq ' (v '—g Dy
+L (0 B+2kfog =g kfohog v

—_g -1 -2 2_@ ls ’
gSq ' BuD y e 3 14

As expected the terms with S represent the ef-
fects of entrainment and those with % indicate
effects of friction. Since only the first order
term of a and b are retained, the friction and the
entrainment are affecting the path independ-
ently. A case of k=0 and S=0 corresponds to a
path obtained by REID (1968) as it should be. In
the present derivation, we do not use the rule of
conservation of potential vorticity. In ICHIYE
(1990) this rule is derived from equations (2)
and (3) with S=0and (4) with G=0.

Admittedly the assumption - that the
entrainment function S and a frictional force F'

are independent on s is very crude indeed, though
S and k could be assigned functions of n. (It is
unwarranted to assume S as a linear function of
y similar to (13) as suggested by a, reviewer, be-
cause relation (3) specifies volume transport at
each section represented by s, unlike G that is an
integral of F along the path.) Of course, S could
be taken as an arbitrary function on both n and
s in equation (14) and determined the path or,
by fitting the path to the observed path and de-
termine S as a function of n and s. But in the
present stage of uncertainties in the informa-
tion on various parameters, these exercises seem
to complicate modelling unnecessarily.

3. Numerical calculation
The path can be determined from the relation

dx/dy=cot (15)

where the r.h.s. can be obtained from (14). Al-
though v is assumed constant, hoand S are vari-
able with n; therefore 6 is dependent on n. Thus
the streamlines are not necessarily parallel to
each other and they may diverge, or converge
and even cross each other, particularly when Sis
not zero.

For numerical calculation, the r.h.s. of equa-
tion (14) is scaled with characteristic values. [, ,
hy, hn., and v: which are horizontal distance,
right hand side depth and mean depth of the
flow at the starting point, and speed, respec-
tively. For simplicity, the initial speed is con-
stant; thus from (8)

y(N)

A

= X(E)

Fig. 1. Natural coordinate system with Carte-
sian coordinates.
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Fig. 2. Three examples of streamlines com-
puted from equations (18) to (20). For
K=0.5and V=0.2 to 0.6. The streamlines
converge but not cross each other.
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Fig. 3. Three examples of computed stream-
lines, for K=1.0 and V=0.2 to 0.6. The
streamlines cross each other.
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Case 4.2
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Fig. 4. Three examples of computed stream-

lines, for 0 = —0.5, corresponding detra-
inment along the path. The streamlines do
not reach as cases of no entrainment or
detrainment. Some streamlines cross near
the starting point in case for V=0.6
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Fig. 5. Three examples of computed stream-

lines for o = 0.5, corresponding to entrai-
nment. Entrainment cause streamlines
becoming cyclonic and also crossing each
other for faster speed.
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Fig. 6. Maximum intrusion distance for the first wave (Y,) against velocity (V) for dif-
ferent streamlines with different combinations of K and sigma. YM-1 etc. correspond
to streamlines at different starting points denoted as X-1 etc. in Figs. 2 to 5.
Crossings of Y, versus V curve indicate crossings of the streamlines for which Y, is
computed. The figure shows that with non-zero sigma values (entrainment) stream-
lines tend to cross each other for smaller V than for cases with dissipation only.

ho=h,+ (fovo/g" )x (16) cos 8 =2.0035Q'(1—Q ) o VY
-1 -1__ -2y —2
Then +(1+8Q 'KV '—12HKVQ
~1.120 V)5 ¥-0.0521Q YK V-»
lh:(UO/B)l/z, ve=v:V, ho=h,H, x=1,X, 18)
y=4LY, ¢g=viQ, k=kK, S=ouvih, (A7)
and

where H, V, @, X, K, and ¢ are dimensionless
parameters and variables. H=1+5.963 V*"2X, a9

When the following values are used for char-
acteristic parameters, vo,=1ms™; 8 =2 x 107" where
m7's™; fo=8X10"%s; h, =75m; A, =150m;
ko=107°s™!, equations (14) and (16) can be Q=V?@H-V) 20)

expressed by
In equation (19) , X, indicates the starting
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Fig. 7. X. corresponding to Y, as determined in Fig. 6. The X, values indicate those on
the X coordinate as in Figs. 2to 5. The distance of the quarter wave length in zonal di-
rection of each streamline can be determined by subtracting the initial X coordinate
denoted as X-1, X-2 etc. in Figs. 2 to 5 from curves of X,, (V) in this figure. (For exam-
ple streamline X-5 at V=0.2 K=1has X.=—0.3 and the starting point X coordinate is

position of each streamline and thus can be
treated as a parameter for integrating equation
(15) with Y by replacing 6x/8y with 60X/ 8Y.
The mean value h. is taken for an initial flow in
which the thermocline surfaces at the left hand
side.

Several examples of the path determined from
(18) to (20) are shown in the X-Y coordinates in
Fig. 2 to 5 for different value of ¢ and K. With
inclusion of small entrainment or detrainment
(0 is non-zero), the path sometimes changes
drastically.

Equations (14) or (20) indicate that the path
determined from(15)or its equivalent expression
with X and Y shows a wave form extending

=—0.7. Thus the quarter wave length is about 0.4).

eastward as expressed in general with elliptic in-
tegrals on y or Y. The northernmost intrusion of
the first wave denoted as Y, can be determined
as the first Y satisfying cos 8 =1. The value X,
corresponding to Y. on the path is equivalent to
a quarter of the wavelength. Figures 6 and 7
show values of Y, and X,, for different values of
V at different values of K and o.

4. Application to the Tsushima Current paths
Isotherms at 100 m are plotted in Fig.8 from
data collected by about a dozen research vessels
and patrol boats from August 1 through August
15, 1990 (Japan Fisheries Agency, 1990).
For a non-dissipation non-entrainment case,
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130°E

45°

40° 5

35°N &

Fig. 8. Example of comparison of 100 m isotherms and computed paths in the Japan Sea.
Isotherms are labeled in °C and based on data of Fishing Ground Oceanography
Charts for August 1990. (Japan Fisheries Agency).

Dashed line denoted B represents the path for no dissipation, no entrainment case
with V=0.5. Dash-dot line represents the path including non-zero K or ¢. Different
segments of the dash-dot line are labeled according the the following specifications:
A, 0=0.2; C,K=0.5; D, 0=05; E, 0=-0.2.

the speed V=0.5 or vo=0.5ms ! seems to be best
fit to the first wave of the northward intrusion
of the observed isotherm meander. However, the
theoretical curve does not fit the second wave
crest around 133°E. Third wave is completely
out of phase from the theoretical curve. This is
due to the condition that the second trough (or
southward retreat) interacts strongly with the
shelf or the coastline as seen from the figure.

5. Concluding remarks

This is a preliminary study of dynamics of
meanders of the Tsushima Current. As shown in
Fig.8 modelled: paths of the meander are devi-
ated after the first intrusion approaches the
coast on 1its retreat. This suggests both
dissipative and entrainment processes are

admittedly parameterized inadequately.

This could be improved substantially with
help of field experiments that are to be ad-
dressed to the dissipative processes in shallow
water areas less than 200m and to the
entrainment processes in similar areas from
coastal water. These experiments may be made
successfully with conventional hydrographic
techniques if the experimental cruises are
planned carefully.

Crossings of the streamlines occur for the
flow with ve and ho that are not uniform across
the section (dependent on n) as shown in the
case of S and G=0 (IcHIYE, 1990). When S and
G do not vanish, further upstream these cross-
ings are apt to occur in the path of the flow than
when S=G=0, since finite S or G makes A and v
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deviate from uniform and become dependent on
n.

Crossings with or without dissipation or
entrainment suggest formation of mesoscale ed-
dies in the Japan Sea as pointed out by ICHIYE
and TagkaNo (1988). Influence of dissipation
and entrainment on crossings indicates necessity
to parameterize these processes more adequately
particularly upstream of the crossings or eddy
formation. Since locations of the latter proc-
esses manifested as warm water ribbons were
known at least west of Oki Island, it is not dif-
ficult to conduct field experiments with drift-
ers, closely spaced CTD measurements and
moored current meters by coordinating ongoing
studies of the Tsushima Current by several agen-
cies and institution. Then the results might shed
light on dynamics of crossings of streamlines,
transition of flow regimes caused by different
roots of (3) and (4) as well as mechanism of
formation of mesoscale eddies from a jet-like
ocean current, that is so ubiquitous in the world
ocean but yet to be understood its physics.
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Influence of surface water circulations on the sea bottom
in the southern Japan Sea

Ken IKEHARA®

Abstract: Influences of surface water circulation on the sea bottom are discussed on the
basis of the distribution of surface sediments and bedform morphology. Spatial distribu-
tion of surface sediments and bedform morphology suggest a northeastward sediment
transport in and around the Tsushima Strait. Transport of sandy sediments and preven-
tion of mud deposition occur at the shelf edge of north of Kita-Kyushu and at the marginal
terrace edge between Mishima Island and Oki Islands, indicative of bottom currents along
the edge of shelf or marginal terrace. A second branch of the Tsushima Current or surface
water circulation seems to form eddies that are related to cold water mass influencing the
sea bottom and controling modern sedimentation along the shelf or marginal terrace edge.
On the other hand, muddy sediments are deposited on the marginal terrace, though located
just beneath the current path of the first branch of the Tsushima Current at the north of
Hamada. This means that the effects of the first branch are too small to prevent the depo-

sition of mud.

1. Introduction

The Japan Sea is a northeast-southwest trend-
ing marginal sea between the Asian Continent
and the Japanese Islands. The oceanography of
the Japan Sea has been investigated by many in-
stitutes. Among these studies, the behavior of
the Tsushima Current has been a main target.
The Tsushima Current has high temperature,
high salinity and relatively low oxygen content
and is derived from the Kuroshio (NITANI,
1972). It flows northeastward, after entering
the Japan Sea through the Tsushima Strait. The
current path exhibits a complicated figure.
Some workers have recognized three branches
(e.g. SUDA and HIDAKA, 1932; Ubpa, 1934; Ka-
WABE, 1982), whereas others have recognized a
meandering path (Morivasu, 1972). This con-
flict results from the considerable variability in
the spatial location of the Current.

Many studies on the water movements in the
Japan Sea have been carried out on the basis of
oceanographic data such as temperature, salin-
ity and dissolved oxygen (e.g. IcHIYE, 1954;
KANO, 1980; KoLPACK, 1982). However, precise

* Marine Gelogy Department, Geological Survey
of Japan, Tsukuba, Ibaraki, 305 Japan

figure of the thickness of the water movement
or bottom current behavior such as direction
and velocity is not clear yet. On the other hand,
sedimentological, paleontological and marine
geological investigations in the southern Japan
Sea have clarified sediment distribution (e.g.
MARITIME SAFETY AGENCY, 1949; IwABUCHI,
1968; TANIMURA, 1981; YaAMAMOTO et al., 1989;
IKEHARA, 1989, 1991). Modern sedimentation,
however, has not been discussed enough. As the
sediment grain is transported and deposited ac-
cording to flow velocity (KiMURA, 1956 ;
SUNDBORG, 1956), spatial distribution of the
sediments is influenced by the vector distribu-
tion of current. In addition, surface sediments
record long-term, averaged current conditions
near the sea bottom, because they have been ex-
posed on the sea bottom for a long time.
Sedimentological information is, therefore, im-
portant not only to geological problems such as
Quaternary sea level changes but also to modern
oceanographic considerations.

In this paper, the influence of the Tsushima
Current and surface water circulation on the sea
bottom will be examined on the basis of
sedimentological and marine geological data ob-
tained during survey cruises by the Geological
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Survey of Japan. I will describe spatial distribu-
tion of surface sediments and bedforms in the
southern Japan Sea and will discuss the influ-
ence of water movements in the Tsushima Strait
and off Kita-Kyushu to San’in district.

2. Methods

Sedimentological and marine geological data
were obtained during the survey cruises GH85-2
(May-July, 1985) and GH86-2 (June-July,
1986) of the R/V Hakurei-Maru by the Geologi-
cal Survey of Japan. A bathymetric survey using
12kHz echosounder and 3. 5kHz sub-bottom
profiler was conducted throughout the survey
area. Surface sediment sampling was carried out
using a Smith-Mclntyre type grab sampler or a
K (Kinoshita)-type grab sampler which is newly
designed by the Geological Survey of Japan
(KiNosHITA, 1987); sea bottom photography
was carried out at 536 locations.

Grain-size distributions of surface sediments
were determined by sieve analysis for the sand
component (coarser than 4.5phi) and by hy-
drometer analysis for the mud component (finer
than 4.5 phi). Median diameters and sorting

131°E

132°E 133°E 134°€

Area and bathymetry of study in the southern Japan Sea.

values were calculated using Inman’s method
(INMAN, 1952).

3. Physiography and oceanography

Major submarine topographic features in the
study area are a wide shelf in the west, a wide
marginal terrace and narrow shelf in the east
and two topographic highs extending in the
north-south direction (Fig. 1). These highs are
the Oki Spar, a relief from the Shimane Penin-
sula through the Oki Islands to further north,
and a relief from Cape Kawajiri-misaki through
the Mishima Island and Hachirigase Bank to
Senrigase Bank. The eastern and western areas
are bounded by topographic high through
Mishima Island. The shelf is widely developed in
the western area (Fig. 1) and some submarine
terraces are recognized (Mogi1, 1981; OHSHIMA
et al., 1982). On the other hand, the shelf is nar-
row in the eastern area. The shelf edge is about
110-175 m deep and is shallowest at the eastern
exit of the Oki Strait (110-120 m deep) and is
deepest at the north of Hamada (160-175m
deep) (JAPAN ASSOCIATION for QUATERNARY
RESEARCH, 1987). The marginal terrace is a
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wide terrace 200-400 m deep (IwaBUCHI, 1968;
IwABUCHI and KAT0, 1988) and is developed at
the east of Mishima Island. The distinct slope of
2-10° occurs between the edge of shelf or mar-
ginal terrace and the Tsushima Basin.

Water masses in the southern Japan Sea can
be divided into two parts: surface water (above
200m isobath) and deep water (Japan Sea
Proper Water; below 200 m isobath). The sur-
face water is characterized by high temperature,
high salinity and low oxygen concentration and
originates from the Tsushima Current (AsA0KA
et al., 1985; MURAYAMA et al., 1990). The
Tsushima Current flows into the Japan Sea
through the Tsushima Strait and generally
flows eastward (NAGANUMA, 1972; KAWARE,
1982). As mentined earlier, the Tsushima Cur-
rent shows a very complicated flow pattern. Ac-
cording to SUDA and Hipaka (1932) and Upa
(1934), three branches are recognized. The first
branch (the nearshore branch along the Japanese
coast) flows eastward from the East Channel of
the Tsushima Strait over the Japanese shelf. The
second branch (the offshore branch) flows along
the edge of the shelf or marginal terracetoward
east and is seasonally variable and appears only
in summer time. The third branch (the Eastern
Korean Current) splits at the exit of the
Tsushima Strait and flows northward. The third
branch exists in all seasons and forms a polar
front against northern cold water mass. Sche-
matic representation of surface currents indi-
cates that many warm and cold water masses
are developed among the branches and form ed-
dies (NAGANUMA, 1972).

4. General descriptions of surface sediments
Surface sediments distributed in the study
area are mainly composed of sand and silt
(MARITIME SAFETY AGENCY, 1949; Ujuk and
Mitsuoka, 1969; OnsHIMA et al., 1982;
IKEHARA and KawaAHATA, 1986 ; IKEHARA et
al., 1987; KAMADA et al., 1988). Sandy sedi-
ments are widely distributed on the shelf. In the
Tsushima Strait and on Hachirigase and
Senrigase banks, both located at the north of
Mishima Island, gravelly sediments and rocky
bottoms are recognized. Silty sediments cover
the marginal terrace at the north of Hamada
and the shelf at the northeast of the Tsushima

Islands. Clayey sediments are deposited on the
slope between the marginal terrace and the basin
and in the basin.

The assemblages of planktonic remains of
diatoms (TANIMURA, 1981), silicoflagellates
(SHIMONAKA et al., 1970), planktonic foramini-
fers (OpA and IKEHARA, 1987) and calcareous
nannoplanktons (TANAKA, 1986, 1987) are com-
posed of warm-water species and indicate that
all of the study area is under the realm of influ-
ence of the warm Tsushima Current.

5. Influences of the water movements at the se-
lected area
9-1. The Tsushima Strait

In and around the Tsushima Strait, the ef-
fects of the Tsushima Current are recorded on
the sediment distributions and bedform mor-
phology. Sediment distribution in and around
the Tsushima Strait (Fig. 2) has been reported
by many workers (UJjig and MiTsuoka, 1969;
MARITIME SAFETY AGENCY, 1978a, 1978b, 1979,
1980, 1981a, 1981b, 1982, 1983; OusHIMA et al.,
1982; IKEHARA and KAWAHATA, 1987; KAMADA
et al., 1988). Surface sediments in the Strait are
sand except northeast of the Tsushima Islands
and offshore of the Korean coast where muddy
sediments are deposited. In general, sediment
grain size becomes finer from the central part of
the Strait toward the northeast (Fig. 2). For
example, in the East Channel, the coarsest sedi-
ments (coarse to very coarse sand) are distrib-
uted in the central part, that is, at the north of
the Shichirigase Bank. The grain size becomes
finer northeastward and the fine to very fine
sand is widely distributed around the exit of the
East Channel. Because sediment grains become
finer with decreasing flow velocity and these
trends are in harmony with the direction of sedi-
ment transport (KIMURA, 1956; IKEHARA,
1988), the sediment distribution in the Tsushima
Strait indicates northeastward sediment trans-
port.

Moc1 (1981) showed the distribution of sub-
marine linear sand ridges more than 10m in
waveheight in the East Channel, which are ar-
ranged in current-parallel direction, trending
NE-SW. This trend is the same as the direction
of sediment transport. Although these sand
ridges were formed by tidal currents under lower
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sea level stage (80 m below present sea level)
(Mogt, 1981), it is thought that the sand ridges
have maintained their morphology after their
formation because of no critical change in the
direction of sediment transport in the East
Channel. KATSURA and NaGANO (1982) showed
the distribution and morphology of subaqueous
dunes near the shelf edge of the northwestern
Goto-Islands, southwest of the Tsushima Strait.
On the basis of profiles of these subaqueous
dunes, sandy sediments are transported north-
eastward. Tidal currents are also important to
flow condition in the Tsushima Strait. As grain
size of surface sediments does not become finer
gradually toward the southwest in the East
Channel (Fig. 2) and morphology of subagueous
dunes in and around the Strait (MARITIME
SAFETY AGENCY, 1978b; KATSURA and NAGA-
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Fig. 2. Sediment distribution in and around the Tsushima Strait. Data are compiled
from Uyt and Mitsuoxa (1969), MARITIME SAFETY AGENCY (1978a, b, 1979, 1980, 1981a,
b, 1982, 1983), Ousuima et al. (1982), IxEnara and Kawanara (1987), KamADA et al.
(1988) and the navigational charts (No.173, 179, 1228) by MARITIME SAFETY AGENCY.

NO, 1982) does not indicate the southwestward
sediment transport, sediment transport in the
Strait is controlled by uni-directional current
(Tsushima Current) rather than bi-directional
tidal currents.

It is considered that mud deposition on the
east of the Tsushima Islands (Fig.2) results
from hydrographically more stagnant zone than
the surroundings where the northeastward cur-
rent from the East Channel flows at the south
and the east to east-northeastward current from
the West Channel flows at the north. Muddy
sediments in the northern side of the West Chan-
nel are derived from Korea (Suk, 1986, 1989;
CHOUGH et al., 1991) and are deposited in the
area of the Korea Coastal Water (Suk, 1989).

These sediment distribution and bedform data
indicate that the bottom sediments in and
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Fig. 3-1. Sediment distribution on the shelf and marginal terrace at the north of Hamada.

around the Tsushima Strait have been affected
by a current flowing northeast to east-
northeastward, that is, the Tsushima Current.

8-2.  Shelf area along the Japanese coast; ef-
fects of the first branch on the sea bottom
The first branch of the Tsushima Current

flows over the Japanese shelf from the East

Channel of the Tsushima Strait. In this area,

1t is thought that the effects of the current on

sediment transport and deposition are very
small under modern conditions.

On the shelf under the current path of the
first branch, muddy sediments are widely dis-
tributed, although sandy sediments are distrib-
uted at the north of Kyushu shelf and around
the Oki Strait (IKEHARA and KAWAHATA, 1986;
IKEHARA et al., 1987; KAMADA et al., 1988). In
general, deposition of muddy sediments occurs
where the amounts of mud supply are greater
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than that reworked by water movements (SAITO,
1989), generally inhibited by water movements
such as currents and waves (IKEHARA, 1991). On
the marginal terrace with a water depth of 200
=300 m at the north of Hamada, modern muddy
sediments are deposited, though just beneath the
path of the first branch of Tsushima Current
(Fig.3). This suggests that the current activities
are too weak to prevent the deposition of mud.
As the boundary between the surface water and

the deep water is located around 200 m deep, the
first branch has no effect on the movement of
deep water mass.

On the shelf under the path of the first branch
off Kyushu, no large bedforms such as large
subaqueous dunes are observed. On the other
hand, in the Oki Strait, which is located between
the Shimane Peninsula and the Oki Islands,
smaller ripple marks are not distributed widely,
although larger bedforms such as large—very
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Table 1. Composition of pollen and spores in the semiconsolidated mud at Station 862

63 (for location see Fig.5)

Arboreal Pollen (AP)

Nonarboreal Pollen (NAP)

Taxa Counts Percentage Taxa Counts Percentage
Picea 18 5.6 Typha 2 0.6
Abies 38 11.9 Umbelliferae 2 0.6
Pinus 72 22.6 Chenopodiaceae 2 0.6
Tsuga 67 21.0 Rosaceae 1 0.3
Cryptomeria 1 0.3 Caryophyllaceae 2 0.6
Larix 1 0.3 Artemisia 11 3.4
Cupressaceae 1 0.3 Liliaceae 1 0.3
Fagus 1 0.3 Poligonium 1 0.3
Carpinus ) 1.6 Carduoideae 1 0.3
Castanea 1 0.3 Cyperaceae 2 0.6
Quercus 31 9.7 Gramineae 4 1.3
Celtis 1 0.3 Lycopodiaceae 2 0.6
Betula 13 4.1 Tricolporate b) 1.6
Alnus 10 3.1 Trilete type 1 0.3
Carya 2 0.6 Monolete type 20 6.3

AP Total 262 82.1 NAP Total 57 17.9

large (50-490m in wavelength) and medium-
large subaqueous dunes (8-20 m in wavelength)
are found (IKEHARA, 1991). Because ripple
marks are formed under lower velocity condi-
tion than subaqueous dunes, modern sand trans-
port is too small to create or activate tha large
bedforms (JKEHARA, 1991).

5-3. The edge of shelf or marginal terrace from
the north of Kita-Kyushu to the Oki Islands;
effects of the second branch or surface water
circulations (eddies) on the sea hottom
Along the edge of shelf or marginal terrace

from the northern offshore of Kita-Kyushu to

the Oki Islands many indicators of bottm water
movements are recognized.

Well-sorted sandy sediments with low mud
content and ripple marks are found on the sur-
face along the shelf edge of the north of Kita-
Kyushu at a water depth of around 120-200m
(Fig. 4). It suggests the occurrence of bottom
currents which transport sandy sediments and
prevent mud deposition. Surface sediments be-
come finer in grain size, greater in mud content
and more poorly sorted northeastward. This di-
rection indicates the direction of decreasing cur-
rent velocity as well as decreasing sediment

transport. Plan morphologies of ripple marks
show a relatively complicated flow pattern
dominated by currents moving east to north-
eastward (Fig.4-2D), that is, almost parallel to
the direction of shelf edge. It is considered that
the direction of the long-term, averaged sedi-
ment transport is northeastward, inferred from
the spatial distribution of surface sediments
and ripple mark morphology.

The current velocity near the bottom can be
inferred from sedimentological data, because
bedform type is primarily controlled by the in-
teraction between hydraulic conditions of the
flow such as current velocity and flow depth,
and sediment properties (e.g. SIMONS et al.,
1965; RuBIN and McCuLLocH, 1980). The ranges
of flow conditions necessary to create bedforms
such as ripple marks are estimated from experi-
mental and field observations (SIMONS et al.,
1965; SouTHARD, 1971, 1975; RuUBIN and Mc-
CuLLoCH, 1980). It is estimated that the current
velocity necessary to move the sand grain is
about 25 cm/s, and the transition from ripple
marks to subaqueous dunes is about 70 cm/s at
1 m above the sea bottom, using the relationship
shown by RuBIiN and McCuLrLocH (1980, Fig.
8). As ripple marks are forming and subaqueous
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Fig. 4-1. Distribution of sediment properties and ripple marks at the shelf edge of

the north of Kita-Kyushu.

dunes are not forming on the fine sand bed at
the shelf edge off Kita-Kyushu, it is inferred
that the bottom currents have the velocity be-
tween 25-70 cm/s at 1 m above the sea bottom.

At the edge of marginal terrace between
Mishima Island and the Oki Islands, which has a
water depth around 200-500 m, semiconsolidated
muddy sediments are exposed on the sea bottm
(Fig.5). Some of them are covered by thin sheet
of very fine sand with rounded granules. Old and

reworked foraminiferal species are contained in
the very fine sand (ODA and IKEHARA, 1987;
NomuRAa and IKEHARA, 1987). Calcareous
nannoplankton assemblages in the semiconsoli-
dated mud are different from those in modern
mud distributed on both the inner marginal ter-
race and outer basin, containing cold water spe-
cies and reworked older fossils of the Cretaceous
age (TANAKA, 1986, 1987). Pollen fossils in a
semiconsolidated mud collected at Station 862—
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63 (shown in Fig. 5) with a water depth of 311 m
indicate a colder climate (glacial period). That
is, it has a high percentage of subarctic flora
containing Haploxyon-type Pinus which has five
needled leaves and a lower percentage of temper-
ate broad-leaved trees than present (Table 1).
Very rough profiles in bathymetric records are
found along the southern boundary of the semi-
consolidated mud at the north of Mishima Is-
land (OcawaA et al., 1986). Uplift and exposure

of older basement are recognized in sub-bottom
profiler records (Fig.6), and rocky bottoms are
observed at the north of Mishima Island (Fig.
5). In addition, teeth of older elephants
(Palaeoloxodon naumanni MAKIYAMA) of the
Pleistocene age (about 30000-40000 years B.P.;
Hosimi and Mor1okA, 1987; AKIYAMA et al.,
1988) have been collected from this area (KAMEI,
1967; AkAGI, 1981; KAMEI et al., 1986). These
facts show that the sedimentation rate in this
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area is very small. The occurrence of current
lineations on the sea bottom around the rocky
area indicates the presence of a bottom current.
Therefore, it is considered that this area is now
under non-depositional or erosional conditions
by the effects of bottom currents.

These sedimentological data show the
occurrenct of bottom current along the edge of
shelf or marginal terrace. There are some possi-
bilities for the generating force of the bottom
currents. One is that the current is caused by the
second branch of the Tsushima Current. It is
shown from the coincidences of the current path
of the second branch with the area where the oc-
currence of bottom current is inferred, and of

the direction of sediment transport at the north
of Kita-Kyushu shelf edge with that of the sec-
ond branch. The second branch is not a perma-
nent flow, present only in summer time
(KAWABE, 1982). Therefore, it is difficult to
make bottom currents transport the sandy sedi-
ments and prevent modern mud deposition
throughout the year. Another possibility is the
surface water circulations (eddies) ‘formed
among the branches or meandering path of the
Tsushima Current. These eddies are recognized
at both of the north of Kita-Kyushu shelf edge
and north of Hamada marginal ‘terrace edge
(NAGANUMA, 1972). There is a possibility that
the complicated figure in the bottom current
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pattern inferred from ripple mark morphology
at Kita-Kyushu shelf edge (Fig.4-2) is caused
by the complicated bottom water movements
near the edge of eddies. Another possibility is
the contour currents which flow along depth
contour. Although IsopA and MURAYAMA
(1991) reported the occurrence of the contour
current which flows eastward with the fluctua-
tion of a period of 13.7 days at the shelf edge off
Hamada, precise figure of the contour currents
1s still unclear. Therefore, it is difficult to de-
scribe the relationship between the contour cur-
rents and the sediment transport. Although
there are no data to decide the original force
generat the bottom currents at present, bottom
currents are controlling the modern sedimenta-
tion at the shelf or marginal terrace edge.

6. Summary

Effects of surface water circulation on the sea
bottom in the southern Japan Sea are recognized
in and around the Tsushima Strait and along the
edge of shelf or marginal terrace. At the edge of
marginal terrace of north of Hamada, the water
circulations influence the sea bottom of 200-500
m deep. Because IKEHARA (1991) showed the
current effects on sediment transport and depo-
sition at the western Oki Ridge with a water
depth of around 500 m, the bottom current oc-
curs up to 500 m deep. On the other hand, there
is no evidence of active bottom current on the
shelf and marginal terrace in the eastern part of
study area. This suggests that the first branch
of the Tsushima Current does not affect the sea
bottom in the north of San’in coast.
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A laboratory model of thermally-driven marginal seas

Masaki TAKEMATSU*

Abstract: Here we describe a new laboratory experiment which has been designed to study
the possible effects of the differential cooling of the Japan Sea on the Tsushima Current sys-
tem. The laboratory model consists of a cylindrical basin of uniform depth placed cen-
trally in a lager tank; the inner basin (‘the Japan Sea’) is connected to the outer tank
through two shallow passages on the western and eastern side of the basin. The fluid mo-
tion in the model is driven by cooling the northern portion of the basin’s sidewall. By
means of a dye technique it is observed that the localized sinking of cold water along the
northern sidewall, combined with (constant) Coriolis forces and damping effects, gives
rise to not only an intense western boundary current in the inner basin but also an inflow
through the western passage (the ‘Korea/Tsushima Strait’) and a compensating outflow
through the eastern passage (the ‘T'sugaru Strait’). A feature of the buoyancy-driven in-
flow through the ‘Korea/Tsushima Strait’ is that its volume transport tends to concentrate
in the northern part of the Strait.

In some experimental runs the eastern passage is closed to model the Mediterranean Sea
with the Strait of Gibraltar. In this case the differential cooling of the inner basin induces
a surface inflow through the single western passage; the surface inflow is replaced by a

compensating lower-layer outflow from the inner basin.

1. Introduction

A major feature of the current system in the
Japan Sea is the inflow of the Tsushima Current
through the Korea/Tsushima Strait and the out-
flow through the Tsugaru Strait. This in- and
outflow phenomenon in the Japan Sea is gener-
ally thought to be caused by the pressure (sea-
level) difference associated with the Kuroshio
current system in the North Pacific Ocean (cf.
Minato and KIMURA, 1980; ToBA et al., 1982;
SEKINE, 1988; FANG et al., 1991). As noted by
MiNAaTO and KiMura (1980), however, the pres-
sure difference in the open ocean is merely one of
possible factors causing the in- and outflow of
the marginal sea: Other relevant factors include
the differential cooling and the wind forcing
over the Japan Sea. Indeed, a previous labora-
tory study of TAKEMATSU (1991) suggested that
a localized sinking of cold water due to differen-
tial cooling of an ocean basin might strongly af-
fect the in- and outflow process through
openings (or an opening) of the basin. The

* Research Institute for Applied Mechanics, Kyu-
shu University, Kasuga 816, Japan.

objective of the present study is to confirm this
suggestion in a suitable laboratory model.

The laboratory model employed is a conceptu-
ally simple one on an f-plane, consisting of a cy-
lindrical basin of uniform depth which is
connected to an ‘open ocean’ through two shal-
low passages. The fluid motion is driven by ap-
plying a uniform cooling at a portion (1/4) of
the basin’s vertical sidewall. The sidewall cool-
ing is much easier to control than the more real-
istic way of cooling from above, and that it can
produce a localized sinking of cold (dense) water
which is an essential part of the oceanic buoy-
ancy forcing. The resultant convective circula-
tions in the model are observed by means of a
dye technique over a period of ‘stratification
time scale’.

On an f-plane, unlike on a S -plane, there is no
definite rule for introducing cardinal points to
the system. One natural and meaningful way of
doing so is to regard the cooled portion of the
basin as “north” (“south”) for the northern
(southern) hemisphere basic rotation; other di-
rections are then automatically determined. In
what follows, we will follow this rule and
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directions thus introduced will be distinguished
by attaching a quotation mark “”as “west” or
“western”. In most experiments o ne passage is
made on the “west” side of the inner basin and
the other is on the “east” side to model the
basic configuration of the Japan Sea. If the
“eastern” passage is closed, the model mimics
the Mediterranean Sea with the Strait of Gibral-
tar. Experiments are carried out also for this
version with a single passage to see the possible
effect of the northern sinking in the Mediterra-
nean Sea on the water exchange processes
through the Strait of Gibraltar.

2. Description of experiments

A top view of the laboratory model is sche-
matically shown in Fig.1. The model consists
of a plexiglass cylindrical container (40cm in
diameter) placed centrally in another container
(60 cm in diameter). The inner basin is con-
nected to the outer one (an ‘open ocean’)
through two shallow passages with a width of 5
cm (about 5 times the internal radius of defor-
mation). A portion (1/4) of the annulus region
between the two cylindrical containers is parti-
tioned by two insulated vertical plates so that
the water temperature in this portion can be
varied independently of the remainder. The
working fluid then occupies the remaining por-
tion (3/4) of the annulus region and the inner
basin to a constant depth (mostly 8 cm). These
working basins are further set in a larger water
tank (80 cm in diameter) to minimize the effect
of the change in room temperature on the work-
ing fluid; otherwise, the sidewall of the outer
basin is directly exposed to the temperature
change, which readily gives rise to unwanted
convective motions in the annulus region and
then in the inner basin. Initially all the water
temperatures in the apparatus were set at a
fixed value, say T, and the top of the working
basin was covered with a lucite plate to prevent
the air from exerting a stress on the free surface
of the working fluid (the gap between the top
cover and the free surface was less than 1 cm).
The whole apparatus was mounted on a turnta-
ble and set rotating in the counter-clockwise di-
rection about its vertical axis of symmetry.
After the working fluid attained a complete
solid-body rotation (this was checked by

releasing dye-lines), the water temperature in

~ the partitioned (1/4) portion of the annulus re-

gion was lowered by A To by adding chilled
water to the “northern” cooling zone and was
kept at the lowered value (To— A To) throughout
the duration of each experimental run, while the
water temperature in the outermost tank was
kept constant at the initial value T,. This al-
lowed us to impose a well-controlled local cool-
ing on the vertical sidewall of the inner basin.
Experiments were conducted only when the room
temperature was slightly (by less than 0.5°C)
higher than the basin water temperature; other-
wise, the top cover of the working basin would
be dimmed with water vapor. Hence the working
fluid was subject to heating from above. Re-
peated checks by dye lines showed that the uni-
form heating from above alone induced no
appreciable motion in the basin.

The convective motion thus induced in the
basin was observed by a dye technique. For this
purpose, a diluted solution of thymol blue (a pH
indicator) was used as the working fluid and
several electrodes of 0.005 ¢m platinum wire
were stretched horizontally at desired locations
and depths. A standard arrangement of dye
wires 1s sketched in Fig. 1, where the lower dye
wire is at 1.5 cm above the bottom plate and
others are at the mid-depths of the inner basin
and the passages. A movable vertical electrode

water
tank

cooling zone
“north

water
tank

Fig.1l. Top view of the experimental set-up
on a turntable.
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of 0.05 cm copper wire was also used to survey
the vertical profile of the flow. When a d.c. po-
tential (~15v) was applied across the elec-
trodes, blue dye was swept off each electrode by
flow. Resulting dye patterns were photographed
by a camera mounted on the turntable. The tem-
perature of the working fluid was measured by a
thermister at the foot of the cooled (“north-
ern”) sidewall where the coldest water mass was
found.

The controllable external parameters are the
basic rotation rate 2, the applied temperature
difference AT, and the height of the working
fluid H. Values of these parameters were

Q=0.1~0.5 rad/s, H=8 cm,
ATy=0.5~1.5°C (for To=15C typically).

The depth of the passages was set to be H/2 (=4
cm). It shoud be noted here that the effective
temperature difference imposed on the working
fluid was much smaller than AT, due to highly
insulating nature of the sidewall material (0.8
cm-thick plexiglass) ;temperature measurements
showed that it was about one third of AT, Then
we will use AT= ATy/3, rather rhen AT, itself,
as a measure of the thermal forcing. In terms of
these external parameters, a propagation speed
of the density difference, the internal radius of
deformation and the buoyancy frequency are
given respectively as

c=vV g a+ AT - H, 1=c/2Q
and N=V g- a- AT/H,

where g is the gravitational acceleration and @
the thermal expansion coefficient (which de-
pends on the fluid temperature). Values of these
basic quantities were typically (e.g., for AT,=
1.0°C, To=15"C, Q =0.3 rad/s)

¢=0.6cm/s, A =lcm, N=0.08s7".

Related non-dimensional quantities are the
Ekman number E, the Burger number S and the
Rayleigh number Ra, which are respectively de-
fined as

E=v/2QH, S=(N/2Q)* (H/L)*=(A /L)’
and Ra=ga ATH/v k,

where L is the diameter of the inner working
basin and # the thermal diffusivity. Most

experiments were conducted under the following
conditions:

E=10"*~10"? S=10"*~10"°, Ra=10°~10".

Before describing the experimental results, we
will refer to the time scales relevant to the ther-
mal motion. The shortest one is the time for the
density difference to propagate (as Kelvin
waves) over a significant distance of the work-
ing basin, which may be given as 7 .=L/c. The
phenomenon under consideration is a typical
‘filling box’ process (TURNER, 1979). As is well
known (see, e.g., WORSTER, and LEITCH, 1985;
ConDIE, 1989), the most important time scale
for general ‘filling box’ problems is the time to
pump all the working fluid through vertical
boundary layers along cooled (or heated) side-
walls. This so-called ‘stratification time scale’
is defined for the present configuration as

t.,=L+ H/ k Ra'"*.

The longest time scale is the thermal diffusion
time 7:=H% k. The momentum diffusion time
T3=H,/ v is much smaller than 7 ; since v >
k for the working fluid. Another diffusive time
worth noting is a damping time of the Kelvin
wave, T 4= A%/ v. Values of these time scales
were typically 71~1 min, 7,~2 min, 7.~1
hour, 7’5 ~2 hours and 73 ~12 hours. The du-
ration ofeach experimental run was about 3
hours, i.e. 37 ..

3. Experimetal results

When the differential cooling is applied,
working fluid adjacent to the cooled (*northern”)
portion of the basin’s sidewall sinks to the bot-
tom through a thin vertical boundary layer and
flows away from the source region in a density
current. Under the rotational constraint (the
basic rotation is anti-clockwise), the density
current is deflected to the right (facing down-
stream) to form a narrow boundary current
flowing anti-clockwise along the periphery of
the bottom layer. Because of damping effect the
density-driven deep current is stronger on the
“western” side than on the downstream “east-
ern” side, exhibiting an “east-west” asymmetry.
The object of major interest here is the compen-
satory circulation in the upper-layer and the as-
sociated in- and outflow phenomena between the
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a) 30 min .
Fig.2. A basin-wide circulation and an in- and outflow through the two passages in-
duced by the sidewall colloing: Q@ =0.140 rad/s, @ AT=0.30X10"". The lower dye wire
is at 1.5 cm above the bottom and others are at the mid-depths of the basin and
the passages. Interval between dye pulses is 1 min.

inner basin and the surrounding basin.

Figures. 2a), b) are typical examples of the
convective circulation as visualized by horizon-
tal dye lines at two different times after the
onset of the differential cooling. The basin-wide
circulation in the inner basin is essentially simi-
lar to the one in the absence of the passages
which has been described in some detail in a pre-
vious paper (TAKEMATSU, 1991). It consists of
an anti-cyclonic major gyre with a “westward”
intensified boundary current and a “western”
deep counter-current from the sinking region.
[The deep boundary current is not visible on the
“eastern” side due to a relatively large damping
(74/ 7.~0(1)).] Note in particular that the
compensating surface boundary current is much
stronger and wider than the underlying bound-
ary current of “northern” origin. The net hori-
zontal transport in the “western” boundary
region is apparently “northward”. It is also
worth nothing that the surface “western” boun-
dary current naturally separates from the side
boundary in the “northern” region where sinking
is produced. A new and important feature dem-
onstrated in Fig. 2 is the marked inflow through
the “western” shallow passage. Survey by a ver-
tical (movable) electrode showed that the in-
flow at the passage was almost barotropic
although it had a slight vertical shear decreas-
ing downwards. [If the passage were fully open
to the bottom, the cold deep water of “nor-

b) 90 m

thern” origin would spill out of the inner basin
through the passage and this would alter the en-
tire flow pattern.] It is remarkable that the
buoyancy-driven inflow is not uniform across
the “western” passage; the inflow is much
stronger in the “northern” part of the passage
than in the “southern” part, having the maxi-
mum speed near the “northern” end of the pas-
sage. The maximum speed of the inflow is
comparable to that of the surface “western”
boundary current towards the sinking region.
The net inflow through the “western” passage is
balanced by the same amount of outflow
through the “eastern” passage. This exchange of
fluid in the inner basin is accompanied with a
recirculating flow from the “eastern” to “west-
ern” passage in the annulus region (this was
confirmed in prelimiary experiments). It should
be noted that the cooling of the inner basin had
no direct influence on the fluid in the annulus re-
gion: Indeed the “northern” ends of the annulus
near the cooling zone were always motionless as
may be seen from the dye line across the annu-
lus.

Figure. 3 shows a horizontal circulation pat-
tern for a different rotation rate Q =0.419 rad
/s. The general features are similar to those in
Fig. 2 for 2 =0.140 rad/s except that the widths
of the “western” boundary current, deep
counter-current and the inflow are all smaller
than the corresponding widths in Fig. 2. These
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Fig. 3. A basin-wide circulation and an in-
and outflow at 150 min for a different rota-
tion rate: Q=0.419 rad/s, a A T=0.30 X
107 Dye interval, 1.5 min.

Fig. 4. A surface inflow and a compensatory
outflow in the lower layer through the sin-
gle “western” opening: Q =0.140 rad/s,
a AT=0.67x10",

current widths seem to vary in proportion to the
radius of deformation A : Indeed, values of 2 in
Figs. 2 and 3 are 1.7 cm and 0.7 em respectively,
and the corresponding widths of the inflow are 5
cm and 2 cm (about 32).

Experiments for the case of a single passage
are also suggestive. Figure4 illustrates a fea-
ture of the flow through the “western” passage
when the “eastern” one is closed (a configura-
tion relevant to the Mediterranean Sea). The
dye pattern released from a vertical electrode at
the center of the “western” passage shows that
an inflow occurs only in the upper layer of the
passage and this surface inflow is replaced by a

Fig.5. A photograph illustrating the absence
of an in- and outflow through the single
“eastern” opening. The experimental con-
ditious are the same as those in Fig. 4.

Fig.6. An intense inflow through a “west-
ern” pssage opening located very near to
the sinking region. The experimental con-
ditions are almost the same as those in
Fig.2b). Interval between dye pulses is
0.75 min (45 sec).

lower-layer outflow from the inner basin. For
comparison, a typical example of flow patterns
in the basin with a single “eastern” passage is
shown in Fig. 5. The dye released at the passage
is only lingering around the source region, indi-
cating that there is no appreciable in- and out-
flow through the single “eastern” passage. This
feature contrasts with the prominent in- and
outflow through the single “western” passage.
These experiments with a single passage indicate
that the “eastern” passage plays only a passive
role in the buoyancy-driven in- and outflow
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Fig. 7. An in- and outflow through the two
openings induced by heating a “southern”
portion of the basin’s sidewall:

Q =0.419 rad/s, a A T=0.63 X 10~* (heat-
ing). Dye interval, 1.5 min.

processes. This is presumably because the effects
of “northern” cooling which propagate anti-
clockwise effectively damp out before reaching
the “eastern” side of the basin. The “northern”
sinking, affected by Coriolis forces and damping
effects, appears to act as a non-isotropic sink
(biased towards “west”) for the upper layer of
the basin. It may be this “westward” intensified
sink-effect that drives the surface inflow in
Fig. 4 as well as the nearly barotropic inflow in
Figs. 2 and 3. In this respect the inflow feature
illustrated in Fig.6 is noteworthy, where the
passage on the “west” side has been approached
to the sinking region. It can be seen that the
inflow through the “north-west” passage is
stronger than that through the due “west” pas-
sage in Fig. 2b).

In an additional experiment the water tem-
perature of the cooling zone was raised, rather
than lowered. A resulting horizontal circulation
pattern is shown in Fig. 7, where the heating
zone is regarded as “south”. The localized rising
of warm fluid along the heated sidewall causes a
basin-wide cyclonic gyre in the inner basin and
an in- and outflow through its two passages. It
is remarkable that the inflow occurs again
through the “western” passge as in the case of
“northern” cooling. In another additonal ex-
periment, the working fluid was subjected to a
uniform cooling from above (by lowering the
room temperature) as the Japan Sea would be

during the last Ice Age, and it was confirmed
that uniform cooling from above induces no ap-
preciable mean currents eigher in the inner basin
or around the passages.

Evolution characteristics of the buoyancy-
driven motion are also worth noting. Dye obser-
vations carried out at specially short intervals
(5~10 min) showed that the basin-wide circula-
tion including the in- and outflow develops very
rapidly during about 20 min after the onset of
the thermal forcing. An apparent inflow was
seen even at the first 5 min (~5 7:); the
convective motion at this earliest stage was still
weak, but it possessed all essential features of
the fully developed one. The in- and outflow as
well as the circulation in the inner basin then
gradully evolve over a period of 90 min (~ 72).
Evolution of the convective motion at this sec-
ond stage is illustrated in Figs. 2a) and 2b).
Note in particular that the flow field at 30 min
(Fig.2 a)) is already very similar to the fully
developed one at 90 min (Fig. 2b)). During the
subsequent 90 min no appreciable change was ob-
served in the flow features. After a period of the
longest time-scale 73, however, the density field
as well as the velocity field in the basin are sup-
posed to approach gradually a final steady state
that depends on the room temperature and the
thermal boundary conditions of the basin (insu-
lated or isothermal).

4. Summary and concluding remarks

The laboratory experiments on an f-plane
with the northernhemisphere rotation have re-
vealed some new aspects of a convective motion
in a rotating basin which is connected to an open
ocen through shallow passages. An important
finding is that a localized sinking in a “north-
ern” area of the basin produces not only a basin-
wide circulation with a “western” boundary
current but also an inflow from an open ocean if
there is a shallow passage on the “west” side of
the basin. The buoyancy-driven inflow is char-
acterized by a marked “north-south” asymme-
try across the passage; it is concentrated in the
“northern” portion of the passage. The entire
convective motion manifests itself very soon (~
571 after the onset of the differential cooling
and gradually evolves on longer time scales ( 7:
and 73). The experiments have been conducted
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only within the laminar-flow regime and rather
restricted ranges of parameters, but the major
flow features are expected to be similar for
wider ranges of flow conditions. More detailed
study of the quantitative aspects of the
buoyancy-driven in- and outflow is now under
way and will be published elsewhere.

The buoyancy-driven inflow process demon-
strated herein may be oceanically relevant. We
have in mind the winter-time sinking of dense
water in the northern part of the Japan Sea or
of the Mediterranean Sea. The present study
suggests that such a localized sinking may in-
duce a nearly barotropic inflow through the
Korea/Tsushima Strait and a surface inflow
through the Gibraltar Strait. Since sinking phe-
nomena in reality are intermittent, the resul-
tant inflow and the compensatory outflow
would also be intermittent. In this respect it
should be recalled that the basin-wide circula-
tion as well as the inflow appear very soon
(within a period of 5 7. or so) after the onset of
sinking. In real marginal seas 7:is of the order
of 10 days. Then it seems likely that the in- and
outflow processes can feel the seasonal change in
the rate of sinking.
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Dynamics of deep sea surface buoy system for ocean
mixed layer experiment

W. KOTERAYAMA ", S. MizuNo**, K. MARUBAYASHI"
and M. IsHIBASHI®

Abstract: A deep sea surface buoy system for measuring the water temperature and current
velocity in the upper mixed layer has been developed. On-site, long-term experiments were
carried out at 29°N, 133°E, south of Japan in the Pacific Ocean from 1987 to 1991, and pro-
vided useful data in the study of heat and momentum transfer between the ocean and the at-
mosphere. To evaluate the accuracy of the measurements and improve the data quality,
motions of the surface buoy and instruments fixed to the mooring line were analyzed by nu-

merical simulation.

1. Introduction

Studies of ocean-atmosphere coupling require
knowledge of the water temperature and current
velocity. This necessitates long- term observa-
tion, and until the artificial satellite system has
a device for underwater measurements, the
moored buoy offers the best measuring method
to study an ocean mixed layer. The area of ocean
mixed layer experiments (OMLET) must be far
remote from the land mass so that the effects of
land on the data are eliminated. Sea depth at
such a location is usually between 3000m and
5000m. The buoy system should be light and
small in size so that researchers can handle it by
themselves; it is important for them to continue
the study for a long time under the restricted
economical condition. In this report the dynam-
ics of a comparatively small surface buoy sys-
tem moored in mid-ocean at a depth of 5000m is
reported, and the effects of the motions of the
system on the accuracy of the data obtained are
discussed.

2. Design of the buoy system

Since the authors previously reported details
of the method of calculating the dynamics of the
surface buoy system (KOTERAYAMA et al.,1986),
the design scheme is explained here briefly. The

* Research Institute for Applied Mechanics, Kyu-
shu University, Kasuga, 816 Japan

**Department of Civil Engineering Hiroshima In-
stitute of Technology, Hiroshima, 731-51 Japan

environmental conditions must first be deter-
mined. The sea area for the experiment was de-
cided as 29°N, 133°E. Water depth is about
5000m. The maximum values of wave height and
wind velocity used in designing an ocean struc-
ture to be moored in mid-ocean are generally
30m and 50m/s respectively. These were values
used in our design. The system had to be safe
under these conditions (survival condition). The
wind load acting on a small surface buoy di-
rectly 1s minimal and negligible, but the drag
force due to the surface current induced by wind
must be considered in the calculation. The mag-
nitude of the wind induced surface current was
estimated by assuming Ekman drift current
(FKMAN, 1905). The wave-making force can be
neglected compared with the viscous drag force
because the wave length is much larger than the
diameter of the surface buoy. The effects of the
ocean current are dominant on deep sea mooring
because the line is very long. In this study the
highest value of the current profile proposed by
Woods Hole Oceanographic Institution was
adopted (Fig. 1; CLAY, 1983) for the design of
the system. The force due to current acts on the
mooring line as a drag force. The Lumped Mass
Method used to estimate the data accuracy is ex-
plained here briefly.

As shown in the concept of the Lumped Mass
Method (Fig. 2), the cable is modeled as N-
discrete masses interconnected by springs of
which the spring-constants are equal to those of
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Fig. 1. Vertical velocity profiles of ocean

current used for buoy design.

the mooring rope. All force such as the drag
force, the added mass force, the inertia force,
the buoyancy and weight acting on the cable are
considered to be concentrated on each mass, so
that the motions of the cable can be represented
by simultaneous differential equations. The
point of lumped masses in the calculation model
is selected to coincide with the massive points in
the real system; buoy, floats, current meters,
which enables us to get a realistic model. In this
study two-dimensional numerical simulations
are adopted, so that the motion of each mass is
described by two simultaneous equations. Fi-
nally, the motions of N-lumped masses can be
written by 2N-simultaneous equations. These
equations cannot be solved analytically but nu-
merically because they include strong nonlinear
terms.

Fig. 3 shows a schematic view of the buoy sys-
tem which was designed on the basis of these nu-
merical simulations and improved through on-
site experiments. Since most accidents with the
surface buoy system such as the severance of the
mooring line occur near the buoy, the floats
were distributed in such a way that the entire
system except the surface buoy is retrievable
through the buoyancy of the floats and activa-
tion of the acoustic release even if the surface
buoy is lost. Under extremely severe conditions
the line tension becomes very great. The surface
buoy is pulled down to the subsurface when the
tension becomes greater than the excess buoy-
ancy of the surface buoy. To prevent this the
surface buoy must be very large, which is not
practical. The maximum value of the line ten-
sion nearly equals the smaller value of the sinker

:ti ~4Tx{-Sin Omi + @Tzi+Bi-Wi}Cos8mj - Fou-
(Mi+aMg;)

fleT i:CosOmi+@zi+Bi-Wi)-Sin@mi-—Fou
(Mi+aMpij)

Fig. 2. Concept of Lumped Mass Method.

weight in water and the excess buoyancy of the
surface buoy. The sinker is raised when the ver-
tical component of the line tension becomes
greater than its weight. The line tension does
not become much greater than the weight of the
sinker. We had to decide to make the surface
buoy submerge or the sinker to be raised under
severe conditions in order to avoid making the
system very large. We finally selected a light
sinker weighing less than the excess buoyancy of
the surface buoy, because otherwise the buoy
must be very strong to endure the water pres-
sure. We anticipated that the sinker would lift
and the entire system would drift under severe
conditions. To compensate for this eventuality
we installed a satellite positioning system
(ARGOS SYSTEM) to locate the system when it
moved from the initial point. For safety, floats
should be positioned between the buoy and the
depth of 1000m, but these floats increase the
vertical displacement of the instrument and de-
teriorate data, so the floats concentrated at
1000m depth in the final design. The mooring
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Fig.3. Schematic view of buoy system designed for ocean mixed layer experiment.

line is of DACRON, because of its high strength
and good chemical characteristics under the high
pressure environment of the deep sea. The sur-
face buoy is of rubber because of its toughness
in potential collisions with ships, and its deploy-
ment and retrieval is fairly easy on the mother
ship. The buoyancy of the surface buoy is 1500kg
and its weight in air is 440kg.

Thus, we were able to design a light and com-
pact buoy system for very deep sea experiment
using accurate calculations for the buoy dynam-
ics.

3. On-site experiments

This buoy system was used in on-site experi-
ments carried out in 1987, 1988, 1989 and 1990.
The results of the 1990 experiment are reported
here. It was moored 133°16"E, 29°09’ N by uni-
versity ships; Keiten Maru of Kagoshima Uni-
versity, and recovered by Hakuho Maru of
Tokyo University. Photo 1 shows scenes of the
deployment. Difficult steps in this action would
usually be the launching of the surface buoy and
deployment of the sinker, because surface buoy
is fragile and the sinker is heavy. However,
those steps were fairly easy because the surface
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Photo. 1. Scenes of an experiment.
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Fig. 4. Statical configuration of mooring line and tension distribution obtained

by calculation.

buoy can withstand collisions or bumping and
the sinker is comparatively light.

The statical configuration of the mooring line
and tension distribution are shown in Fig.4.
The instruments are between the sea surface and
250m depth in order to collect data in the mixed
layer, and the figure shows that the vertical dis-
placements of the instruments are very small in
this design. The current velocity used in the cal-
culation is 0.1m/s (measured value) from 0 to
200m depth and 0.05m/s (estimated) below

200m. The current velocity is minimal in this
case, so there is little statical tension. The shape
of the statical configuration suggests that the
spindle rod of the current meter Cs at 250m
depth is subjected to not only the tension but the
bending moment. The spindle rod of Cs was bro-
ken by its fatigue failure due to the action of the
bending moment caused by waves and current so
that the upper system including the surface buoy
drifted though found with the help of the satel-
lite positioning system. This weakness will be
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Fig. 5. Wave record by weather observation buoy of Meteological Agency.
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Fig. 6. Motions of surface buoy and dynamic tension of mooring line in waves

(Hw=8m, Tw=10 sec).

improved by fixing a mass or drag just below
the current meter.

The wave records shown in Fig. 5 were ob-
tained with the weather observation buoy of the
JAPAN Meteorological Agency located at 29°N,
135°E. The maximum wave height was 8m.

Quality of the current data obtained by the sur-
face buoy system is generally believed not as
good as that by the submerged buoy system be-
cause of the motion of the surface buoy induced
by waves and surface currents. It is thus impor-
tant to evaluate the motions of the instruments



132 La mer 30, 1992

X (m)
7707
760-\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/
750 T T T T T T T
20 40 60 80 100 120 140 160
t(s
Z(m) (see)
BV AVAYAVAVAVAVAVAVAVAVAVAYAVAVA
240 T —T T T T T T 1
20 40 (<1} 80 100 120 140 160
t(sec)
T(kg)
100
5"}(\ ANNANNNNNNNNNNNN
Ot T T T T 1 T T 1
20 40 60 80 100 120 140 160
t(sec)
v
z
(m./s)
2.01
1.0
O
__1 O
—2.0 T T T T T T T 1
20 40 60 80 100 120 140 160
t(sec)

Fig. 7. Motions of Cs and dynamic tension of mooring line at Cs.

fixed to the mooring line.

Figure 6 shows calculation results of the mo-
tions of the surface buoy and dynamic tension of
the mooring line for regular waves of 8m height
and 10 sec period. The current is also taken into
the consideration, but details of the current
measurements will be explained later. From top
to bottom in the figure are shown horizontal
displacement X and vertical displacement Z of
the surface buoy, line tension T at the surface
buoy and the vertical velocity V. of the surface
buoy. The theory of floating body dynamics
shows that the motion amplitudes of a small

body compared with wave length are almost the
same as the wave amplitude when the restriction
of the mooring line is not strong, which is con-
firmed by our calculations. The phase difference
between the vertical displacement Z and wave
surface is almost zero and the surface buoy fol-
lows the wave surface with fidelity. Under sur-
vival conditions such as current, wind and
waves, the surface buoy occasionally submerges
(KOTERAYAMA et al., 1986). But it did not occur
because of weak current. As the figure shows,
the buoy drifts gradually from the initial point
of the static balance, which is shown in Fig. 4.
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Fig. 8. Time series of wind velocity and current velocities measured with Ci~Ci.

It is a result of the increase of the steady drag
force generated by the interaction between
waves and current, and a kind of transient mo-
tion. At a glance, the tension variation is irregu-
lar. The variation of phase difference between
the waves and mooring line motions causes this
irregularity and the variation may be a numeri-
cal error. The maximum tension is about 300kg,
small enough as compared with the breaking
tension of the mooring line (7 tons). It is unde-
sirable from a safety standpoint that the ten-
sion becomes zero, which may kink the line. For
this reason a wire rope was not used in this sys-
tem. A kink is fatal for wire rope. Even a syn-
tactic rope might cling to the instruments at
zero tension. The zero tension occurs when the
static tension of a line is smaller than the am-
plitude of dynamic tension. A large static ten-
sion is thus desirable, but requires that the
surface buoy be large and is therefore contrary
to the design philosophy.

The motions of the deepest current meter Cs

and the tension variation of the line at that
point are shown in Fig. 7 using the coordinate
system X and Z shown in Fig. 4. The motion am-
plitude is 3.7m horizontally and 5.6m vertically.
The maximum tension is about 60 kg and the
tension variation induced by waves is very
small, but the vertical velocity V, varies be-
tween —1.5m/s and 1.5m/s. The horizontal ve-
locity of Csis estimated 1.0m/s~—1.0m/s from
the amplitude of the displacement and its pe-
riod. Under these conditions it is difficult to
measure a small current velocity accurately
with this type of the current meter (Savonius
rotor with a vane) because the vane can not fol-
low the direction change in high frequency veloc-
ity, and the oscillating component due to waves
can not be measured properly. The steady com-
ponent is affected by the error. The accuracy of
current velocity measurement’ in a storm is
therefore dubious. Another type of meter should
be adopted if measurement of current velocity in
a storm is desired.
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Fig. 9. Time series of current velocities used in calculation.

Fig. 8 shows the time series of the current ve-
locity measured with C: to C. at the locations
shown in Fig. 3. The current velocities oscillated
violently during September 22-30, October 6-16,
and November 3-9. The oceanographical discus-
sion of these phenomena will appear in a later
paper, and here the reliability of the measured
data is investigated. We consider that the oscil-
lations in the current record were not the result
of buoy motion due to changes in wind velocity,
because the wind data shown at the top of the
figure (which was obtained by the weather

observation buoy of the Japan Meteorological
Agency) does not reflect oscillations of the
same frequency, and the natural frequency of
the buoy system is much higher than that of the
oscillation. We therefore guess that the oscilla-
tions must be those of current velocity. The re-
corded current velocity is that from the moving
current meter, and the absolute velocity must be
obtained by adding the horizontal velocity of
the current meter induced by the current oscilla-
tion and mooring line motion. The motion of the
buoy system is calculated for 16 hours from
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Fig. 10. Horizontal displacement of buoy and current meters obtained by calculation.

22:00 of September 23 to 14:00 of the next day
~ when the current oscillation was strongest. The
current velocities at each of the lumped masses
used in the calculation are shown in Fig. 9. Asa
first approximation these absolute velocities
are assumed to be equal to the relative ones
measured by the current meters, where the cur-
rent velocity at the surface buoy is assumed to
be equal to that at Ci, and all the other values
are measured ones. The velocities at lumped

masses deeper than C: are assumed to be 0.05
m/s.

The calculated horizontal displacement of each
current meter is shown in Fig. 10, where the time
lag of the motion from the current variation is
about 30 minutes. This fact means that the sys-
tem goes on moving for 30 minutes after the
peak of the current. The maximum displacement
of the surface buoy is 480 m and that of C;is 380
m.

Fig. 11 shows the horizontal motion velocity
of each current meter. The maximum drifting
velocities (3.6 cm/s) are those of the surface
buoy and C: atll:30 on September 24. The
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Fig. 11. Horizontal drifting velocities of current meters obtained by calculation.

maximum velocity was continued for one hour.
After 12:30 when the maximum current velocity
was recorded, their drifting velocities became
vanishingly small. After 13:00 the drifting ve-
locities became negative and the system began
to return to original levels. The tendency of the
drift of C; was the same as C: and finally the
maximum drifting velocity throughout the en-
tire system was estimated as 3.6 cm/s. There-
fore, the drifting velocities of the current
meters were less than 5.5% of the maximum cur-
rent velocity of 65cm/s recorded by Ci.. We may

assume that this ratio does not vary remarkably
with the current velocity. We can obtain the sec-
ond approximation for the absolute velocity by
adding the drifting velocities to those recorded
by the current meters, and through the iterative
procedure, can obtain higher approximate val-
ues. This iteration procedure is convergent when
it is a linear system or the ratio does not in-
crease suddenly. In case the mooring system has
a resonant frequency in the horizontal motion,
the ratio increases suddenly at the resonant fre-
quency and the iteration might be divergent, but
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Fig. 12. Vertical displacement of current meters and pressure sensor.
generally the viscous damping is very large in system the drifting velocity was so small, com-
case of the buoy mooring and the ratio does not pared with the measured current velocity that
increase remarkably even at the resonant fre- we confine ourselves into first approximation.
quency. The iteration is therefore convergent in It depends on the research object whether the it-

usual surface buoy system. In the present buoy erative procedure is continued.
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To analyze the data recorded by current me-
ters and thermometers we need vertical displace-
ments of the instruments. As an example, the
time series of the vertical displacements during
the current oscillation are shown in Fig. 12.
Calculations indicate that the vertical displace-
ment of the surface buoy is about 0.1m and that
of Ciis 0.2m. Both are very small. The value of
Cs (16m) is fairly large. When the data collected
by thermometers and current meters are ana-
lyzed, the vertical displacement of the instru-
ments should be taken into consideration,
especially for the lower instruments. We set
two pressure sensors, P: and P, at depths of
105m and 205m (Fig. 3) to measure the vertical
displacements, but in the present experiment Py
did not work well. In Fig. 12 the calculated re-
sult (solid line) is compared with the measured
value of vertical displacement by pressure sen-
sor P, (black circles and broken line). Both are
in good agreement.

4. Conclusions
A deep sea surface buoy system for ocean
mixed layer experiments was designed and

manufactured. On-site experiments were car-:

ried out and the accuracy of collected data was

discussed using numerical simulations. The

main conclusions are as follows:

1. The drifting velocity of surface buoy system
induced by the current oscillation is much
smaller than the current velocity.

2. The motion velocities of the buoy system in-
duced by surface waves are large and the accu-
racy of current measurement is questionable
in a severe storm unless a vector-average type
current meter is used.

3. From conclusions 1 and 2, the accuracy of
the current data with the surface buoy system
would be much improved by using a vector-
average type current meter and can be com-
pared with that of the submerged buoy
system.

4. The accuracy of calculations using the
Lumped Mass Method was confirmed by ex-
periments.
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A numerical study on the barotropic transport
of the Tsushima Warm Current’

Young Ho SEUNG** and Soo Yong Nam*

Abstract:

*

A barotropic numerical model is run over the N.W. Pacific Ocean to examine

the formation of the Tsushima Warm current. Analysis of the results with various different
parameter values indicate that the Tsushima Current is a downstream extension of Taiwan
Warm Current. The parameters determining the transport of Tsushima Current are fric-
tion (mostly bottom friction), the depth difference across the East China Sea continental
slope and the total transport of Kuroshio. Local wind does not change the transport much
but changes the flow pattern such that for southerly wind, the transport is through the Tai-
wan Strait and for northerly wind, it is through the eastern side of Taiwan.

1. Introduction

The Tsushima Warm Current (TSWC) is de-
fined as the current entering the East (Japan)
Sea through the Korea Strait, between Korea
and Japan, and joins the Kuroshio through the
northern straits, north of Japan (Fig. 1). Based
on dynamic computation, the amount of volume
transport of TSWC is known to be less than 2
Sv. (c.f. MoR1YASU, 1972; Y1, 1966), equivalent
to a few percent of the Kuroshio transport. The
TSWC water is generally considered as a mix-
ture of Kuroshio and East China Sea (ECS) shelf
waters (e.g., Lim, 1971).

The Kuroshio water flows along the ECS con-
tinental slope (Fig. 1) and part of it crosses the
slope to form the TSWC. Up to present, there
are a few different views on the formation of
TSWC. These consist of one or a combination of
the following components: First, it may be a
broad northward transport of the Kuroshio and
the ECS shelf waters along the shelf edge (LM,
1971; NaGATA, 1981). Secondly, it may be a
contribution from periodic intrusions of
Kuroshio water, especially in summer near the
northern end of slope, southwest of Japan (HuH,
1982). And finally, it may be a direct branch of
the Kuroshio. The branch may occur either at
the southwestern end of the slope, near Taiwan,

* This is partially supported by Inha University.
** Department of Oceanography, Inha Univ.,
Inchon 402-751, Korea

or at the northeastern end of it, southwest of
Japan. The latter one is alluded by the sche-
matic chart of NiTant (1972, see Fig. 2) and the
former one, by GuAN (1986). Actually, this for-
mer one is verified and termed Taiwan Warm
Current which may feed the TSWC according to
Guo et al. (1987). According to these observa-
tions (Guo et al., 1987), the Taiwan Warm Cur-
rent consists of two components: one is the
current through the Taiwan Strait, between Tai-
wan and mainland China, and the other is the
current through the northeastern tip of Taiwan.

Many numerical models perfomed in this re-
gion are not suitable for the study of TSWC be-
cause they eigher exclude the Korea Strait (e.g.
CHAO, 1990) or treat it as an open boundary
(HSUEH et al., 1986; WanNc and Su, 1987).
Takano and Misumr's (1990) 3-dimensional
model comprises the whole North Pacific Ocean
and may be appropriate to examine the TSWC if
their grids are further refined. A simple ana-
lytic model 1s also proposed by MINATO and
KiMURA (1980) to explain the dependence of
TSWC transport on external parameters. Ac-
cording to their model, the bottom friction and
the shelf depth relative to the Kuroshio depth
are major factors controlling the transport; the
transport increases with decrease of friction and
increase of shelf depth. However, they assumed
narrow openings where the current is uniformly
geostrophic. In reality, the continental slope of
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Fig. 2. Schematic diagram of the Kuroshio
system in the East China Sea region.

the East China Sea, which is the inflow opening
of the TSWC, is so wide that this assumption
does not seem appropriate.

The aim of this study is to answer the

question how the Kuroshio Water crosses the
continental slope to form the TSWC. This ques-
tion arises especially because the theory of po-
tential vorticity predicts only the flows parallel
to the depth discontinuity. The whole N.W. Pa-
cific is taken as the model domain, thus making
the TSWC free of open boundary condition, with
acceptably small grid for examining the forma-
tion of TSWC. Only barotropic component is
considered though it does not seem adequate es-
pecially in summer when the baroclinicity in-
creases. Nevertheless, the barotropic dynamics
seems to be helpful in understanding the process
that goes on because most of the Kuroshio water
brought up onto the shelf area more or less expe-
riences the topographic changes (UpaA and Ki.
sH1, 1974; FaN, 1980). To check the importance
of factors determining the transport of TSWC,
the model is run for various external parame-
ters.

2. Model

The model domain roughly corresponds to the
western half of the North Pacific Substropical
Gyre, ranging 15°N-43°N and 117°E-150°E
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Table 1. Description of experiments

Param- Coeff. of Hori- Kuroshio |Bottom Drag| Wind Stress Wind Total WBC

eter zontal Viscosity Depth Coef. Magnitude | Direction* | Transport

EXP. NO. Am (cm?/sec) He (cm) Cd 7 (dyne/cm?) a (°) Wmax (Sv.)
EXP. 1 1.E7 3.E4 0.002 0 0 60
EXP. 2 1.E7 3.E4 0.002 1 0 60
EXP. 3 1.E7 3.E4 0.002 1 45 60
EXP. 4 1.E7 3.E4 0.002 1 90 60
EXP. 5 1.E7 3.E4 0.002 1 135 60
EXP. 6 1.E7 3.E4 0.002 1 180 60
EXP. 7 1.E7 3.E4 0.002 1 225 60
EXP. 8 1.E7 3.E4 0.002 1 315 60
EXP. 9 1.E7 3.E4 0.002 0.5 45 60
EXP.10 1.E7 3.E4 0.002 2 45 60
EXP.11 1.E7 1.5E4 0.002 0 0 60
EXP.12 1.E7 5.E4 0.002 0 0 60
EXP.13 1.E7 8.E4 0.002 0 0 60
EXP.14 1.E6 3.E4 0.002 0 0 60
EXP.15 1.E8 3.E4 0.002 0 0 60
EXP.16 1.E7 3.E4 0.0005 0 0 60
EXP.17 1.E7 3.E4 0.008 0 0 60
EXP.18 1.E7 3.F4 0.002 0 0 30
EXP.19 1.E7 3.E4 0.002 0 0 90
EXP.20 1.E7 3.E4 0.002 0 0 120

* Wind direction is measured clockwise from north.

(Fig. 1). It has a continental slope separating
the deep Kuroshio region from the shallow ECS
shelf area. Since the model is barotropic, the
deep Kuroshio region is assumed to have uni-
form depth. The depth is normally taken as
300m but different values are also used to exam-
ine its effect. The model ocean is homogeneous
and assumed to have a rigid-lid surface.

The usual GCM model described by SEMTNER
(1974) is used and the barotropic circulation ex-
pressed by stream function is obtained. The
ocean is spun up not by direct wind forcing but
by imposing an open boundary condition along
the eastern boundary. In terms of stream func-
tion, this reads

V=", sin (7y/L)

where ¥ is the transport stream function with
total Western Boundary Current (WBC) trans-
port ¥ ,..; L, fixed in this study, is the
meridional dimension of the model basin; and y

is the meridional position measured from the
southern boundary. Twenty experiments with
different conditions are performed (Table 1).
For each experiment, steady state is reached
after 150 days of integration (see Fig. 3 for ex-
ample). In the above expression, V... is nor-
mally taken as 60sv. (Nirani, 1972), but
different values are also used in experiments 18
—20. Along the coastal boundary, no-slip condi-
tion is applied but along the southern and north-
ern open boundary, slip boundary condition is
assumed. At the ocean surface, no wind stress is
usually assumed but uniform wind stresses are
sometimes applied, in experiments 2-10, to ex-
amine the effect of local monsoon. At the ocean
bottom, a quadratic bottom stress is imposed
with various drag coefficient, such as those
given in experiments 16 and 17. Stream func-
tions over islands are obtained using the Hole
Relaxation Method (TakANO, 1974).
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3. General flow pattern

Experiment 1 is taken as a standard case
(Table 1) and its result is shown in Fig. 4. The
Kuroshio water crosses the continental slope
through the western and eastern sides of Taiwan
and flows approximately along the isobath

toward the East (Japan) Sea through the Korea
Strait. The flow pattern around Taiwan is ex-
actly the same as what is known as the Taiwan
Warm Current (Guo et al., 1987). This flow
pattern indicates that the TSWC is the down-
stream extension of the Taiwan Warm Current.
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A part of it seems to return back to the
Kuroshio along the coast, southwest of Japan.
These are the general features throughout all ex-
periments though some changes occur by local
wind. The transport of TSWC amounts to 0.43
Sv. which is smaller than the known values, 1~
2 Sv. (Y1, 1966; MoRr1vasu, 1972). The discrep-
ancy might come mostly from the neglect of
baroclinicity. As seen later, large part of the
total transport (TT) comes from the transport
through Taiwan Strait (TST).

The result shown here indicates that all trans-
ports of Kuroshio water onto the shallow ECS
take place through the southwestern end of the
slope, i.e. by Taiwan Warm Current. A Rossby
wave interpretation of this fact may be possi-
ble. Barotropic disturbances generated in mid-
ocean propagate westward as the form of
Rossby waves. The energy of these waves are
normally trapped along the western boundary
forming the Western Boundary Current. If the
western boundary of the ocean borders a shallow
marginal sea with large depth discontinuity,
these waves become topographic waves and
propagate southward along the discontinuity
with the shallower part on their right of propa-
gation direction in the northern hemisphere.
When they reach to the coast, their energy is
trapped at the coast by reflection in exactly the
same way as the planetary waves are trapped
along the western boundary. So, the penetration
of western boundary current into the shallow

EAST(JAPAN) SEA

550 —

Distributions of the transport stream function for experiments a) 14 and b) 15 of

marginal sea should take place within narrow
region near the southern end of the slope.

4. Effect of viscosity coefficient

Experiments 1, 14 and 15 have different coef-
ficients of eddy viscosity while other parame-
ters are held the same. There is no remarkable
difference in flow pattern among the three
cases. However, a slight intensification of WBC
(or thining of boundary layer) occurs at small
coefficient (Fig.5), as a linear theory predicts
(MuNK, 1950). The TT and TST do not change
much within the range of values considered
(Fig. 6a); they seem to slightly decrease with
the magnitude of coefficient. As noted previ-
ously, TST contributes to a large part of TT.
The remaining contribution comes from the
transport through the northeastern tip of Tai-
wan.

5. Effect of bottom drag coefficient
Experiments 1,16 and 17 have different drag
coefficients with other parameters held the
same. Comparision of these three experiments
shows that small friction intensifies the WBC
(thining of boundary layer) in agreement with
SToMMEL’s (1948) theory (Fig. 7). Both TT and
TST decrease with increase of drag coefficient
(Fig. 6b). This tendency is in agreement with
MinaTO and Kimura’s (1980) results. For
small friction, TT is entirely from TST but for
large: friction, TST becomes small. The
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dependence of TST on the drag coefficient is thus
larger than that of TT.

6. Effect of Kuroshio depth

Experiments 1, 11 and 13 have three different
Kuroshio depths with other parameters held the
same. Results of three experiments show that
large Kuroshio depth intensifies the WBC (Fig.
8). It is conceivable that large depth diminishes
the bottom friction, which then intensifies the

WBC as explained previously. Both TT and TST
decrease with increase of Kuroshio depth (Fig.
6c) in agreement with MINATO and KIMURA’s
(1980) results. In fact, large topographic change
may hinder the transport of Kuroshio water
across the steep slope. This tendancy seems
more pronounced in TST than in TT because the
proportion of the former to the latter becomes
much reduced as the depth increases.
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7. Effect of local monsoon

Experiments 1 through 10 have different wind
fields with other parameters held the same.
Among these 10 experiments, the largest con-
trast in flow pattern occurs between the cases of
northerly and southerly winds (Fig. 9). The
WBC is nearly the same but the transport pat-
tern crossing the continental slope is quite dif-
ferent. For southerly wind, the transport is by
TST whereas for northerly wind, it is by the
transport through the northeastern tip of Tai-
wan. This fact is further clear in Fig.6d where
TT and TST are given as functions of wind direc-
tion. The amount of TT does not vary much

whereas that of TST largely fluctuates depend-
ing on wind direction. Under the southerly wind
prevailing in summer, TST is larger than TT and
the excess of the former over the latter returns
back to the Kuroshio along the coast, southwest
of Japan. Under the northerly wind prevailing in
winter, TT is through the northeastern tip of
Taiwan and TST reverses. The TST increases
with, while the TT remains independent of, the
magnitude of wind stress as shown for the case
of southwesterly wind (Fig.6e). This tendency
is in good qualitative agreement with
obsevations (GuUO et al., 1987) and numerical
model (Cuao, 1990) performed in local area
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though the transport through the northeastern
tip of Taiwan appears more dependent on the
seasonal monsoon.

8. Effect of total WBC transport

Experiments 1, 18, 19 and 20 have different
total WBC transports with other paramenters
held the same. Results of these experiments
show the nearly same distribution pattern of
stream functions (not shown) although they
have different magnitudes. Both TT and TST in-
crease monotonically with increase of the total
WBC transport (Fig. 6 f) ; the former increases
slightly more than the latter. The proportion
of these transports to the total WBC transport,
however, decreases slightly with increase of the
WBC transport.

9. Concluding remarks

Results obtained in this study can be summa-
rized as follows:
1) The so-called Taiwan Warm Current is con-
firmed to pass through both sides of Taiwan and
the TSWC is just the downstream extension of
it. A small part of Taiwan Warm Current Water
returns back to the Kuroshio along the coast,
southwest of Japan though it does not seem
quite significant. It is shown that the western
boundary current penetrates into the bordering
shallow marginal sea through the narrow region
near the southern end of the continental slope.
2) The transport of TSWC depends on the

friction (both bottom and lateral, with the for-
mer to much larger extent), the depth difference
across the continental slope and the total WBC
transport. Smaller friction, smaller depth dif-
ference and larger WBC transport tend to in-
crease the TSWC transport.

3) Transports through Taiwan Strait, through
eastern side of Taiwan and back to the Kuroshio
fluctuate depending on the local wind. However,
the total transport of TSWC does not change
significantly. It is fed by the transport through
Taiwan Strait under the southerly wind in sum-
mer but by the transport through the eastern
side of Taiwan under the northerly wind in win-
ter.

This study is not complete in some respects.
The results given above should be more funda-
mentally explained. Furthermore, the present
model dose not include baroclinicity and ne-
glects the buoyancy input from large fresh
water sources along the Chinese coast. Also, a
part of the transport through the Taiwan Strait
may be originated from the South China Sea.
These problems may be able to be resolved in
near future.
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A note on initial nitrate and initial phosphate as tracers
for the origin of East Sea (Japan Sea) Proper Water

Kyung-Ryul Kim*, Tae Siek RHEE* and Kuh K *

Abstract: The East Sea (Japan Sea) is a mid-latitude marginal sea with average depth
over 1,500 meters in the North Western Pacific. The deep waters below several hundred me-
ters over the entire basins, as generally known as the East Sea Proper Water (ESPW), show
extreme homogeneous characteristics with relatively large concentration of dissolved oxy-
gen over 230 4M, reflecting rather rapid replenishment of these waters in the basins. Even
though ESPW, consisting over 84% of the total volume of the East Sea, may not be a single
homogeneous water mass, further analysis imposes serious difficulties due to homogene-
ous nature of these waters.

We explored the possibility of utilizing initial nutrients as tracers for these waters, pro-
viding further constraints on their origins. With respiration coefficients of 76 and 6.5 for
phosphate and nitrate, respectively, the initial analysis indicates that ESPW consists of two
components; one with larger initial nutrients (11 #M of NOs" and 0.6 # M of P0.°) and the
other with smaller values (34 M of NO:° and 0.1 «M of PO.°), possibly corresponding to
upper portion and deep water of ESPW, respectively.

The lack of data, especially over northernmost region in winter time, prevents further
analysis at the present moment. The future study in this direction appears to be of signifi-
cant importance in understanding and clarifying major oceanographic problems regard-

ing the origin of rapidly replenishing deep waters in the East Sea.

1. Introduction

The East Sea (Japan Sea) is a typical mid-
latitude marginal sea in the North Western Pa-
cific. With an average depth of more than 1,500
meters, the topography of the East Sea shows
three major basins (Fig. 1). The Japan Basin
with a depth of more than 3,500 meters occupied
most of the northern part of the East Sea, and
the Ulleung and Yamato basins consist of the
major part of the southern East Sea to the west
and east of the Yamato Rise, respectively.

Though the shallow waters of the East Sea are
continually exchanged with the Pacific waters
through narrow straits with depth of less than
150 m, it is generally believed that deep convec-
tion is occurring within the Bast Sea (e.g.,
SuDpa, 1932; Nitant, 1972), with the relatively
rapid replenishment of the deep waters in the ba-
sins. The high concentrations of dissolved

* Department of Oceanography, Seoul National
University, Seoul 151-742, Korea

oxygen over 230 £ M in deep waters of the entire
basins reflect the above circulation; the average
residence time of 300 to 400 years for the deep
waters has been suggested (HARADA and TSu-
NOGALI, 1986; Gamo and HoriBg, 1983).

The waters below several hundred meters to
the bottom in the East Sea show extremely ho-
mogeneous characteristics; temperature of 0~
1°C and salinity of 33.96~34.14%, (e.g., MORI-
YASU, 1972), which are rather in contrast with
the characteristics of deep waters observed in
Northwest Pacific; 1~2°C in temperature and
34.6~34.7%0 in salinity (e.g., SVERDRUP et al.,
1942; RoemMICH et al., 1991). Yasul et al.
(1967) calculated by T-S analysis that this ho-
mogeneous water mass, generally known as the
East Sea (Japan Sea) Proper Water (hereafter
ESPW), consists of more than 84% of the total
volume of the East Sea waters. Though ESPW
may not be a single homogeneous water mass,
further analysis and identification of source re-
gions of these waters with temperature and
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Fig. 1. The topographic map of the East Sea (Japan Sea) showing three major basins:
Japan Basin, Ulleung Basin and Yamato Basin. The stations by CSK (Japan Oceano-
graphic Data Center, 1977) and Gamo and Horibe (1983) are also shown in the map.

salinity distributions impose serious difficulties
due to extremely narrow ranges of their varia-
tion. SUDO (1986) recently reviewed these prob-
lems extensively, as discussed further in the
later section.

Initial phosphate and initial nitrate are typi-
cal examples of chemical parameters applied in
water mass analysis in recent years (e.g.,
BROECKER et al., 1985; BicG and KILLWORTH,
1990). The terms, initial nitrate and initial
phosphate, are identical to the terms, preformed
nitrate and preformed phosphate used by some
earlier investigators (e.g., REDFIELD et al.,
1963; PyTtkowicz, 1971). Furthermore, the in-
formation carried by these initial nutrients is
essentially the same as that conveyed by “NO”
(BROECKER, 1974) and “PO” (BROECKER et al.,
1985). These quantities are the concentrations of
nitrate and phoshate generally observed in sur-
face waters at high latitude regions, especially

in winter time. When the surface waters sink
and start their deep-sea circulation, these quan-
tities are preserved in the waters along their
journey in the deep sea as conservative compo-
nents. The fact that these quantities in surface
waters vary geographically, provides the possi-
bility of using these quantities as tracers for the
deep waters in the ocean.

Figure 2 shows distribution patterns of 20—
year-average phosphate concentrations in sur-
face waters of the East Sea in winter time, col-
lected by Maizuru Marine Observatory (1985).
Two important points can be made:

(1) there are relatively large amounts of
phosphate present in surface waters in
winter, and

(2) significant geographical variations in
phosphate concentration exist in the area
with relatively small values in southern
regions and along the coast.
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Fig. 2. The distribution pattern of 20-year-
average phosphate concentrations in sur-
face waters in winter time, collected by
Maizuru Marine Observatory (1985) . The
large geographical variation ranging
from below 0.4 4 M to above 1.4 u M with
northward increase with relatively lower
concentrations along the coast, in gen-
eral, is clearly seen. However, the lack of
data over the northernmost regions along
the coast and at north of 43° N in particu-
lar, the most critical area for deep water
formation in the East Sea, typically repre-
sent the present status of data base avail-
able in the area.

However, the lack of data over the northern-
most regions along the coast and above 43°N in
particular, the most critical areas for possible
deep water formation, typifies the present
status of data base available in the area. With
this limitation in mind, if the source region of
the deep waters in the East Sea, ESPW, is con-
fined in relatively small areas, then, the initial
nutrient concentrations of these waters, if any,
may provide additional constraints on the ori-
gin of these waters.

In this paper, we explore the possibility of
utilizing these excess nutrients for tracing and
extracting information on the source regions of
ESPW, present in deep layers of the East Sea.

2. Data set and analysis
Oceanographic data with complete nutrient

analysis for deep waters in the northern East
Sea are rather scarce, especially in winter time.
Two sets of data are selected in the analysis:
data from CSK survey during February, 1976
(Japan Oceanographic Data Center, 1977) and
data from Gamo and Horimse (1983). Though
the data from Gamo and Horibe do not cover
the upper 1,000 meters of the water columns,
these data represent deep waters in all major ba-
sins in the East Sea as shown in Figure 1.

The vertical profiles of potential tempera-
ture, salinity, DO (Dissolved Oxygen), AOU
(Apparent Oxygen Utilization), nitrate, and
phosphate are shown in Figure 3. The homogene-
ity of all properties for the waters below several
hundred meters over the entire basins is remark-
able as mentioned earlier. There appears a slight
difference in salinity profiles between CSK data
and those by GaMo and HoriBE (1983). The dif-
ference may be real or simply reflect the calibra-
tion difference.

Initial phosphate, PO.,° and initial nitrate,
NOs;® are calculated from the relationships as
follows:

o__ DOsat_DO _ _ AOU
PO,=PO, 76 =PO, 76

o__ DOsat‘DO . _AOU
NOs-NOa_—-“b—ﬁs =NOs 65

where POs4, NO; and DO are the observed concen-
trations, DOsat 1s the saturation concentration
of dissolved oxygen at the potential tempera-
ture and salinity of water samples and AOU is
the apparent oxygen utilization.

The respiration coefficients, 76 and 6.5 in the
above formulae are calculated from CSK data
(Japan Oceanographic Data Center, 1977) for
waters in upper 400 meters layer as shown in
Figure 4.

These coefficients are rather different from
the values observed in open oceans: 175 for phos-
phate (BROECKER et al., 1985) and 9 for nitrate
(BROECKER, 1974), possibly reflecting different
ecology, especially different chemical character-
istics of DOC and POC in the East Sea compared
to those in open oceans. The lack of available
data especially over northern part of the East
Sea prevents any further discussions on the va-
lidity of these values at the present time: fur-
ther careful and extensive analysis on this



152 La mer 30, 1992

Tp (°C) SALINITY (%) DO (uM)
Qo 05 1o 15 20 25  33.95 _34.00 34.05 34.10 150 250 350
58 ® AL L e
& E LA A g ° ]
] £ ] o ]
] £ % 5 . &
3 . ] 3
b E Fe 3 E e E
; Yo ;
Ik £ 1 g :
: %o
E L % E
3 E 5 3 _ L 3
SEEEH CSK 1 3 -1 b s -] ]
boooo ALD 3 4 ] s & ]
essee AL3 4 4 > B
Prerb ALA
AOU (uM) N0y~ (uM) PO (uM)
o0 100 200 0 5 10 15 20 25 30 00 05 1.0 15 20 25
g . — [T T g g T
s %@ ] d %@ 3 E @% ]
S0t %, b 3 g 3 E %
1000 hd L3 -é— o
[4 ] b F'; 3
1500 [ ®£ 3 E 4 3 £ %, .
E oo S ] a gEB ] E % 1
Eas00 £ (A ] L é$ ] £ g‘: 3
3 % : I s
= 3 Fe 3 & ] g oe 3
Q3000 [ 5 E F 8 ] c g ]
3500 — & ~ - E 3 E E E
4000: 1 L L " 1 o M ity i Laaaad s PRSI SN SN U ST S B I S Bt

Fig. 3.

The vertical profiles of potential temperature, salinity, dissolved oxygen (DO),

apparent oxygen utilization (AOU), nitrate and phosphate at CSK and Gamo and
Horibe stations. No data at depths shallower than 1,000 meters were available at
Gamo and Horibe stations, unfortunately. The extremely homogeneous nature of
these properties below 1,000 meters over the most of the basins in the East Sea is
clearly seen, especially considering the location of these stations as shown in Fig. 1.

subject is needed in the future.

3. Results and Discussion

Figure 5 shows the vertical profiles of initial
nitrate and initial phosphate. While the waters
in surface 400 meters show about 10~11 ¢ M of
NO3’ and about 0.6 £ M of PO.’, these values de-
crease with depth to about 1,000 meters and then
remain fairly constant to the bottom at about 3
~4 uM of NO;° and about 0.1~0.2 u M of
PO’ There appears to be a minimum at about
1,000 meters for these initial nutrients, and the
significance of it, if any, is not clear at this
point.

It is also noted that waters below 1,000 meters
over the most of the deep basins in the East Sea,
as covered by the stations from Gamo and
Horibe, show remarkably similar concentrations

of initial nutrients. The exception is the result
from CSK station in the northwestern East Sea,
where the initial nutrients appear to be higher
than in other areas; a possible mechanism pro-
ducing this difference is discussed in the later
section.

Figure 6 shows the correlation between initial
phosphate and initial nitrate. A rather well-
defined linear relationship is clear, indicating a
possibility of mixing between two components:
one component with about 11 £ M of NO;° and
0.6 u M of PO.’, observed in upper 400 meters at
CSK station, and the other with about 3 uM of
NO:’ and 0.1 « M of PO., observed over most of
the basins below 1,000 meters. It is also impor-
tant to observe that the thermocline waters and
deep waters at CSK station lie on the mixing
line between these two components.
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Fig. 4. The plot of AOU vs. nitrate and phosphate. The data at depths shallower than 400
meters at CSK station show respiration coefficients of 6. 5 and 76 for nitrate and phos-
phate, respectively, with about 11 # M of initial nitrate and about 0. 6 # M of initial
phosphate concentrations. The deep waters below 1,000 meters show about 3« M of
initial nitrate and about 0. 1 #M of initial phosphate concentrations, if assuming res-
piration coefficents in these deep waters as the same as those observed in shallow wa-
ters at CSK station; this has to be verified with further investigations in the future.
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The initial nutrients in deep waters at CSK station are clearly larger than those in
deep waters over all other major basins; a possible cause for this difference is dis-
cussed in the text.
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Fig. 6. The initial nitrate-initial phosphate
plot at CSK and Gamo and Horibe sta-
tions.

In his lengthy analysis of temperature, salin-
ity and dissolved oxygen distributions, SUDO
(1986) concluded that ESPW can be further di-
vided into two groups: the upper portion and the
deep water with the boundary at the depth of
potential temperature ca 0.1°C (typically at 800
~1,000 meters in northern East Sea). He pro-
posed, furthermore, that the upper portion of
ESPW originates from the northwestern area,
west of 134°E and north of 41°N, and the most
of the deep water has been formed in northern
area, probably north of 43° N. The apparent
two-component mixing trend observed in Figure
6 may be consistent with the Sudo’s above con-
clusion: the upper portion of ESPW correspond-
ing to a component with higher initial nutrient
concentrations (11 uM of NO;® and 0.6 u M of
PO,") and the deep water to the other end mem-
ber with lower initial concentrations (3 £ M of
NOs* and 0.1 «M of PO,"). In this regard, it is
very interesting to note as mentioned earlier
that the initial nutrient concentrations in deep
waters below 1,000 meters at CSK station, the

closest station from the proposed source region
of the upper portion of ESPW in northwestern
section of the East Sea, are rather higher than
those at all the other stations, quite possibly re-
flecting the effect of proximity to the source re-
gion of higher initial nutrients in upper waters.

The magnitude of these initial nutrients, espe-
cially in upper waters, are rather significant.
This observation clearly indicates that the sink-
ing waters in the East Sea contain enough of
these initial nutrients, which can be later calcu-
lated and used as tags for the particular water
masses. It is interesting, however, to observe
that deep waters of ESPW show much smaller
concentrations of NO;’ and PO.’ than the upper
portion of ESPW, especially considering the pos-
sibility of further northern origin of deep wa-
ters as discussed above.

First of all, it has to be verified in the future
that respiration coefficients for the deep waters
are similar to the values in shallow waters as
used here. In fact, the very limited amounts of
data available at NODC indicate that the chem-
istry of waters in the area as north as 43°N in
winter time does not seem to show any signifi-
cant differences compared to that at CSK sta-
tion, discussed in this paper, suggesting that the
respiration coefficients in the northernmost re-
gion may not be drastically different from the
values used in the paper. Therefore, it could be
also possible that phosphate concentrations in
surface waters over northernmost region may,
indeed be very low, due to fresh water inputs, re-
sulting in lower initial nutrient concentrations
in deep waters.

As shown in Figure 2, as an example of best
data set available at present, concentrations of
nutrients in surface waters over northernmost
regions of the East Sea are poorly known at the
present time. The information on these chemi-
cal components over possible source regions of
ESPW, expecially in winter time, appears to be
of paramount importance in understanding and
clarifying major oceanographic problems, re-
garding the origin of rapidly replenishing deep
waters in the East Sea.

4. Conclusion
In order for these initial phosphate and ni-
trate to be applied successfully in distinguishing
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water types, two conditions must be met as
summarized by BROECKER et al. (1985):

(1) the respiration coefficients must be fairly
constant over water depth and geographic
location of interest, and

(2) the average value of these coefficients
must be precisely known.

Both of the above conditions in the East Sea
could not be verified yet due to lack of data
available at the present time. The respiration
coefficients used in this paper, 76 for PO.’ and
6.5 for NO;°, are rather different from those
used in the open ocean, 175 for PO.° and 9 for
NOs°. All these points are the subjects for the
close examination with new data in the future.
However, the present preliminary analysis of
nutrient results over northern part of the East
Sea does show that ESPW may contain signifi-
cant amounts of initial nitrate and initial phos-
phate. The application of these apparent
conservative parameters, initial phosphate and
initial nitrate, will be a very important addition
in investigating the sources and dynamics of the
deep waters present in the East Sea, especially
considering the difficulties encountered in con-
ventional approaches, which are originating
from the extreme homogeneous nature of deep
waters in the area.
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Submarine cable voltage measurements between Pusan and Hamada

Byung-Ho Cro1*', Kuh Kim ™%, Young-Gyu Kim ™, Kyung Soo BAHK ™,
Jeong Ok CHo1** and Kazuo KAWATATE **°

Abstract: The voltage difference between the ends of telephone cable across the Korea Strait
is measured for one year beginning March 1990. Spectral analysis and tidal analysis show
that the voltage variations have most energies in low frequencies and some peaks at the
tidal frequencies, which are highly correlated to the variation of tidal stream in the Korea
Strait. Using the M. amplitude the transport per one volt is simply estimated as 35.95

Sv/volt.

1. Introduction

By the Faraday’s law, an electromagnetic
force induces electric potential difference in
water flowing in a channel as it works as a mov-
ing conductor in the earth’s magnetic field. If
the potential difference is measured at the both
ends of a submarine telephone cable laid at the
bottom of a channel, the total volume transport
of water flowing through the channel at any in-
stant can be estimated.

LoNGUET-HIGGINS (1949) first introduced the
theoretical application of the Faraday’s law for
the purpose of estimating the transport for a
shallow channel whose depth is small compared
with its width. Since then this technique has
been applied very successfully in the Dover
Strait. Bowpen (1956) indentified the main
tidal constituents of the cable voltage and
showed that they vary seasonally with sea con-
ductivity. He also estimated residual flows
using a calibration factor derived from the tidal
signal and correlated them with local winds and
sea-level gradients. Since BOWDEN’s experiment
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Kwan University, Korea

*2 Department of Oceanography, Seoul National
University, Korea

*3 Korea Ocean Research and Development Insti-
tute, Korea

*4 Korea Telecommunication Authority, Korea
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CARTWRIGHT and CREASE (1963), PRANDLE and
HARRISON (1975) also used this method to study
water movements in the Dover Strait while
HucgHes (1969) and PranpLE (1980) applied
this method in the Irish Sea and Pentland Firth
respectively. ALock and CARTWRIGHT (1977)
analyzed 10—-year’s voltage records in Dover
Strait for tidal and non-tidal effects.

The theoretical work of LoNGUET-HIGGINS
(1949) had been advanced by SANFORD and
Frick (1975) and RoBinsoN (1976). ROBINSON
(1977) described a theoretical model which was
capable of predicting the potential difference
across the Dover-Sangatte cable.

LARSEN and SANFORD (1985) described the
Florida Current volume transport from voltage
measurements and recently LARSEN (1991) used
in-service undersea telephone cable with repeat-
ers to estimate the Florida Current transport.

In the Korea Strait KAWATATE et al. (1991)
obtained a time series of the electric voltage
records at the Japanese side of the submarine
cable buried between Pusan and Hamada for the
period of July 1987 to February 1988 together
with a set of the current records measured
southeast of the Tsushima Island. A cross-
spectral analysis showed a strong correlation
between the voltage and current variations.

There have been earlier efforts to estimate the
transport passing through the Korea Strait and
flowing into the East Sea (HIDAKA and SUZUKI,
1950; Y1, 1966). However, because of shal-
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Fig.1. Location map of submarine telephone
cable and RCM current meters.

lowness of this region, dynamic calculation of
geostrophic flow has a limitation of determin-
ing the reference level. One of our objectives is
to apply the voltage measurement technique in
the Korea Strait for a long-term monitoring of
the transport variation of the Tsushima Cur-
rent. As a follow-up of the measurements at

Signal Source

1 1
1 1
1 I
' 1
| Power 1 i
Supply ——P4--------- P4——— Supply

La mer 30, 1992

Hamada Station, we took data of voltage varia-
tion at Pusan Station of the underwater cable
across the Korea Strait beginning March 1990.
This paper describes the preliminary results of
data analysis to investigate the usefulness of
the voltage records. We analyze one year data
focusing at fluctuations at tidal frequencies
mainly.

2. Data

The submarine cable between Pusan and
Hamada is 281 km long, oriented mainly in the
east-west direction and contains 50 repeaters
(Fig. 1). The essential elements are shown in
Fig. 2. We installed the data logger at the Pusan
Submarine Cable Relay Station and have re-
corded the voltage fluctuations since March 29,
1990. The power supply voltage (Vs) is about
—550 at Pusan and about +550 at Hamada,
which compensate each other maintaining 1100
volts between two stations. This power voltage
is measured from a pair of test points divided
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Fig. 2. Essential elements of submarine telephone cable for monitoring motion-induced

voltages.
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Fig.3. Examples of (a) raw data and (b) filtered hourly data of voltage variations from

May 3 to 6.

by 1000 at Pusan. The power supply current (I)
is about 156 mA and determined from the volt-
age Vi measured from a pair of test points con-
nected across a 10 ohm resistor. This power
current flows through the power supply filter,
the submarine cable and the repeaters and re-
turns to the sea-earth ground through the ocean.
Data acquisition system is further described by
BaHk (1991) separately.

The logger samples the voltage every minute,
which is an average over 8 seconds. About every
10 days, the data are retrieved through a dial up
modem system. The retrieved raw data are fil-
tered and subsampled to obtain hourly data for
final analysis.

These cable voltages previously have been
measured at Hamada Station from 1987 to 1988

(KAWATATE, 1991), and have continued to
record at the same time as our recording. In this
study we used one year data to March 20, 1991
at the Pusan and analyzed these data with
RCMY current meter data moored from May 11
to June 29, 1990 approximately at the mid-point
of cable (Fig. 1).

3. High frequency response

An example of the raw data from May 3
through 6 is shown in Fig.3(a). The voltage
fluctuates between about —552 and —551 volts
with a conspicuous semidiurnal periods.

In order to check the quality of our data and
the significance of high frequency response, we
selected sample data during 3 days in May,
August, November and February, and calculated
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Fig. 4. Power spectra of about 3 days in each month.

the spectrum for each data (Fig. 4). These spec-
tra are very similar to each other, linearly de-
creasing with frequency in logarithmic scale for
frequencies corresponding to the period shorter
than one hour. The decreasing slopes are —1.05,
—1.03, —1.08 and —1.12 respectively, same in
each month with the mean of —1.08. WuNscH
(1972) showed that the logarithmic slope was
—3.5 above 2 cph in the ocean. The nearly con-
stant slopes suggest that voltage response is
systematic but may not be oceanic for high fre-
quencies. Bank (1991) suggested that the fast
random change of less than 60 minutes was most
likely -caused by noises occurred from the cable
system.

4. Voltage variation of hourly data
Because of our interest in the long-term varia-
tion, we applied a lowpass filter as follows.

xo(t) =(1.5/N)x(t)

+3 Frix (40 +x (6]
r=1

Fr cos® ¥ Qr sin(1+ %) Qr/2N sin % Qr,
(Q=n/N)

where N=18. The cut-off period of this filter is
2 hours with a half-power point at 4 hours. Fig.
o shows the amplitude response and cut-off

1.0 T
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4
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n ]
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a:.0 ]
i Tt 1 t 1
] 12 3 4
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Fig. 5. Frequency response of filter used in
analysis : 1. 0.00069 cpom (24 hours), 2.

0.00139 cpm (12hours), 3. half-power
point 0.00417cm (4hours), 4. cut-off point
0.00833 cpm (Zhours).
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Fig. 6. (a) Spectrum of the hourly low pass
cable voltage data, (b) energy conserving
spectrum of same data.

frequency. The filtered series are subsampled
every hour for final analysis. The example of the
subsampled data is shown in Fig. 3 (b).

Fig. 6 (a) is the spectrum of the low pass data
and Fig, 6 (b) is energy conserving spectrum of
the same data. Most energies are contained in
the low frequency with the period longer than
about 20 days, with peaks at periods of half a
month (0.003 cph), diurnal (0.0416 cph), semi-
diurnal (0.0806 cph) and 8 hours (0.1248 cph).
All these peaks correspond to tidal frequencies
and semi-diurnal component has the highest
peak among them. We compare the cable voltage
with the north-south component of current
measured by RCM7 and sea level changes at
Pusan during the same period (May 11 to June
26). Fig. 7 indicates higher frequency voltage

fluctuations superposed on a steadily increasing
mean value. The fluctuating ranges of the speed
and sea level change have a periodicity of about
half a month. The spectra (Fig. 8) show that the
north-south speed and sea level change also have
large energies in the low frequencies and peaks
at the same periods as the cable data. It should
be noticed that the diurnal peak is higher than
semi-diurnal one in the spectrum of the north-
south speed unlike those of cable voltage and sea
level change. It is speculated that low energy of
the current is related to the closeness of the
amphidromic point of the semi-diurnal tide to
the location of the current meter mooring (Fig.
9; OpamMaxi, 1989).

5. Tidally induced voltage variations

As shown by spectral analysis the tidal com-
ponents are dominant in the cable voltages as
well as the current speed and the sea level
changes. Thus we further analyzed the relation-
ship by the harmonic analysis. The hourly val-
ues of cable voltage were analyzed in 9 discrete
blocks of 29 day duration. The blocks started on
the first day of each month from April 1990 to
January 1991. The hourly values of the current
speed and the sea level change were analyzed in
block of 29 days from beginning of the current
meter mooring. The analysis was performed
using “TIRA” program from Bidston Observa-
tory, IOS (Korea Ocean Research and Develop-
ment Institute, 1979) which is based on a least
squares harmonic method. The close frequency
constituents were separated by reference to. the
values of the constituents of the vertical tides in
Pusan.

(@) Harmonic analysis of cable voltages

The variation in each month’s analysis of
cable voltages is shown in Table 1. Table 1(a)
represents the amplitude and (b) the phase.

For diurnal constituents while O, is consistent
from month to month, but the other constitu-
ents Q:, Mi, Pi, K: vary markedly. Following
PrRANDLE and HarrisoN (1975), we think that
this variation can be attributed to both the dif-
ficulty in separating these constituents from 29
day data set and to the electromagnetic tide of
solar diurnal periodicity. Amplitudes show that
K. is the largest and O: is the second. Among
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Fig. 7. Time series of (a) the filtered voltage, (b) north-south speed measured by RCM7
and (c) sea level change at Pusan during May 11 to June 26

the semi-diurnal constituents M. is the most
dominant and consistent in amplitude and
phase. The semi-annual fluctuation of the am-
plitudes of S; and K: constituents can be inter-
preted as interference between the two
constituents which appears when the analyzed
time series is not enough (RixusHi, 1982). The
ter-diurnal constituents are smaller than semi-
diurnal ones and MK; is the largest. The
quarter-diurnal constituents are relatively
small.

A spectral analysis of both hourly voltages
and residual voltages was made. Desipite re-
moval of tidal constituents considerable varia-
tions remain in the residual. The variations
have the energies of about 45 percent of hourly
data.

(b) Harmonic analysis of the current speed and

sea level change

Table 2 shows the results of the analysis of
current speed, sea level change and cable volt-
ages during the same period.

While the semi-diurnal constituents are larger
than diurnal ones in the cable voltages and sea
level changes, the semi-diurnal constituents are
not larger in the current speed. For diurnal con-
stituents K; is the largest, O: is the second and
Pi is the third in three records However, for the
semi-diurnal constituents S: is larger than M in
the current speed, while M. is larger in cable
voltages and sea level changes.

The results of the phase show that in the speed
and sea level S. tides are about one hour later
than M;, which corresponds to OnpaMAKI (1989),
but S: tide in cable voltage is about 7 hour later.
The phase differences between the voltage meas-
urements and speed may occur because the cable
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Table 1.(a) Harmonic constants of the cable voltages in each month (amplitude).

Constituents | Apr | May | Jun Jul | Aug | Sep Oct | Nov | Dec | Jan | Mean| SD

Zo 0.00|551.445] 550.809 549.789| 549.516| 550.382( 550.229| 550.998 552.321| 552.860| 553.410{551.176] 1.248
Mu 0.54] 0.106] 0.482| 0.539| 0.617, 0.066] 0.315 0.383] 0.284| 0.321] 0.209] 0.332] 0.170
Mg 1.02( 0.030; 0.211] 0.291] 0.051 0.085 0.031 0.257, 0.125 0.236] 0.145 0.146| 0.092
Q: 13.40f 0.031; 0.003] 0.038 0.005 0.020; 0.013] 0.022) 0.019] 0.023 0.009 0.018 0.011
oh 13.94/ 0.045 0.050| 0.057, 0.058 0.050| 0.059] 0.064 0.070, 0.060| 0.046] 0.056 0.008
M, 14.49) 0.008 0.012] 0.020 0.011 0.002] 0.021 0.040[ 0.020] 0.012} 0.042 0.019 0.012
P, 14.96) 0.011] 0.017] 0.033] 0.040, 0.043] 0.040] 0.030] 0.029] 0.015] 0.015 0.027 -0.011
PL 14.92| 0.001] 0.001] 0.003] 0.003 0.003 0.003 0.002 0.002 0.001 0.001] 0.002] 0.001
K, 15.04] 0.033] 0.053 0.101] 0.121] 0.131) 0.123) 0.093] 0.090f 0.046| 0.045 0.084] 0.035
PSL 15.08] 0.001] 0.002] 0.004] 0.004| 0.005 0.005 0.003 0.003 0.002] 0.002 0.003 0.001
PHL 15.12] 0.002( 0.003/ 0.005 0.006| 0.007| 0.006] 0.005 0.005 0.002] 0.002| 0.002] 0.002
J1 15.59| 0.003] 0.022] 0.029] 0.026] 0.020] 0.035 0.023] 0.018 0.016) 0.032 0.022| 0.009
00: 16.14] 0.018| 0.017| 0.007, 0.007, 0.007, 0.009] 0.010; 0.023] 0.011) 0.011] 0.012] 0.005
MU, 27.97, 0.014{ 0.008] 0.000, 0.011| 0.012 0.020, 0.013{ 0.006, 0.0271 0.036| 0.015 0.010
N. 28.44) 0.037| 0.039] 0.026 0.038 0.022 0.028 0.035 0.012] 0.048/ 0.038 0.032 0.010
NU, 28.51) 0.006| 0.006/ 0.004] 0.006/ 0.004] 0.005 0.006] 0.002] 0.008 0.006| 0.005 0.002
M. 28.98 0.168] 0.140; 0.148| 0.163] 0.140, 0.145 0.182f 0.175| 0.184] 0.138| 0.158 0.017
L. 29.53| 0.013] 0.016] 0.007, 0.007] 0.011; 0.022| 0.013] 0.024] 0.014] 0.026] 0.015 0.006
T, 29.96| 0.004) 0.001 0.011] 0.006| 0.002 0.001] 0.002| 0.004; 0.008 0.001 0.004] 0.003
S: 30.00] 0.044{ 0.011 0.128, 0.073] 0.019; 0.010] 0.028 0.049] 0.094| 0.016{ 0.047 0.038
K., 30.08 0.012] 0.003 0.035 0.020] 0.005] 0.003| 0.008 0.013 0.026/ 0.004] 0.013] 0.010
2SM; 31.02) 0.013/ 0.008] 0.013 0.024] 0.018/ 0.015] 0.005 0.002] 0.008/ 0.015 0.012] 0.006
MO, 4293 0.015] 0.007| 0.011} 0.006; 0.018 0.001 0.014; 0.007 0.004 0.010; 0.009] 0.005
M; 43.48 0.009) 0.002] 0.017, 0.007] 0.004| 0.007| 0.004) 0.026] 0.015; 0.006/ 0.010; 0.007
MK, 44.03] 0.017) 0.019] 0.015 0.012] 0.020{ 0.014] 0.014] 0.011] 0.029] 0.010] 0.016] 0.005
MN, 57.42) 0.004/ 0.008] 0.008 0.004 0.013| 0.008 0.014] 0.007, 0.003{ 0.003] 0.007, 0.004
M, 57.97| 0.006| 0.008 0.015 0.011f 0.013 0.002] 0.009] 0.009] 0.005 0.006] 0.008 0.004
SN, 58.44/ 0.000] 0.012] 0.010{ 0.012 0.003| 0.011 0.002] 0.009] 0.015( 0.015 0.009 0.005
MS, 58.98/ 0.009| 0.008 0.008 0.007| 0.010, 0.014] 0.006] 0.014] 0.010; 0.005 0.009] 0.003
2MN, | 86.41) 0.006) 0.001) 0.005 0.001] 0.007; 0.000[ 0.002] 0.005 0.003 0.005 0.004 0.002
M, 86.95/ 0.004| 0.002) 0.003] 0.004] 0.004{ 0.007| 0.004) 0.005 0.004 0.002| 0.004| 0.001
MSNs | 87.42) 0.004/ 0.006] 0.003 0.005 0.003; 0.002] 0.006/ 0.004] 0.007) 0.005 0.005 0.002
2MS, 87.97) 0.004 0.003] 0.002) 0.005 0.006; 0.001 0.004) 0.004] 0.009 0.007] 0.005 0.002
28M 88.98/ 0.004{ 0.010; 0.003] 0.005| 0.012| 0.003] 0.008 0.004] 0.005 0.009; 0.006; 0.003

=0.1 8/mand «£:=5 O/m(UTADA et al., 1986),
magnetic intensity Z=0.485 Gauss (Korea Insti-
tute of Energy and Resources, 1990), L=281 km
and D=130 m. By the relationship from
LoNGUET-HIGGINS , mean speed per one volt is
about 167 cm/sec/volt, which is equal to the
transport 57.18 Sv/volt, while 141 c¢m/sec/volt
in the Dover Strait. Thus above simple estima-
tion is thought to be correct in the order of mag-
nitude.

6. Seasonal variation

Fig. 10 is a time series of the low pass data
from Mar. 29, 1990 to Mar. 20, 1991. From
March the voltage increased and reached a maxi-
mum in July and then decreased to a minimum
in January. A significant seasonal variation ap-
pears with a range of about 5 volts. Neverthe-
less the seasonal variation does not appear in
the voltage records at Hamada during the same
period (personal communication). LARSEN
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Table 1.(b) Harmonic constants of the cable voltages in each month (phase).
Constituents Apr | May | Jun dJul | Aug | Sep Oct | Nov | Dec | Jan | Mean| SD
Frequency )

Zo 0.00] 0.000, 0.000] 0.000 0.000f 0.000; 0.000[ 0.000] 0.000] 0.000, 0.000

My 0.54| 7.328)141.405|215.794| 63.302| 51.011}239.938|190.761|175.845|264.163|205.672| 10.748|126.827
Mg 1.02| 251.805|251.259| 265.395| 238.586 146.935| 69.183|202.547|233.828/214.321| 99.762| 35.686|136.665
Q: 13.40]256.734]141.907| 263.699| 282.718| 283.226| 248.052 178.647,279.514( 279.937| 140.565| 66.222|139.246
O 13.941263.050 269.610 256.234| 272.107| 249.132| 300.869| 285.522| 297.978| 293.598| 245.767| 273.364] 19.193
M, 14.49|171.114)249.354|144.817| 12.767|334.968 262.555 17.760|196.436]340.891, 76.373|316.426| 97.280
P, 14.96|293.481 266.674| 251.797| 258.463| 239.712; 300.691| 339.655) 349,791} 260.475| 320.487| 287.019] 36.704
PL 14.92|  9.872343.065]328.188]334.854/316.103| 17.082| 56.046] 66.182|336.866|306.878|353.320| 38.694
K, 15.04|286.891| 260.084| 245.207| 251.873| 233.122/ 294,101} 333.065| 343.201| 253.885| 313.897) 280.429| 36.704
PSL 15.081199.354|172.547)157.670] 164.336| 145.585| 206.564| 245.528| 255.664) 166.348; 226.360| 12.892|148.242
PHIL 15.12)308.941| 281.134] 267.257| 273.923| 255.172| 316.151| 355.115|  5.251}275.935) 335.947| 302.363| 36.765
J. 15.59] 0.434|317.875| 14.555/351.044| 6.063]240.921)234.042) 36.162] 37.650| 80.438| 0.444] 64.384
00, 16.14] 24.545(240.302{340.888| 207.183] 225.154/ 333.156, 85.410, 80.388|233.239|327.258|303.114] 85.290
MU, 27.97/291.342)101.276]127.601| 272.403| 54.847)285.035 55.910| 91.573| 50.211|301.676| 34.007| 79.689
N: 28.44/336.729] 1.398]301.795|335.032 77.894|331.962)323.545|312.443|347.572|294.578(333.850| 38.626
NU. 28.51|332.053| 356.722(297.119]330.356] 73.218|327.286|318.869|307.767| 342.896| 289.902329.174| 38.626
M. 28.98| 2.046|348.851|355.929]359.475/359.640| 6.034| 10.450(355.720/353.190] 4.136|359.546| 6.090
L. 29.53| 32.112117.830|157.555|255.064] 84.207|180.607|339.321|274.750|324.020} 340.555| 336.989| 100.893
T, 29.96/310.931] 250.655| 147.609| 120.896| 252.382| 15.709|311.439) 329,271 284.486/ 255.562| 285.323] 77.836
Se 30.00{ 314.006| 253.730| 150.684] 123.971| 255.382| 18.784|314.514|332.346| 287.561|258.637|282.417, 77.860
K. 30.08| 306.353| 246.077|143.031] 116.318| 255.457| 11.131|306.861|324.693| 279.908( 250.984| 284.370| 78.258
2SM. 31.02/353.0841175.820| 242.359] 46.776|247.804|194.174]227.628| 98.036|211.729|345.330 13.867|123.839
MO, 42.93] 96.221) 5.420/297.738) 29.857|156.905| 20.354|133.243|270.596|199.227| 187.764| 353.828| 108.930
M, 43.48] 55.469) 47.128| 26.894|121.125/195.563| 34.357/206.059| 19.435|328.299/262.296| 35.265| 77.506
MK 44.03)211.279] 94.676|137.251|196.655) 57.469|232.130)298.747|122.867| 315.338|271.474| 33.456/129.811
MN, 57.42| 22.248/337.623|158.578|241.196| 215.224| 40.149/177.907|267.014] 35.315 75.328|348.161| 97.443
M. 57.97|234.708)142.418| 43.917,309.981!267.669| 241.539| 41.816|217.588]161.197|285.908 65.585125.120
SN, 58.44/100.234 214.400| 158.086| 343.095| 267.698| 173.8031304.420| 78.307|173.696|150.726| 352.464|129.828
MS. 58.98289.650] 260.802| 242.043| 330.661| 244.035| 143.580| 353.950|161.155{272.771|  1.104/300.275| 81.283
2MNs | 86.41|342.282(328.921126.981|278.796| 34.290283.625| 49.712! 90.814|151.471|235.251| 7.498| 89.415
Ms 86.95/241.678| 92.599|171.084|163.014| 48.806;282.664|165.720{120.088| 11.456| 1.510|301.868|113.216
MSNs | 87.421283.221) 19.178 8.292/154.901| 21.769|131.404|147.699|307.323| 194.793|326.270| 307.768|101.282
2MSs 87.97207.389) 99.470| 75.458|167.293]311.697|228.575| 14.208| 2.596(251.145| 29.916|295.124/114.605
2SMs 88.98/273.198)215.270,173.451 312.445/121.962| 26.746| 7.159| 73.250/171.637|114.905| 46.590 97.491

(1991) pointed out that the voltage variations
observed at a telephone cable station are af-
fected by temperature variations that cause
variations in the resistance of the various com-
ponents of the cable system. Actually, BAHK
(1991) found that our voltage output was
temperature-dependent. So we improved the re-
cording system to also meaure ambient tem-
perature to calibrate temperature drift.

7. Concluding remarks

An initial attempt to estimate the transport
of the Tsushima Current through the Korea
Strait using the cable voltage measurements
have been performed.

Comparing the cable voltage with current
meter observation and coastal sea level sug-
gested that the voltage variation at the Pusan
Station is closely related with the movements of
the sea water in the Korea Strait, especially



166 La mer 30, 1992

Table 2. Harmonnic constants of the cable voltage, current speeds and sea levels at
Pusan during 29 days from May 11, 1990.

Amplitude Phase Amplitude Ratio Phase Diff.
Constituents Voltage|Current|Sea Lev Voltager(;rrent Sea lev
Frequeney |5 | @ | @ | o | ap | Ve | He | Ve | He
Zo 0.00 550.480 3.630| 64.020{ 0.000 0.000 0.000
Mu 0.54 0.115 2.396 3.539| 290.745| 309.906| 185.458| 15.458| 22.832 19.161| —105.287
Mg 1.02 0.141 2.300 2.942| 81.600] 33.324| 291.343| 16.312] 20.865| —48.276| —150.257
Q: 13.40 0.008 0.955 0.275| 320.497| 265.673] 79.136] 119.375] 34.375] —54.824| 118.639
O: 13.94 0.053] 2.025 1.853| 285.378) 128.075| 106.563] 38.208| 34.962| —157.303| —178.815
M, 14.49 0.006]  0.515 0.181| 48.093| 112.137| 172.890| 85.833| 30.167 64.044| 124,797
P, 14.96 0.025 0.772 1.412) 269.074| 198.334| 145.364) 30.880| 56.480| —70.740] —123.710
PL 14.92 0.002 0.062 0.114| 345.465| 274.725| 221.755/ 31.000| 57.000| —70.739] —123.710
K, 15.04 0.076 2,370  4.334| 262.484| 191.744| 138.774| 31.184| 57.026] —70.740| —123.710

PSL 15.08)  0.003| 0.086] 0.157| 174.947
PHI, 15.12)  0.004] 0.122) 0.222| 284.534

J1 15.69] 0.032] 0.375 0.812] 14.728
00, 16.14|  0.021 1.356]  0.248| 265.947
MU: 27.97)  0.026) 0.476] 2.749| 102.168
N: 28.44) 0.030] 0.376] 7.180; 335.521
NU:; 28.51 0.005]  0.062 1.178| 330.845
M: 28.98|  0.154)  2.095] 40.559| 348.690
L, 29.58| 0.020; 0.086] 1.175| 171.254
T 29.96/ 0.003] 0.206] 1.508| 181.928
Se 30.00f  0.041 2.480) 18.185| 185.003
K. 30.08/ 0.011} 0.672{ 4.930| 177.350

2S5M. 31.02)  0.008) 0.979] 0.376] 74.988
MOs 42.93] 0.003] 0.788]  0.856| 241.969
M, 43.48)  0.0070  0.323) 1.060{ 102.886
MK, 44.03)  0.013] 0.317 1.015 134.132
MN, 57.42)  0.009) 0.285] 0.539] 176.340

M. 57.97  0.009]  0.213| 0.505| 317.104
SN, 58.44|  0.009| 0.479] 0.180| 179.810
MS. 58.98/  0.008] 0.435]  0.449| 300.021
2MN; 86.41)  0.002| 0.209| 0.138| 104.943
Me 86.95  0.003] 0.090] 0.079] 35.731

MSNe | 87.42| 0.005] 0.031} 0.227| 86.441
2MSs 87.97  0.003] 0.214] 0.084| 281.934
2SMs 88.98  0.004] 0.154| 0.013| 173.823

104.207| 51.237| 28.667| 52.333| —70.740; —123.710
213.794| 160.824| 30.550| 55.500; —70.740; —123.710
210.228| 219.519| 11.719) 25.375 195.500| —155.209
29.292| 223.595| 64.571; 11.810| —236.655| —42.352
263.142| 242.759| 18.308| 105.731] 160.974| 140.591

1.766| 224.066| 12.533| 239.333]  26.245| —111.455
357.090| 219.390| 12.400| 235.600|  26.245| —111.455
332.2111 234.549| 13.604| 263.370| —16.479 —114.141
347.269| 287.264| 4.300) 58.750| 170.015] 116.010

3.760| 270.078| 68.667) 502.667| —178.168|  88.150

6.835| 273.153| 60.488| 443.537| —178.168|  88.150
359.182| 265.500| 61.091| 448.182| —178.168|  88.150
134.603| 277.829| 122.375| 47.000f  59.615] 202.841
115.938| 54.463| 262.667| 285.333| —126.031| 172.494
127.871|  0.411 46.143| 151.429;  24.985| —102.475
312.314| 51.813| 24.385| 78.077| 178.182| —82.319
217.066| 160.584| 31.667| 59.889|  40.726| —15.756
336.201} 171.478; 23.667| 56.111 19.097| —145.626
107.670| 56.028| 53.222| 20.000| —72.140| —123.782
147.591| 204.826| 54.375| 56.125| —152.430] —95.195

0.541} 15.239 104.500{ 69.000| —104.402| —89.704
27.785 50.015| 30.000{ 26.333) —7.946] 14.284
21.389| 189.139| 60.200] 45.400{ —65.052] 102.698
82.720{ 35.307| 71.333| 28.000, 160.786] 113.373
323.554 70.204| 38.500, 3.250| 149.731| —103.619

tidal motions. However long-term variations
shown in first year observation notably the sea-
sonal variation are not yet to be concluded as
oceanic. Therefore responses of data logger to
the measuring environment including room tem-
perature are presently being monitored carefully
to have better quality of voltage signal for fur-
ther analysis. The long-term signal also

includes seasonal variation of the sea conductiv-
ity and geomagnetic flux (BowDEN, 1956) and
corresponding measurements are being planned.
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Ventilation of the Japan Sea waters in winter

A. S. VASILEV® and V. P. MAKASHIN®

Abstract: The Japan Sea is characterized by the unique vertical homogeneity of waters.
A numerical model of the transport stream function was developed. The model was based
on a quasi-stationary vorticity equation integrated with depth. The equation includes ef-
fects of eddy viscosity and parametrizes mixing processes that are most intensive in the
“cold” area. In integrating the equation, the relaxation and run techniques are used. The
analysis of mixing processes has been done in the “cold” area of the sea. This area is not
directly influenced by warm Tsushima and East Korea Currents. The model results and
hydrological data show that wind mixing, winter vertical circulation, large-scale three-
dimensional dynamics of waters, and deep convection of the open sea are responsible for
ventilation in the upper kilometer of the Japan Sea waters. The minimum concentration of
dissolved oxygen in a layer of 1000 to 2000 m is evidently a result of relatively weak ventila-
tion in deep waters. Bottom waters (deeper than 2000 m) are periodically replenished by
shelf waters (saturated with the oxygen), sinking down along the continental slope of
Primorye. According to estimations of shelf water density, the depth of sinking along the
continental slope is controlled by a narrow range of density in the place of formation. This

provides an important criterion for ecological monitoring of the bottom layer.

1. Introduction

The Japan Sea is a deep marginal basin, char-
acterized by the limited water exchange with the
Pacific Ocean, the East China and the Okhotsk
Seas. Numerous results of hydrological meas-
urements during more than half a century in-
variably confirm the anomalously high con-
centration of dissolved oxygen throughout all
the depths, and vertical homogeneity of waters,
most prominent in winter to the north of 41°to
42°N. Suffice it to say, that 84% of sea-water
volume is characterized by temperature of 0°to
1°C, salinity of 33.96 to 34.14 %, and the con-
centration of dissolved oxygen of 5 to 7 ulpl
(FURUOKA, 1965; Poxupov et al., 1976; Sudo,
1986; Stepanov, 1961). These data characterize
the mixing intensity of the Japan Sea waters.
For all this, by estimations, only an insignifi-
cant part of the Pacific Ocean water (inflowing
through the Korea Strait) is involved in the ex-
changing processes (HARADA and TSUNOGAI,

* Pacific Oceanological Institute, Far-Eastern
Branch, Russian Academy of Sciences,
Vladivoskok, Russia

1986).

The downwelling on the periphery of cyclonic
gyre and winter vertical circulation (STEPANOV,
1961) have been considered as the main processes
of mixing. This can give a complete explana-
tion, in particular, of the Japan Sea homo-
genization, because these processes take place in
the other Far-Eastern seas (FUKUOKA, 1965) as
well.

Many scientists have come to a conclusion
that water filling the Japan Sea basin is formed
in its northwestern part on Primorye shelf, and
then sinks along the continental slope (GAMO
and HORIBE, 1983; GaMO et al., 1986; NITANTI,
1972; Supo, 1986; ZUENKO, 1989). This process
gives a deep convection near the margins
(KiLLwORTH, 1983).

Fukuoka and Misumr (1977) in winter
cruises of 1966-1967 found areas of surface wa-
ters that sink in the northwestern part of the
sea beyond the shelf. These processes apparently
look like the results of deep convection in the
open sea (KILLWORTH, 1983).

YARICHIN and Pokupov (1982) proposed a
hypothesis that the vertical circulation cells
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exist in the northern part of the sea and are
separated by the divergence zones. Main diver-
gence zone lies in the center of the northern deep
water basin and is marked by temperature and
salinity distribution. But the reason of the ver-
tical circulation remains obscure.

Thus, there are direct and indirect indications
of a number of mixing processes. They are devel-
oped in the Japan Sea and are different in na-
ture, intensity and scales.

Development of techniques of measuring the
oceanological characteristics gives the opportu-
nity to determine fine structure of water in the
northern part of the sea that was previously
considered almost homogeneous. Under the sur-
face layer which directly interacts with the at-
mosphere, bounded by the lower boundary, and
extremely poorly exposed in winter, the interme-
diate water mass occurs, bounded at a depth of
about 1000 m by a layer of the minimum oxygen
content (GAMO et al., 1986). Deep water (1000
to 2000 m) characterized by the exponential de-
crease of temperature is separated from the
well-mixed bottom water by a transitional layer
(Gamo and HoriBe, 1983; GaMo et al., 1986).
Vertical structure gives the reason why each
layer has the individual peculiarities of ventila-
tion.

The authors make primary synthesization of
hypotheses on mixing and ventilation of the
Japan Sea water, on the basis of analysing its
large-scale dynamic structure reproduced (con-
cerning the lack of hydrological data in winter)
with the help of the hydrodynamic model. Diag-
nostic calculations of the Japan Sea water circu-
lation which are known from papers describe, as
a rule, its separate elements (KozLov, 1971;
SEKINE, 1986; Yurasov, 1979). In this study
main attention is paid to the processes of mix-
ing in the “cold ” sea area which does not un-
dergo the direct influence of warm Tsushima
and East Korea Currents. According to the hy-
potheses, this is just the place where the most
intensive mixing processes are developed in win-
ter months.

2. Model and description of data

For calculating spatial evolution of current
fields and of density, the authors use quasi-
stationary friction model considering surface

and bottom boundary layers, known spatial dis-
tribution of water density, A -effect, bottom re-
lief, shore outlines and water exchange through
the straits.

In developing the theory of diagnostic models
the principles of the second generation self-
similarity have been used; they give the oppor-
tunity to solve the spatial problem as a system
of two-dimensional equations relative to some
functions of self-similarity.

In this problem the natural self-similarity is
used for distribution of sea-water density,
which can be expressed as:

o (x,3,2,t)
=E(x,y,t) [0 (t)+dialx,y,t) (z—h)]
+do(z—R)e(t) + p'(x,y,t) ¢h)

where £ (x,y,t) is self-similarity function,
0 (z,t) stratification function determining the
vertical structure of waters and calculated by
the observed data, p°(x,y,t) density of sea-
water on the surface, a (x,y,t) some adjusting
function providing zero mass flux through the
bottom at the variable depth of the basin.
0°(x,y,t) is given. 0 (z,t) and a (x,y,t) are
determined before solving the boundary prob-
lem. And & (x,y,t) should be estimated. c(¢) is
a regulator of the “frozen” abyssal zone. h2 and

h# are depths of abyssal zone and of bottom
layer of Ekman friction. d; is Kronecher’s sym-
bols with d;=0 for z<{hi and d.=1 for z=hi.

Using the model (1) and linear form of the
horizontal exchange due to water movement, the
vector of horizontal velocity (U) is found as a
linear combination:

"

&:i‘féiﬁ,, (2)

it

where B;are square matrices determined as a re-
sult of integrating the equations of motion on
the vertical coordinate. The non-linear inertial
terms, horizontal and vertical turbulent ex-
change, variable Coriolis parameter ( B-effect)
and variable topography of sea bottom are con-
cerned in these matrices. F; is the external pa-
rameter of the problem which are related to the
dynamics and thermohaline conditions of the
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sea-surface and to the self-similarity function.
The self-similarity function & (x,y,t) is neces-
sary for calculating the spatial distribution of
density with the help of Eq. (1). It is deter-
mined after solving the equation of stream func-
tion (3) given as a result of integrating Eq. (2)
on the vertical coordinate.

L SNIN P A S e
0x

ov oy’
ﬂ 6_111'_: 7 0
+u 6x+9 3 F(T, p% 3

+6m

where v is the relaxation parameter, & :'146;;1,
& and 6 the known integral coefficients, T the
tangential stress of the wind, o the density of
water at the surface.

The scheme of solving the problem is as fol-
lows. After solving Eq. (3) by a method of re-
laxation, splitting and run, and after
determining the stream function of transport
¥ and the self-similarity function of density
£ (x,y,t), the spatial distribution of currents
velocities is determined by using (2), and the
spatial distribution of sea water density is de-
termined by (1). For calculations, a uniform
grid with spacing of 30’ in latitude and longi-
tude and standard vertical coordinate have been
used. Estimation of the dynamic influence of the
atmosphere upon the sea surface has been per-
formed on the basis of the semi-empirical rela-
tionships. Flow rates in the straits and through
the sea margins (“liquid” margins) of the re-
gion have been determined as a result of calcu-
lating the currents with the help of a special
model similar to the one considered above. For
numerical calculation the “Relaxation Method
of Minimum Errors” (MARCHUK, 1974) has
been used. Mathematical statement of the prob-
lem and description of the model are given in
VasiLiev (1988).

The initial fields of temperature and salinity
of the sea surface and vertical profiles of
hydrophysical characteristics for determination
of stratification function are taken from the
published oceanographical data on the Japan
Sea by the R/V “Priliv’ (DVNIGMI) from
March 14 till April 4 in 1974 (PokUDOV et al.,
1976). During the survey, weak variable winds
predominated. This allows us to use mean field
of the surface atmospheric pressure for March

(Altas of the Oceans, 1974), and to assume sta-
tionary regime of real geostrophic currents.

3. Results

The results of modelling the circulation inte-
grated over depth (transport) are given in Fig.
la. In the northwestern part of the sea, an elon-
gated gyre is distinguished, the northern periph-
ery of which forms the the Primorskoye Current
beginning from 44°N. The southern periphery of
the gyre is bounded by the East Korea Current.
To the northeast of the Yamato Seamount,
there is a vast anticyclonic pattern with two
gyre centers. In the southern part of the sea, a
zone of the divergence is observed from 40°N,
132°E southward. The Tsushima Current proper
streaming along the Japan seashore and becom-
ing weak in winter appears in a narrow coastal
area. Resulting diagnostic description of the cir-
culation essentially agrees with the general
scheme of the Japan Sea circulation (YARICHIN,
1980) deduced by using the “dynamic heights
method” (PokUDOV and TUNEGOLOVETS, 1975)
and from the satellite data in winter (HUH and
SuiM, 1987). The cyclonic gyre of the north-
western part of the sea is absent in some studies
on circulation models (KozLov, 1971; SEKINE,
1986; Yurasov, 1979). In the present model,
the inflow of the Pacific Ocean water through
the Korea Strait amounts to 0.63 Sv. This value
exceeds the estimate of water transport through
the strait in March of 1974 (0.26 Sv) (PokuDOV

and TUNOGOLOVETS, 1975). Still, it is close to
the mean value for March (0.58 Sv) (LEoNOV,
1960). According to this calculation, outflow-
ing transport through the Straits of Tsugaru,
La Perouse, and Tatarskiy are: 89%, 8% and
3%, respectively.

An additional numerical experiment aiming
at determination of circulation pattern induced
by the wind stress and surface heating and cool-
ing has been performed. In this experiment, the
gradients of atmospheric pressure three times as
large as those of the previous experiment have
been considered. This corresponds to the pres-
sure gradients when deep cyclones pass in the
northern part of the sea area. The temperature
of water surface in the northwestern barotropic
part of the sea has been decreased by 0.1 to 1.4
°C to such an extent that the density of surface
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Fig. 1. Stream lines of integral circulation of the Japan Sea water (Sv).
a-average March field of atmospheric pressure is used;
b-atmospheric pressure gradients are increased by a factor of 3.

solid circles - divergence zones

open circles - oceanological sections

water becomes the same as that at 400 m depth.
This shows the result of the convective mixing in
the whole active layer.

The change in atmospheric pressure field has
led to the increase of the maximum velocity of
the wind from 6 mps in the initial field to 17
mps (affer data of Vladivostok weather station
in March). At the coast the wind of more than
15 mps speed has been observed during 5 to 6
days. So, general intensification of the circula-
tion has taken place. The quasi-stationary
cyclonic gyre centered within 42°to 43° N and
134°to 135°E has been formed (Fig. 1b). In the
infrared image of the sea surface obtained from
the satellite on March 29 in 1979, a vast area of
upwelling water characterized by low tempera-
ture has been observed exactly at this place
(Hun and SuiM, 1987).

4. Discussion

The data on ventilation processes of the Japan
Sea waters is presented (Table 1). The results of
model calculations are used to explain these
processes.

The thickness of surface homogeneous layer
mixed by the wind (without considering the con-
vection) was calculated by a previous model
(VasILIEV, 1988). With the climatological at-
mospheric pressure data, thickness of the homo-
geneous layer is varied from 3 m in the south-
western part of the sea to 33 m near the sea-
shore of Primorye. Increased gradients of the
atmospheric pressure simulating storm in the
numerical experiment lead to lowering the lower
boundary of the mixed layer in the north-
western and northern parts of the sea down to
50 to 100 m. It may be concluded that even dur-
ing strong winds, direct atmospheric influence
does not penetrate deeper than 100 m, thus it re-
stricts the role of wind mixing in ventilation of
the lower layers (Table 1, Item 1).

The calculation of scales of the vertical circu-
lation conditioned by winter cooling of the sur-
face and salinity increase during the ice
formation was carried out by IzumI and ISHINO
(1985) in the Okhotsk Sea. At the latitude of
the La Perouse Strait, vertical scale of the
thermohaline convection does not exceed 80 m.
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Table 1. Main processes of ventilation of the Japan Sea in winter
Item Process Area of pre- Vertical Layer Source of in- Notes
num- dominant de- scale formation
ber velopment (m)
1. Wind mixing in all places 100 surface Vasiliev, authors’ calcu-
layer Makashin lations of thi-
(1990) ckness for the
mixed layer
2. Vertical circulation ice formation 40-80 surface Izumi, Ishino estimations for
conditioned by win- in the northern layer (1985) the Okhotsk Sea
ter cooling of the sur- and northwest- at the latitude
face layer and ern parts of the of  the La
salinity increase dur- sea Perouse Strait
ing ice formation
3. Vertical circulation divergence zone 1000 surface Yarichin, Po- hydrological
conditioned by the in the northern layer, in- kudov (1982); data
large-scale dynamic part of the sea termedi-  Yurasov,
structure ate layer Yarichin
(1990)
4. Deep convection of to the north of 200-300 interme-  Fukuoka, hydrological
the open sea, inten- latitude 41 °N diate Misumi data
sively influenced by layer Q971D
the atmosphere
5. Shelf water, sinking shelf and slope dependson bottom Nitani (1972), hypothesis
along the continental of the north- density of layer Gamo et al. based on anal-

slope (deep convec-

western coast

shelf water

(1986)

ysis of oxygen

tion near the mar-
gins)

dynamics of the
bottom water

However, this order of magnitude can not be
considered as definitive for the Japan Sea.
Along with the wind mixing, winter vertical cir-
culation takes part in forming the surface mixed
layer (Table 1, Item 2). The vertical circulation
modified by large-scale processes (upwelling in
the central part of the cyclonic gyre and down-
welling in the anticyclone) involves an essen-
tially thick layer of water. Fig. 2 presents
dome-like isolines of salinity and dissolved oxy-
gen concentration at a section carried out in
March of 1982 (Yurasov and YARICHIN, in
press). Disturbance of salinity field (and corre-
spondingly, density field under a condition of
more or less uniform temperature) is traced
only down to 1000 m. The section intersects the
quasi-stationary divergence zone described by Y
ARI-CHIN and Pokupov (1982). Coincidence of
divergence zone and the quasi-stationary
cyclonic gyre presents interesting features of
embedded mesoscale eddies (Fig. 1la). It is

supposed that the origin of convergence zone and
related pattern are associated with the areas of
upwelling in the center of cyclonic gyre. By the
large-scale vertical circulation, the intermediate
layer (up to 1000 m) is also ventilated. Below
that layer the dissolved oxygen content reaches
the minimum (Table 1, Item 3).

It is known that increased wind stress may
lead to mixing of the upper layer with decrease
of the buoyancy of that layer and eventually af-
fects convection of the deep layer. Besides, in-
tensified wind stress may cause weakening of
stratification in the density field. The process
of deep convection in the open sea passes
through several phases of its development and is
characterized by the hierarchy of scale ranging
from the elementary cells to the inner areas of
meso-scale cyclonic vortices, of which the scale
is determined by the Rossby deformation radius
(Gascarp and CLARKE, 1983; KILLWORTH,
1983). Along the section carried out in February
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Fig. 2. Vertical section of salinity and concentration of dissolved oxygen in a divergence zone
(Fig. 1la-A) in March of 1982 (Yurasov and YARICHIN, in press).
solid line - salinity, %o; dashed line - dissolved oxygen, ulpl
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Fig. 3. Vertical section of: a) salinity (%), b) concentration of dissolved oxygen (1pl) (Fig. 1b-B) in
February of 1966. Dashed lines show secondary salinity minimum and oxygen maximum. The
depth of extreme occurrences varies from 75 to 250 m (Fukuoka and Misumi, 1977).

of 1966 (FUKUOKA and Misuwmi, 1977) the near- some locations from 50 m to 250 m (Fig. 3b).
surface salinity minimum and maximum of dis- The data of coastal weather stations indicate
solved oxygen concentration are lowered at that the period of survey of the section was
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Table 2. In situ density of the northern basin water of the Japan Sea, and of adiabatically sinking
shelf water with different initial characteristics; T and S values of the under-surface layers are
taken from Gamo and Horibe (1983) and Ohwada and Tanioka (1972)

Background values

H

0., of shelf water

Layer (m) in situ T S o T=0.00C T=-186C
9] (%) o 5=34.00% S=34.10%

Surface layer 0 >0.00 <(34.100 <217.380 27.299 27.450
Intermediate layer 500 0.42 34.068 29.686 29.658 29.836
1000 0.15 34.070 32.036 31.993 32.197
Deep layer 15685 0.15 34.074 34.800 34.760 34.994
2084 0.17 34.076 37.072 37.022 37.222
Bottom layer 2583 0.20 34.076 39.317 39.272 39.483
3145 0.26 34.068 41.530 41.498 41.721

preceded by short periods (3 to 5 days) of strong
wind with speeds of 20 to 25 mps accompanied
by the air temperature drop of 22 to 25°C. Posi-
tion of the area of surface water sinking coin-
cides with the periphery of the quasi-stationary
cyclonic gyre (Fig. 1b-B). These data indicate
the presence of the neutral stratification extend-
ing to the north of 41° N as a result of accumu-
lated effect of deep convection during previous
weeks (Fig. 3b). The temperature range is small
and density of the Japan Sea water depends on
the salinity. The subsequent development of the
vertical process is probably due to the absence of
intermediate water mass with anomalous
thermohaline characteristics relative to the
upper and lower layers. Heavier upper layer den-
sity caused by interaction with the surface layer
leads to the release of additional potential en-
ergy, leading to the convection down to the bot-
tom, as it takes place, for example, in the
Mediterranean (Killworth, 1983). In the Japan
Sea, deep convection causing sinking and
isentropic spreading provides ventilation of the
intermediate layer (Table 1, Item 4).

Dissolved oxygen in the well-mixed Japan Sea
bottom water (deeper than 2000 m) is mixed
into the bottom layer of the oxygen saturated
shelf water that sinks along the continental
slope of Primorye to the south of 45°N (Table 1,
Item 5; GaAMO and HoriBg, 1983; GaMo et al.,
1986; N1TANI, 1972; ZUENKO, 1989). Therefore,
this process may be classified as deep convection
near the margins (KILLWORTH, 1983). Indeed,

the shelf area including the shelf of the Peter the
Great Gulf is a natural source of the cold dense
water. Extremely intense ice cover of the gulf
leading to salinity increase during a formation
period of the permanent ice is an additional
source of negative buoyancy. Winter monsoon
provides removal of the dense water towards the
continental slope. Table 2 gives the background
values of in situ density of the northern basin
water and corresponding density of the shelf
water that sinks adiabatically. Comparison be-
tween these values shows that the depth of shelf
water penetration is controlled by the small
range of temperature and salinity. Their charac-
teristics are determined within this range in
winter. At T= 0.00°C and S = 34.00 %o, shelf
water spreads only in the surface layer. By low-
ering the temperature to — 1.86°C (freezing
point at S = 34.10 %), the shelf water may
reach to the bottom, when taking account of the
density distribution.

The observed exponential temperature change
in a deep layer of the Japan Sea (1000 to 2000 m)
indirectly confirms that it is formed by sinking
of the intermediate layer to the homogeneous
bottom layer. Deep layer is the most probable
place where the small-scale heat and mass trans-
fer processes develop. Mixing of the bottom
layer may be partially initiated by the shelf
water injections. NITANI (1972) considered the
entering of shelf water into the bottom layer to
occur only in severe winters. Studies of the long-
period series of freezing dates for Suva Lake
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(GORDON et al., 1985; TANAKA and YOSHINO,
1982) lead us to the conclusion that the occur-
rences of the extremely severe winters in the
Japan Sea are at about ten years intervals. Such
periodicity is also confirmed by spectral analy-
sis of the time series of the surface water tem-
perature near the western coast of Japan
(WATANABE et al., 1986). There is yet no an-
swer to the question of how often shelf water
reaches to the bottom. For correctly estimating
the volume of bottom water produced above the
shelf of Primorye and renewal time of the deep
sea layer, special investigations are needed.
Only the first steps have been taken to resolve
this problem (Gamo and Horisg, 1983; Ha-
MADA and TSUNOGAI, 1986). At the same time,
determination of place of the bottom water for-
mation and of conditions necessary for develop-
ment of deep convection is the key to the
ecological monitoring of the Japan Sea bottom
layer.

5. Summary

1. Unique combination of the bottom topogra-
phy, coastline shape outlines, climatic condi-
tions and large-scale dynamic structure of the
northwestern Japan Sea leads to intensive devel-
opment of the mixing processes (different in na-
ture and scales) responsible for the vertical
homogeneity of the sea-water in the Japan Sea.

2. Wind mixing, winter cooling, large-scale
vertical circulation and deep convection of the
open sea drive the processes of ventilation in the
upper kilometer of the Japan Sea waters. Bot-
tom layer is injected by shelf waters sinking
mainly along the continental slope of Primorye.
Minimum concentration of the dissolved oxygen
in a layer of 1000 to 2000 m is probably the re-
sult of the relatively weak ventilation of the
deep water.

3. The depth of shelf water penetration is con-
trolled by a small range of temperature and sa-
linity at the location of deep water formation,
which is important for ecological monitoring of
the bottom layer.
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An estimation of extreme sea levels in the northern part
of the Sea of Japan

Alexander B. RABINOVICH", Georgy V. SHEVCHENKO"
and Svetlana E. SokoLova*®

Abstract: Extreme sea levels arising from combination of tides, storm surges, seasonal
sea level variations, and tunamis were estimated for the Russian coasts of the Sea of Japan
by the joint probability method. The individual sea level components were studied sepa-
rately and subsequently their combined effects were considered. The highest extreme eleva-
tions were found at the stations De Kastri and Rudnaya Pristan, the lowest ones at the
stations Nakhodka and Kholmsk. Several components play the essential role in the differ-
ent sea areas: tides in the northernmost part of the Tartar Strait, tunamis in the region of
Rudnaya Pristan, surges all over the coast. The tunami influence is negligible for short re-
turn period but may be important for long return periods.

1. Introduction

The intensive development of coastal areas,
the construction of complex and expensive struc-
tures (such as nuclear power stations) increase
the risk of flooding (or draining) and require
the precise estimation of extreme high (or low)
sea levels. The variability of sea level near the
coast is related to various factors: tides, storm
surges, seasonal fluctuations, tsunamis etc. The
coincidence of these factors causes abrupt
growths of the sea level, as it was observed, for
example, on 5 November, 1952 in Severo-Kurilsk,
Paramushir Is., where the catastrophic tsunami
occurred at the high water of the spring tide
(RABINOVICH and SKRIPNIK, 1984). With the en-
largement of the time period, the probability of
the coincidence of different unfavorable factors
increases. It is natural that the relative impor-
tance of these factors (sea level components) de-
pends sufficiently on the physical and geo-
graphical peculiarities of the specific regions.

The Sea of Japan is a proper object in this re-
spect. Strong tides are observed in the northern
part (in the region of the Tartar Strait) and in

* Institute of marine Geology and Geophysics,
Far East Branch, Russian Academy of Sci-
ences, Yuzhno-Sakhalinsk - 2, 693002, Russian
Federation

the south (in the Korean Strait). Devastating
storm surges are common for the coastal re-
gions finally. The tragic events due to the tsu-
nami on 26 May, 1983, when more than 100
persons were killed (ABE and IsHir, 1987), have
demonstrated a serious danger of this phenome-
non for human lives and industrial activities on
the coasts of the Sea of Japan. The reliable esti-
mates of extremely high sea levels in this region
as result of superposition of different sea level
components, and the investigation of their rela-
tive role are an interesting scientific theme and
also an important applied science problem.

The Gumbel’s method based on annual ex-
treme analysis of long observational series is
commonly used for estimating maximum and
minimum sea level elevations caused by storm
surges and tides (for example, LENNON, 1963;
GRAFF, 1981; WALDEN et al., 1981; GERMAN
and LEvikov, 1988). However, this method has
limitation to evaluate extreme height which is
related to superposition of tides or surges with
rare events such as tsunami.

There are other methods devised specially to
estimate tsunami risk and to construct tsunami
zoning schemes without taking into account
other dangerous factors (RascoN and VILLA-
REAL, 1975; Go et al., 1985). These methods are
quite suitable for the regions where tsunami
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waves are manifested, being the most important
cause of marine flooding (or draining), e. g. for
the Pacific coasts of Russia or Japan, but are of
little importance for the coastal areas exposed
to various disasters of equal worth.

There are only a few attempts to deliberate
tsunamis together with other sea level compo-
nents. GARrciA and Houston (1974) considered
statistical effects of the astronomical tide in
the prediction of tsunami runup for southern
California coast. RABINOVICH and SKRIPNIK
(1984) used joint probability method (PUGH and
V AssIE, 1978, 1980) to estimate contribution of
tsunamis, tides and storm surges to extreme lev-
els for the region of Severo-Kurilsk. The appro-
priate method based on separate analysis of
different sea level components and subsequent
combination of their probability functions have
been later improved by RABINOVICH and
SHEVCHENKO (1990) to analyse the possible
flooding on the northeastern coast of Sakhalin
Island. The same method is chosen in this paper
to evaluate extreme sea levels for the Russian
coast of the Sea of Japan and to estimate the
relative importance of various factors.

2. The analysed data

Hourly tidal gauge values obtained in the
World Data Center-B1 Obninsk at 9 coastal sta-
tions (Fig. 1) were used for analysis. The
lengths of the records varied from 3.8 years for
Sovetskaya Gavan to 12 years for Posyet,
Nakhodka and Uglegorsk (Table 1). Most of
the records were quite complete except for a few
gaps when tidal gauges were out of work or had
data of low quality. Two and half years were
absent in the records of Vladivostok (1 July

L " saknhalin
4 Is.

e k]

1] I3 i 1]

Fig. 1. Location of coastal tidal gauge stations.

1980-31 December, 1982), eight and half months
in Rudnaya Pristan (19 December 1985-31
August 1986), two months (November—Decem-
ber, 1980) in Sovetskaya Gavan, one month
(January, 1983) in Kholmsk, and two weeks in
Posyet (1-14 February 1980). All available data
carefully edited and corrected were used to esti-
mate probability distributions of tidal and
storm surge (non-tidal residual) components.
Non-systematic gaps in the data are of no conse-
quence to this kind of analysis (PugH and
VASSIE, 1978).

Time series of monthly mean and maximal sea
levels for these stations (Table 1), and data on

Table 1. The list of sea level data.

Hourly data

Monthly data

Stations

Duration, years Period Duration, years Period
Posyet 12 1977-88 36 1950-85
Vladivostok 9.5 1977-80, 198388 59 192645, 1947-85
Nakhodka 12 1977-88 38 1948-85
Rudnaya Pristan 11.4 1977-88 46 1948-79
Sovetskaya Gavan 3.8 1977-80 32 1974-86
De Kastri 11.4 1977-88 13 1974-86
Uglegorsk 12 1977-88 24 1963-86
Kholmsk 11.9 1977-88 40 1974-86
Nevelsk 11 1978-88 37 1974-50, 1954-86
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individual storm surges for Vladivostok (1926
-1953) and Posyet (1951-1985) completed by
Firsov (1989) were used to obtain more accu-
rate estimates of extreme sea levels.

3. Methods

The joint probabilty method (JPM) at first
was proposed by PuGH and Vassie (1978, 1980)
to investigate combining probability functions
of surge and tide, and to estimate extreme sea
levels based on relatively short observational se-
ries. Similar methods for the same purposes
were used also by WaLpen (1982), and
RaBINOVICH and SKRIPNIK (1986, 1984).
RariNovicH and SHEVCHENKO (1990) improved
the method by taking into account tsunamis and
other sea level components. Following their
work, we describe briefly the philosophy of the
method.

Sea level elevation ({) at any time (¢) may
be described as the sum of a few individual com-
ponents

(W=Z+ O+ LW+ v+ (D
D

where Z, is mean level, ¢, tides, {s seasonal
component, {, tsunami, {y meteorologically-
induced (storm surge) component, which re-
mains after mean level, tides and seasonal
oscillations have been removed from the origi-
nal records.

An analysis of sea level oscillations in the Sea
of Japan made by Sokorova et al. (1992)
proved that the residual (non-tidal) variations
and tides are practically independent, i.e. that
the interaction of tides and meteorologically-
induced oscillations in this region is weak.

In such a case, probability density Pz of
oscilations caused by various uncorrelated fac-
tors may be represented by

P:(y) :fo(xl)f Py(xs).. jo Pr-i(xy-0)Px(y

X1 X2 ... _xN71)dX1dXz...de—1,

(2

where, P; are the probability density of each
type variations, y and x; are their levels, N is
number of components.

Based on Eq. (2) with accounting (1), the

probability of the total sea level height A can be
expressed as the sum of probabilities of all pos-
sible combinations of individual components.

The probability of the sea level exceeding
height A is

F(=[P:(£)dt. (3
h

The corresponding return period may be calcu-
lated as

T(h)=(nF) ™, @

where n is a coefficient related to the sampling
intervals and duration of corresponding proc-
esses approximately equal to a number of inde-
pendent samples in a year (PucH and VASSIE,
1980).

Therefore, the problem of estimation of prob-
ability function and return period for extreme
sea levels can be expressed by the probability
densities of individual components.

For evaluating sea level components, it is im-
portant to consider their physical process. Tide
is a determnistic part; based on 1 year observa-
tional series, it is possible to predict hourly
tidal levels and extreme high tides for any
reasonable periods (ZETLER and Frick, 1985;
WooD, 1986). Seasonal oscillations are quaside-
termeinistic. Their phases and amplitudes may
be changed from one year to another but, in gen-
eral, they are relatively stable. Tidal and sea-
sonal components may be combined. Tsunamis
and storm surges are stochastic processes. To
estimate their extreme heights it is possible to
use double exponential distribution (GUMBEL,
1958; PucH, 1987) as

F(h)=1—exp(—exp(—Y)), 6))

where Y=a(h—B) is the “reduced variate”, a
and B are the distribution parameters, which
may be determined from observations.

An analysis of individual components and
their extreme values is a subject of independent
interest. That is why we present here only con-
cise description of this analysis as well as esti-
mation of their combination.

4. Tidal analysis and calculation of extreme
tidal levels
High quality 1-year time series of hourly data
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Table 2. Characteristics of tidal oscillations.

Mean
. Form . h max,
Stations amplitude,
factor
cm

Posyet 0.95 11.9 20.4
Vladivostok 0.97 11.8 20.5
Nakhodka 1.08 10.7 18.9
Rudnaya Pristan 1.22 10.2 16.9
Sovetskaya Gavan  0.41 22.9 47.5
De Kastri 0.13 79.2 143.6
Uglegorsk 0.31 30.0 57.3
Kholmsk 1.39 8.8 18.1
Nevelsk 1.91 10.9 22.0

were used for harmonic tidal analysis by least
square method. Harmonic constants of 67 con-
stituents were computed for each station. In
practice, however, for these sites it is not neces-
sary to estimate all these harmonics for all the
stations except De Kastri, because strong tides
are observed only in the northern part of the
sea. The average amplitude of tides H deter-
mined as

a-(1m)" ®

=

where H; are amplitudes of 8 main tidal con-
stituents (Q., Oy, P;, Ki, Nz, My, Sz and Kz, for
all southern stations (Posyet, Vladivostok,
Nakhodka, Rudnaya Pristan, Nevelsk and
Kholmsk (less than 12 cm), and De Kastri
(about 80 cm), Table 2).

Using the harmonic constants hourly time se-
ries of predicted tides for period of 19 years
(1980-1998) were simulated for all stations. Di-
urnal, semidiurnal and shallow-water tidal har-
monics with amplitudes more than 0.5 cm were
taken into account. Period of 19 years (more ac-
curately 18.6 years) is a nodal period of tidal
harmonics. This interval is necessary for esti-
mation of high tides and correct generation of
probability density functions (p. d. f.) (PuGH,
1987). Fig. 2 shows plots of annually extreme
high tides and tidal variances for 4 stations: De
Kastri, Uglegorsk, Sovetskaya Gavan and
Posyet. Plots for all other stations are very
similar to Posyet’s ones.

Nodal cycle is well seen in variance changes.
For northern stations the highest tides corre-
spond to 1980 and 1997-98, the weakest tides to
1987-88; for Posyet and other southern stations
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Fig. 2. Interannual variability of tidal variance
and maximal tidal level at De Kastri,
Uglegorsk, Sovetskaya Gavan and Posyet.

the tidal variance change is out of phase with
northern stations. Such a tidal character is con-
nected to a Form factor

— (HK1+H01)

P Ht He ™
indicating relative importance of the diurnal
and semidiurnal constituents. Posyet and other
southern stations have mixed tidal regime. For
Nevelsk and Kholmsk diurnal tides are even pre-
vailed. In contrast with that, in De Kastri,
Uglegorsk and Sov. Gavan semidiurnal tides are
dominant (Table 2).

The periodicity of annual tidal extreme is very
different from the periodicity of variances. The
18.6-year cycle is practically not seen on the
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Fig. 3. Probability density distributions of tidal
level based on 19-year hourly predictions.

plots but cyclic variability of about 4.4 years
appears obviously for northern stations (Fig.
2). These results differ from the estimation of
extreme high (and low) tides for Kuril and east-
ern Sakhalin stations (RaBINOVICH and
SKRIPNIK, 1986; RABINOVICH and SHEVCHEN-
K0,1990) where only 8.6-year variabilities were
strongly manifested. We have provided special
tests for De Kastri. It showed that the 4.4-year
cycle is caused by K. constituent, which has

strong nodal anomaly (+0.315) and opposite in
phase to that of M; and other semidiurnal har-
monics.

The computed extreme high tides for all the
stations during 1980-98 are presented in Table 2.
Computations were done for 90 years (1901-—
1990) for three northern stations. The differ-
ence was less than 0.8 9% (142.5 and 143.6 cm for
De Kastri, 57.1 and 57.3 cm for Uglegorsk, 47.1
and 47.5 em for Sov. Gavan). Thus it is not nec-
essary to use so long tidal series in every station
for estimation of high tides.

Tidal series for 19 years were used to make up
p. d. f. with class interval of 5 cm (Fig. 3). Sea-
sonal harmonics Sa and Ssa (see next section)
also included in these calculations. The func-
tions were relatively simple and unimodal for
southern stations. They were more complicated
and asymmetric for Uglegorsk, Sov. Gavan and
intricate bimodal for De Kastri. These tidal p.
d. f. were used for further computation of ex-
treme sea level heights.

5. Seasonal variations

Seasonal changes of mean sea level in the Sea
of Japan are related with many different fac-
tors: long period tides, atmospheric pressure,
wind, solar heating, water density, circulation
etc. (M1vazaki, 1955; GALERKIN, 1960; Lisi-
TZIN, 1967; SEKINE, 1991). Due to various rea-
sons and their year-to-year changes, phases and
amplitudes of the observed seasonal harmonics
Sa and Ssa are more variable from year to year
than those of the diurnal or semidiurnal tidal
constituents (PucH, 1987).

The whole series of mean monthly sea levels
were used to compute amplitudes and phases of

Table 3. Characteristics of seasonal oscillations of sea level.

Stations Duration, Sa " Ssa - Fs
years H, cm ¢ H, cm ¢

Posyet 36 16.4 (21.1) 205.0 2.5(1.9 65.7 6.7
Vladivostok 58 15.1 (21.3) 207.0 1.8 (6.0 57.9 8.6
Nakhodka 38 12.3 (18.6) 206.9 2.6 (6.6) 43.2 4.7
Rudnaya Pristan 46 9.0 (13.2) 206.2 2.2 (8.0) o7.8 4.2
Sovetskaya Gavan 32 6.7 (10.8) 212.9 0.6 (56.0) 69.7 12.0
De Kastri 13 12.4 (16.0) 205.1 0.4 (5.7 227.9 30.2
Uglegorsk 24 8.0 (12.4) 218.0 1.1 (6.5) 322.0 7.3
Kholmsk 40 3.9( 174 255.5 3.2 (1.0) 8.4 1.2
Nevelsk 99 3.0(7.9 279.4 3.2 (6.9 8.1 0.9
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Fig. 4. Amplitudes (in cm) of annual constituent
Sa in the northern part of the Sea of Japan.

annual (Sa) and semiannual (Ssa) constituents
(Table 3). Individual yearly series were also
processed to estimate maximal amplitudes
which are presented in brackets. Computed val-
ues of seasonal constants are relatively stable
and agree well with each other. Phase differ-
ences of the annual harmonic for all stations ex-
cept Nevelsk and Kholmsk are less than 15°.
Seasonal Form Factor, similar to those for
usual tides

Fs=Hs,/Hs, ®

is from 4.2 (for Rudnaya Pristan) to 30.2 (for
De Kastri), suggesting the seasonal variations
have annual character for the greater part of the
investigated region with maximum level in July-
August and minimum level in January-
February. Similar results were obtained also by
Mivazaxt (1955), GALERKIN (1960) and others.

There is an anomaly at the southwestern
coasts of Sakhalin, where annual cyclicity is
much weaker and semiannual one is stronger
than at the other parts of the sea (Fsis 0.9 for
Nevelsk and 1.2 for Kholmsk). There are two
maxima (stronger one in December-January and

weaker one in July-August) and two minima in
this region.

A general picture of annual variation of sea
level for the region under study is presented in
Fig. 4 based on hand water level data. It is well
seen that the seasonal oscillations are small in
the southern part of the Tartar Strait and in-
crease to the north (De Kastri) and to the south
(Vladivostok, Posyet).

Average values of seasonal harmonics were
used to calculate probability density functions
together with tides. Usually maximal semi-
diurnal tides are observed during the time of the
equinoxes in March and September when the con-
stituents S; and K: are in the same phase; diur-
nal (or mixed) tides are enhanced in December—
January and in June~July when K, and P, are in
phase (ZETLER and Frick, 1985). The summer
maximum tides are summed up with seasonal
maximum, providing total annual sea level
maximum at this time.

Differences between average and extreme val-
ues of amplitudes are of about 4-6 cm (Table 3).
This indicates that for some anomalous years
seasonal oscillations may sufficiently exceed
their average values. For example, the average
value of mean monthly sea level in Vladivostok
in August is 16.5 cm, and extreme mean monthly
level is 25.3 cm; in Posyet they are 18.4 and 26.0
cm. The total range of extreme seasonal changes
(from minimum to maximum) is 49 cm for
Posyet and Vladivostok, 35 ecm for Uglegorsk
and 37 cm for De Kastri. An analysis of these
extreme events and their influences on the entire
extreme sea levels may be a subject of future
study. In any case, results of seasonal varia-
tions analysis show that they play an important
role in forming sea level elevations in the Sea of
Japan and make significant contribution to
their extreme heights.

6. Storm surges and meteorologically-induced
oscillations.

Storm surges are one of the most widespread
and ruinous marine hazards for coastal area of
the Sea of Japan. A catalogue of storm surges
for the Russian coasts for 197788 is elaborated
now in IMGG (RaBINOVICH and SOKOLOVA,
1991). All extreme sea level elevations related
with atmospheric forcings were listed up and



An estimation of extreme sea levels 185

Table 4. Characteristics of storm surges.
. Observed maxima, Frequency
Stations haw, cm
cm >30 cm >50 cm
Posyet 73 1.75 0.17 89 (85)
Vladivostok 69 2.0 0.17 82(78)
Nakhodka 53 2.0 0.17 66
Rud. Pristan 68 3.7 0.75 84
Sov. Gavan 52 4.0 0.25 67
De Kastri 78 6.0 1.10 91
Uglegorsk 74 4.0 0.50 89
Kholmsk 71 3.0 0.10 74
Nevelsk 64 4.3 0.50 81

were used in this paper.

The residual series (after subtracting tides
and seasonal variations) were used for analysis.
These non-tidal residuals are related to
meteorologically-induced sea levels. Storm
surges are extreme manifestations of these os-
cillations; for correct estimates of the probabil-
ity (or return periods) of high sea levels, it is
necessary to take into account not only extreme
but also usual meteorologically-induced back-
ground by similar way as it was made for tides.

The most important characteristics of natu-
ral marine disasters (average number per year)
with heights 2 >> 30 cm (surge phenomenon) and
also with A>> 50 cm (strong storm surge) are
presented in Table 4.

For southern stations (Posyet, Vladivostok,
Nakhodka) there are about 2 surges per year and
a strong surge in 6 years. Strong surges occur
4 times more frequently for Rudnaya Pristan
and 6 times more for De Kastri. Strong surges
for the Sakhalin stations Nevelsk and Uglegorsk
are occurred once in 2 years, but for the station
Kholmsk located between Uglegorsk and
Nevelsk only once in 10 years. This fact is ap-
parently related to some topographical peculi-
arities of this region.

Gumbel’s method was applied to estimate
storm surge intensity. Computed values of surge
heights (hw) with probability 0.01 (i. e. with re-
turn period of 100 years) are given in Table 4.

The accuracy of these values depends on
obsevational series length. To improve the esti-
mates, additional information for the stations
Vladivostok and Posyet was used. Weekly series
of hourly sea level data with storm surges for
some previous years (1926-53 for Vladivostok

and 1951-1976 for Posyet) compiled by Firsov
(1989) were cleared up from the tides and the
obtained maxima were supplemented to the ex-
isting ones. New values of hw for these rela-
tively long series were calculated and given in
brackets in Table 4. Small differences (about 4
cm) prove the reliability of the estimates. The
decrease of values is apparently caused by possi-
ble exclusion of some strong surges which had
occurred at low tides.

The residual hourly series for 1977-88 were
used to generate p. d. f. as it was made for tides.
Fig. 5 contains some typical examples of these
distributions. About 100,000 individual sea
level values were employed to obtain them.
Probability density functions had appearance
close to Gaussian function except on both sides
of their tails. Results of extreme statistics
based on Gumbel’s distribution (5) were used to
describe the maximal sea level elevations and to
supplement actual p. d. f. Then, compound dis-
tributions applied in expression (1).

7. 'Tsunamis in the Sea of Japan

Tsunamis in the Sea of Japan are not so com-
mon as for the Pacific coasts. Nevertheless, a
number of catastrophic tsunamis were observed
in this area, e. g. on 12 May 1701; 2 August
1887; 29/30 August 1741, etc. (SoLoviEV and
Go, 1974). These tsunamis killed thousands of
inhabitants and destroyed completely many
villages and coastal structures. At least 4 tsu-
namis affected the Russian coasts of the Sea of
Japan in this century: 2 August 1940; 16 June
1964; 1 September 1971 and 26 May 1983
(Soroviev, 1978; SoLoviev et al., 1986). All
these tsunamis were generated by earthquakes
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Fig. 5. Probability density distributions of residual (non-tidal) levels.

with epicenters near the coasts of Honshu, Hok-
kaido or South Sakhalin. In principle, Pacific
tsunamis may also penetrate into this area
through the Soya Strait as it was for the Chil-
ean Tsunami on 22 May 1960 and for the Urup
Tsunami on 13 October 1963 but usually these
tsunamis are strongly faded out.

The tsunami on 26 May 1983. strongest tsu-
nami in this century, was more than 10 m hight
near the coast of Honshu Island (ABE and IsHi,
1987). Tidal gauge records of this tsunami at
the Russian stations are presented in Fig. 6.

An estimation of tsunami risk for the Russian
coast of the Sea of Japan was made by Go et
al. (1984, 1985, 1988). In accordance to this
method, the function describing the tsunami re-
currence with wave height exceeding 0.1m may
be represented as

N/T=Aexp(—h/h*) €¢))

for any coastal point. Here, N is the number of
tsunamis with wave height A>>0.1 m recorded in
the given point during T years, and A is a coeffi-
cient determined by observational data and
physical cosiderations. Parameter A represents
the frequency of large tsunamis and coefficient
h* characterizes relative amplification of tsu-
nami waves near the coast. It is important that
parameter A varies very insignificantly within
one region.

The values of parameters A and A* for the in-
vestigated points as well as maximal height of
observed tsunamis are presented in Table 5.
They are taken from works of Go et al. (1984,
1988) and corrected by the authors. Higher val-
ues of A for the Sakhalin stations in comparison
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Table 5. Parameters of tsunamis for the Russian coasts of the Sea of Japan.

Stations Observed maxima, cm A year™ h*, cm hiw, cm
Posyet 15 0.10 17 40
Vladivostok 33 0.10 43 100
Nakhodka 30 0.10 35 80
Rud.Pristan 100 0.10 75 170
Sov. Gavan 4 ? ? ?
Uglegorsk 15 0.18 17 50
Kholmsk 38 0.27 21 70
Nevelsk 50 0.23 25 80

with the continental ones are explained by influ-
ence of Pacific tsunamis reaching northeastern
part of the sea but not the western coasts.

It follows from expression (9) that the maxi-
mum tsunami height for 100 years is propor-
tional to the calibrated wave height A*:

hiw=h*In(100A) 610))

Calculated A are also given in Table 5.
To the authors’ knowledge, there is only one
record of tsunami in Sovetskaya Gavan. The

small tsunami with wave height less than 4 cm
was caused by the Moneron Earthquake on 1
September 1971 (ScHETNIKOV, 1978). It is not
sufficient to estimate tsunami risk for this
point,

Tsunami records in De Kastri are absent at
all. Apparently tsunami waves have not reached
this point.

Estimated values of A* for most stations are
less than 1 m. The exception is Rudnaya Pristan.
Relatively strong tsunami waves for this
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dka (Nk), Rudnaya Pristan (RP), Sovetskaya
Gavan (SG), De Kastri (DK), Uglegorsk
(Ug), Kholmsk (Kh), and Nevelsk (Nv).

station are probably caused by resonance ef-
fects. This supposition is confirmed by signifi-
cant seiche oscillations which are usually
observed in the region of Rudnaya Pristan
(Firsov, 1989).

Tsunami sequence in the area has approxi-

mately Poisson’s character (Go et al., 1985,
1988). The probability of tsunami height during
T years will never exceed the value expressed by
the formula

P(h,T) =exp(A exp(—h/h*). an

Expression (11) was used to calculate possible
superposition of tsunamis with other sea level
components and to estimate total extreme sea
level elevations caused by various factors in ac-
cordance to (1). Results are presented in Fig.7
and Table 6.

8. Summary and discussion

Joint probability method allows us to produce
realistic estimates of extreme sea levels based
on relatively short observational series and to
take into account several different factors.

Absolute estimates of total maximal levels
for various stations at the Russian coast of the
Sea of Japan with a return period of 100 years
(Table 6) is one of the main results of this
study. Specifically, it was found that the high-
est sea level elevations are related to De Kastri
and Rudnaya Pristan, and the lowest ones to
Nakhodka and Kholmsk.

Another interesting and new result is an esti-
mation of extreme heights and relative impor-
tance of individual sea level components.
Different components were shown to play essen-
tial role different parts of the sea: tides are es-
pecially strong in the northern part of the
Tartar Strait, tsunami is the most dangerous
factor in the region of Rudnaya Pristann, and
surges have similar heights all over the Russian
coasts of the Sea of Japan.

Table 6. Predicted maximal sea level heights by tides, seasonal oscillation, surge and tsunami

(accumulated height) .

Predicted level hiw, cm

Stations Tides +seasonal +surge “+tsunami
Posyet 20 39 106(101) 116
Vladivostok 21 37 97( 93) 119
Nakhodka 19 33 81 94
Rudnaya Pristan 17 28 93 185
Sovetskaya Gavan 48 54 102 ?
De Kastri 144 151 216 216
Uglegorsk 57 63 123 133
Kholmsk 18 22 87 95
Nevelsk 22 26 85 97
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Table 7. Extreme sea level estimated without (upper row) and with (lower row) consideration

of tsunami waves

Return periods, years

Stations
10 25 50 100
74 79 82 85
Nevelsk 80 85 90 97
. 82 86 89 %
Rudnaya Pristan 04 104 135 185

Furthermore, subsequent contribution of vari-
ous factors in total extreme sea level heights
was also described (Fig.7). It is important to
note that tsunamis have proved to be secondary
factor for recurrency 1/100 years for all the sta-
tions except Rudnaya Pristan. It is clear that
the probability of coincidence of two random
dangerous factors, strong surge and tsunami, is
small for short periods but may increase drasti-
cally with increase of return periods. An influ-
ence of tsunami waves on estimates of maximal
sea level heights for different return periods is
illustrated in Table 7. The additional increase of
the total extreme sea level due to the tsunamis
is only 6 cm for Nevelsk and 12 cm for Rudnaya
Pristan for T = 10 years, but 12 and 92 cm for
T = 100 years. Therefore, for short periods, the
extreme heights are determined by tides, surges,
and seasonal oscillations for all stations; for
longer periods, tsunamis may play an essential
role in forming extreme levels.

It would be interesting to verify the estimates
with more complete observational data. An-
other question is inclusion of additional factors
(e. g. seiches) and an estimation of extreme sea
level oscillations together with wind waves.
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On the atmosphere-induced sea level variations along
the western coast of the Sea of Japan

Svetlana E. SOKOLOVA ¥, Alexander B. RABINOVICH*
and Kyo Sung CHU**

Abstract: Simultaneous 3-month observational series (July - September, 1986) of sea level,
atmospheric pressure and wind stress were used to investigate atmosphere-induced sea
level variations along the Korean and USSR coasts of the Sea of Japan. Multi-input system
spectral analysis and multiple regression analysis were applied to examine the data. An
amount of 46 to 77 % of the total sea level energy was found to be coherent with atmospheric
pressure and 5 to 37 % with additional influence of wind stress. The barometric factor for
the period under study was changed gradually northward from —0.67 cm/mb for the south-
ernmost station Sogwipo to —1.50 cm/mb for the northernmost station De Kastri. Influence
of wind waves on mean sea level was studied for the stations Muko (Mugho) and Ulsan. It
was found that wave set-up may sufficiently increase storm surge heights. The storm surge
caused by the typhoon No 8613 "VERA” was examined in detail. Main parameters of this
surge such as 'surge height’, ’duration’, 'steepness’, 'variance’, 'pressure factor’ as well as
meteorological characteristics in time of the storm surge were estimated for all 15 stations.
Hindcasting of the surge by multiple regression equations gave quite satisfactory results.
Non-linear interaction of storm surges and tides was also studied but found to have small

effect.

1. Introduction

The Northwest Pacific is a region of high at-
mospheric activity. Annual number of typhoons
is about one-third of the total world amount
(AoKI, 1985). A great number of typhoons and
severe extra-tropical cyclones pass over the Sea
of Japan and have an influence on sea level
variations. Deep atmospheric depressions ac-
companied by strong winds create extreme sea
levels in this region. Storm surges cause heavy
floods at the coastal areas with significant
destructions and people sacrifices. To mitigate
possible damages it is important to explore
weather-induced sea level variations and their
extreme manifestations.

Investigations of storm surges and sea level
response to atmospheric disturbances for the

* Institute of Marine Geology and Geophysics,
Far East Branch, Russian Academy of Sci-
ences, Yuzhno-Sakhalinsk-2, 693002 Russian
Federation.

** Korea Ocean Science & Engineering Corp., 175
-9, Huam-Dong, Yongsan-Gu, Seoul 140-190,
Korea.

northwestern part of the Pacific were carried
out by many scientists. In particular, the region
of Kuril Islands has been studied in detail at the
Institute of Marine Geology and Geophysics
(IMGG) (Lappo et al., 1978; LIKHAEVA and
SKRIPNIK, 1981; LIKHACHVA, 1984; LIKHACHE-
vA and RaBINOVICH, 1986b; SKRIPNIK and So-
KOLOVA, 1990). This region as a boundary
between the Pacific Ocean and the marginal Sea
of Okhotsk is an area of great interest from sci-
entific point of view, but Kuril Islands are popu-
lated sparsely. Therefore the practical
importance of these works is limited.

On the contrary, the population density
around the Sea of Japan is very high. Many
complex and expensive constructions were made
here in the recent years; that is why appropriate
research of the region has the significant mean-
ing. At the same time it would be interesting to
compare forming mechanism of sea level varia-
tions at the Sea of Japan coasts and at the
coasts of Kuril Islands, because the two regions
have very different physical and geographycal
conditions: the Sea of Japan is practically
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closed; the Pacific coast of the Kurils is open
and has a narrow shelf with steep slope.

Sea level variability near the east (Japanese)
coast of the Sea of Japan was investigated thor-
oughly by Unoxr (1959), Isozak: (1968, 1969)
and other Japanese scientists. However, for the
west (Russian and Korean) coasts this subject
has been studied only fragmentarily.
Firsov (1988) has analysed observed data to
construct an empirical model of storm surges
for the northwestern part of the Sea of Japan.
The storm surges on the Korean coasts (first of
all for the region of the Korea Strait) have been

Location of the coastal stations.

inspected by data analysis (HwaNg, 1971; CHu,
1987; OH et al.,, 1988) and by numerical
modelling (KANG, 1988; On and KM, 1990).

The main purpose of this study was investiga-
tion of low-frequency (1-20 days) sea level
variations on the Russian and Korean coasts of
the Sea of Japan and estimation of their gener-
ating mechanism in different regions based on
hydrometeorological data.

Typhoons are the main cause of strong storm
surges at the coasts of the Sea of Japan. As it
was shown by KANG et al. (1988), 240 out of 259
typhoons for the period 1904-1987 occurred
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Table 1. The list of observational data.

Sea level

Atm. pressure

Wind Wind waves

Stations
A

Sogwipo
Cheju
Komundo
Yosu
Chungmu
Kadukdo
Pusan
Pohang
Ullungdo
Ulsan

Muko
Kangnung
Scokcho
Posyet
Vladivostok
Nakhodka
Rud. Pristan
De Kastri

S
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
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J is July, A is August, S is September; 1, 3, 6 are time intervals (in hours); * means fragmentary data

during three months: 74 in July, 103 in August
and 63 in September. Therefore, just these
months were chosen for the present analysis.

2. Data

Sea level data obtained at 18 stations on the
coasts of Korea and Russia were used to investi-
gate sea level response to meteorological forc-
ing. These stations situated along the west coast
of the Sea of Japan (Fig.1) are related to the re-
gions with different topography and tidal re-
gime. The shallowest water zones are located
near the southern part of the Korean Peninsula
and in the northern part of Tatar Strait (De
Kastri station). The narrow shelf and steep
shore are typical for the eastern Korean coast.

Observational data were supplied by -the
Hydrographic Office (Korea) and Hydrome-
teorological Administration (Russia). These
data were represented by the time series of sea
level and atmospheric forcing ~for July-
September, 1986 (Table 1). The sea level data
consisted of hourly tide gauge records. Atmos-
pheric pressure and surface wind data were ob-
tained mainly from the local observations at the
same statinos. Complete 3-month simultaneous
series were available for the majority of the sta-
tions, except Rudnaya Pristan where sea level

data were absent and Komundo, Kadukdo where
there were no meteorological data. For the
Muko station atmospheric pressure and wind
were taken at the neighbouring meteorological
observatory of Kangnung. Series of atmospheric
pressure had 3-hour time interval for all cases;
wind data had time step of 1 hour for Korean
and 3 hour for Russian stations. There were
fragmentary wind waves data for some Korean
stations, but only two of them (Muko and
Ulsan) had complete 3-month series (of maxi-
mum wind wave heights) with 3-hour time step
for Ulsan and 6-hour for Muko (Table 1). Series
of significant wave heights had many gaps and
their use was limited.

3. Methods

‘General analysis scheme is shown in Fig.2.
Original data were carefully tested and cor-
rected. Two different ways were used to repre-
sent surface wind data: by wind velocity
components W,= | Wlsin ¥, W,= | W|cos¥ and
wind stress components T,=kp |W|W,, T,=k
o |WIW,, where W, ¥ are the wind speed and
direction, o is the air density, £ (=0.0025) is
the wind drag coefficient. Two pairs of wind
stress components were used: (1) onshore,
longshore (T,, T,) and (2) zonal, meridional
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(T,, Ty . Meteorological and wind waves data
were interpolated by spline function to obtain
synchronous hourly series. Astronomical tides
were removed from the initial sea level and then
residual series were used for further analysis.
Two methods of data processing were applied:
spectral analysis and multiple regression analy-
sis (MRA). The first one included auto-and
cross-spectral data examination and multi-input
system analysis (MISA). The second method
was realized in time domain which enabled to
analyse not only full 3-month series, but also
short segments connected with individual storm
surges. It was possible to find response func-
tions of the sea level to the atmospheric distur-
bances and to estimate contribution of different
meteorological forces by both methods. Influ-
ence of additional factors on sea levels (wave

Scheme of analysis.

set-up and non-linear tide-surge interaction)
was also estimated.

The observational period was remarkable by
propagation of typhoon No 8613, "VERA”, one
of the strongest and most distructive in the last
20 years (OH et al., 1988; KANG et al., 1988;
Kang, 1988; On and Kim, 1990). Significant
storm surge was observed all over the Korean
coasts and also in the Primorye Region of Rus-
sia. Statistical parameters of this storm surge
were estimated for all stations except the north-
ernmost station De Kastri where it was not re-

vealed. MRA results were used for the storm
surge hindcasting.

4. Tidal analysis

Tides are usually predominant in sea level os-
cillations. In particular, results of tidal analysis
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Table 2. The amplitudes of major tidal constituents computed for the August, 1986.
i Tidal Tidal amplitudes, cm
Stations variance,

% Q P, 0. K. N. M. Se K.

Sogwipo 96.7 4.3 8.4 18.1 25.2 16.4 73.4 32.5 8.8
Cheju 97.5 4.0 8.1 17.0 24.2 16.0 65.7 26.6 7.2
Komundo 98.4 3.3 8.3 17.0 24.2 18.8 85.6 38.5 10.1
Yosu 98.1 1.9 6.3 13.4 19.3 19.5 94.4 44.2 12.0
Chungmu 97.5 1.4 4.9 10.2 14.7 15.5 75.3 35.4 9.6
Kadukdo 96.4 0.5 2.0 4.3 7.2 10.3 54.0 27.3 7.6
Pusan 91.5 0.2 1.5 1.7 4.5 7.4 38.6 18.4 5.0
Ulsan 65.7 0.8 1.3 3.3 3.8 2.6 15.6 7.7 2.0
Pohang 22.9 1.2 1.3 4.3 3.9 0.8 3.0 0.7 0.2
Ullungdo 31.6 0.9 1.5 4.7 4.6 2.6 4.5 1.6 0.4
Muko 23.8 0.9 1.6 4.7 4.7 1.6 6.2 2.2 0.6
Sokcho 22.2 0.8 1.6 4.7 44 1.6 6.8 2.5 0.7
Posyet 28.0 0.7 1.8 4.7 5.2 1.7 7.5 3.2 0.9
Vladivostok 31.5 1.0 1.8 5.1 5.4 1.8 7.6 3.2 0.9

Nakhodka 32.1 0.9 1.9 5.1 5.5 1.5 6.6 2.7 0.7
Rud.Pristan®  39.5 1.3 1.8 5.0 5.4 1.2 6.0 2.7 0.7
De Kastri 94.7 1.6 2.3 6.4 6.9 19.0 68.7 25.4 6.6

* Tidal amplitudes in Rudnaya Pristan have been computed for September, 1986.

of the investigated region have demonstrated
that for the stations located in the Korean
Strait and De Kastri more than 94 % of total
sea level variance is related to the tides (Table
2). For the stations situated at the east coast of
Korea and for the southern Russian stations
this percentage is less (22 to 40 %) but in any
case it is significant. For correct examination of
weather-induced elevations including storm
surges, it is necessary to eliminate tidal oscilla-
tions.

It is possible to remove tides from the initial
records by applying special low-pass or band-
pass numerical filters (PucH, 1987). The short-
age of such method consists in distortion of the
processes with near-tidal frequencies and reduc-
tion of extreme sea level deviation (i.e. actual
storm surge heights).

Therefore it is better to predict tides based on
results of harmonic analysis and to subtract
them from the initial observational series. This
method was used by OH et al. (1988) to analyse
storm surges near the southern coast of Korea.
They have calculated 64 tidal constants based on
1-year series of hourly data, then used these con-
stants to predict tides during typhoon passages
(including typhoon “VERA”) and to remove
them. The oscillations with period of about 12
hours which appeared distinctly in the residual

records were, by the opinion of OH and KiM
(1990), connected with influence of tidal cur-
rents.

In this paper we applied a similar method but
with certain modification. Least square method
was used to compute 37 tidal harmonics and to
subtract tides from initial records for every
monthly series separately. The use of additional
harmonics in excess of 37 did not give further
improvement of the residuals. This method gave
good results: residual series were visually quite
clean without tides except some small pieces of
records of apparently poor quality (Fig.3);
their spectra did not have any prominent
maxima of tidal frequencies (Fig.4), either.

Amplitudes of major tidal constituents
(Table 2) were in good agreement with those ob-
tained by OH et al. (1988) from yearly series.

5. Spectral analysis of sea level and atmos-

pheric pressure

We made spectral analysis of 3-month data
series with FFT procedure. Kaiser-Bessel win-
dow (HARRIs, 1978) was used to improve spec-
tral estimates. Power spectra of atmospheric
pressure and sea level are shown in Fig.4. There
is a good spectrum correspondence for different
stations in the frequency band 0.07-1 cpd, i.e. in
the ’synoptical frequency range’ (LICHACHEV .,
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1984). The shape of low frequency sea level spec-
tra resembles to that of atmospheric pressure,
but their energy level is a little higher, which

agrees well enough with results of Isozaxi
(1969) for the eastern coast of the Sea of Japan.
Prevalence of sea level spectrum is manifested
better for the northern stations. At higher fre-
quencies there is increasing divergence in sea
level and pressure spectra.

There is a prominent peak in the atmospheric
pressure spectra at the frequency of 2 cpd caused
by semidiurnal atmospheric tides. Diurnal
maximum is not so notable; for some stations
(Sogwipo, Cheju, De Kastri) it is practically ab-
sent (Fig. 4).

There is no obvious maximum in atmospheric
spectra at the periods of about 56 days (’the
synoptical maximum’), though usually well seen
in the Northwestern Pacific (LIKHACHEVA and
RABINOVICH, 1986a).

The sea level spectra are relatively smooth
and have no evident peaks. However, there are a
few exceptions. At the Ullungdo station an ob-
vious maximum with period of 19.7 hours is well
seen. This period is exactly equal to the inertial
period for this station 7= 7 /QsinV, where Q
is the Earth’s angular speed and V¥ is the geo-
graphical latitude. This coincidence is scarcely
casual, especially taking into account that
Ullungdo is a small isolated island in the open
sea. Apparently corresponding sea level varia-
tions are caused by inertial currents or by inter-
nal waves of inertial period.

There is another interesting spectral feature.
Results of the spectral analysis show that the
least square procedure of tidal analysis has re-
moved from the initial sea level series not only
real tides but also some part of background
noise, leaving deep troughs in appropriate parts
of the spectra. Around these troughs there are
peaks with periods: 29-30 and 21-22 hours for
Sogwipo and Cheju, 13.5-14 and 11 hours for
Cheju, Yosu and De Kastri (Fig. 4), i.e. these
peaks are observed generally for the stations
with strong tides. Although there are no tidal
constituents with these periods, it is clear that
these maxima are connected with tides and
probably are the residuals of wide tidal ex-
tremes. MUNK et al. (1965) called this phe-
nomenon 'tidal cusps’ and explained the cause of
this cusping as ’the non-linear interaction of the
tidal spectral line with the low frequency contin-

s

uum’. Apparently in our case these cusps are
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related to the non-linear interaction of tides and
mean flow.

Some spectral features of sea level may be re-
lated to eigen oscillations of the Sea of Japan.
Rikmsar (1986) computed these oscillations
with periods of several hours and demonstrated
that semidiurnal tidal structure corresponds
very well with structure of appropriate proper
oscillations. SATAKE and SHIMAZAKI (1988)
made a similar investigation for tsunami fre-
quency band and showed that spectral peaks in
the period range of 50 to 210 min excited by the
1964 Niigata and 1983 Japan Sea tsunamis
agreed quite well with the numerically computed
periods of normal modes in the sea. Unfortu-
nately there are no such investigations of
subtidal modes of the Sea of Japan It may be in-
teresting in future to compare meteorologically-
induced sea level variations with normal mode
structure.

We made a cross-spectral analysis of the data
to examine spatial-temporal relations of the at-
mospheric and sea level variations. Coherence
and phase functions were calculated between the
southernmost station Sogwipo and all the oth-
ers. Atmospheric pressure coherence is decreased
gradually with increase of distance from
Sogwipo. An exception is the frequency of
semidiurnal atmospheric tides where coherence
peaks exceeding 0.80 are practically independent
of the distance (Figs. 5a, 6a). Sea level coher-
ence along the coast at periods of 1-5 days is
quite stable. Significant values persisted for a
long distance (Figs. 5b, 6b).

We describe spatial-temporal changes of the
atmospheric pressure coherence 72 (Fig.6) in the
synoptical frequency range as

v (L, T) =exp(—aL*/T*), @

where a, v, B are the empirical constants, T is
period (in hours), L is length scale (in km).
With this formula 7?—1 when L—0 or 7—;
on the contrary 70 when L—> or 7—0.
Based on Eq. (1) and coherence functions 7%
(L, T) between Sogwipo and all other stations,
parameters a, v and 8 were computed by least
square method (LSM) from the expression

M-1
2 log(—In(r}))—loga— vlog L,

1 j=

— Blog fi1*—> min, @)

M=

o

where f;=1/T, N is the number of frequencies in
chosen band, M (=15) is the number of sta-
tions. Following values were obtained: ¢=9.37
X107%, v =1.11, B =0.688. Empirical formula
(1) may be used for description of temporal and
spatial coherent scales of atmospheric proc-
esses. For example, for T = 5 days: L=336 km
for v?=0.8 and L=709 km for v*=0.6. Appro-
priate lengths estimated directly from Fig. 6a
are approximately 340 and 705 km.

In this investigation only one-dimensional co-
herence scales were examined. Two-dimensional
spatial and temporal scales of atmospheric
processes had been inspected by LIKHACHVA and
RaBINIVICH (1986a) based on yearly series of
atmospheric pressure for the whole Far East re-
gion. It was shown that coherence field is quasi-
isotropic over the continental area and the Sea
of Japan, and anisotropic only on the continent-
ocean boundary. The typical scales were found
to be 300-500 km for T=5 days and 7% = 0.8,
which are in good agreement with those ob-
tained in the present study.

Phase functions of both atmospheric pressure
and sea level are close to be linear in the
synoptical frequency band (Fig.5). LSM proce-
dure was used to estimate the average speed and
direction of atmospheric disturbances based on
phase lags between the stations. It was found
that the atmospheric processes were propagated
to the northeast with mean speed of 40-50 km
/h. Sea level variations moved longshore north-
ward with almost the same velocity.

6. Spectral analysis of multi-input system
Sea-level continuum may be regarded as an
output of multiple linear system with a number
of input functions (weather variables) which
are in general mutually coherent (GROVES and
HANNAN, 1968; CARTWRIGHT, 1968; WUNSCH,
1972). To investigate such a system and to ex-
amine relations between meteorological forces
and non-tidal residual sea level it is possible to
apply multi-input system cross-spectral analysis
(MISA) (BenNDAT and PIERsoL, 1986). Three
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Fig. 5a. Coherence and phase functions of atmospheric pressure between Sogwipo

and all the other stations.

input functions, atmospheric pressure, onshore
and longshore wind stress components, were
used for most stations. For two stations (Ulsan
and Muko) the fourth input (wind wave height)
was also used.

Multiple and partial coherence functions
(BENDAT and PiErsoL, 1986) were calculated
for all examined stations. Fig. 7 shows a high
multiple coherence between external forces and

sea level in the synoptical frequency band. Low-
frequency coherency band has a certain tendency
to narrow toward the north. The stations of the
Korea Strait (Cheju, Sogwipo) have the zone of
maximal coherence in the frequency range of 0.4
—0.7 cpd with values over 0.90. There is another
coherence maximum at the frequency of about
1.5 cpd which is manifested better for Cheju and
the eastern Korean and Russian stations and
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Fig. 5b. Coherence and phase functions of sea level between Sogwipo
and all the other stations.
reaches highest values in excess of 0.8 at sta- where G,, is the spectrum of output, 7%, is the
tions Muko, Sokcho and Posyet (Fig.7). These multiple coherence of the system, f is the fre-
stations have also the third maximum at short quency. Coherent spectrum was integrated over
periods. the whole frequency band
Multiple coherent spectrum of output process o
is defined as (BENDAT and PIErsoL, 1986) R,.= [G,(Ddf @
0
G.(N=G,,(H) 7., €)) to estimate total coherent part of the variance

(Table 3). Similar expression but with re-
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placement of a multiple coherence by a partial
one had been used for estimation of relative im-
portance of individual inputs (WROBLEWSKI,
1978).

Energy of non-tidal sea level variations is re-
duced from Sogwipo (76 cm?) to Pusan and
Ulsan (49 cm? and then is increased northward
reaching maximum in De Kastri (132 cm?).
These values are of the same order as for Japa-
nese coasts (Is0zAKI, 1969) but less than in the
region of Kuril Islands (80-175 cm?) (LIKHA-
CHEVE, 1984; RABINOVICH and SOKOLOVA,
1985).

Table 3 shows that atmospheric pressure is
considered to be the main factor forming non-
tidal sea level oscillations; 46 to 77 % of initial

variance are coherent with pressure. The relative
contribution of atmospheric pressure in the
total sea level budget for the coasts of the Sea
of Japan is about the same as that in the Kuril
region (50-78 %), but additional deposit due to
wind stress (9-33 %) is much higher here than
there (0.3-9 %). Relatively higher role of wind
stress in generation of weather-induced sea level
oscillations, specifically storm surges, in the
marginal seas with broad shallow water areas in
comparison with zones of open ocean shelf with
steep slope is well known (MURTY, 1984; PUuGH,
1987). As a result amount of energy accounted
by both wind stress components and atmos-
pheric pressure is about 60-90 % of the total
variance at the coasts of the Sea of Japan in
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Table 3. Weather coherent and predicted (by MRA) non-tidal sea level variances.
Sea level Coherent variance, cm?®/% Predicted
Stations variance, - variance,
cm’ atm. pressure wind total em?¥/ %
Sogwipo 75.9 43.2/56.9 20.8/27.4 64.0/84.3 40.6/53.5
Cheju 57.6 36.9/64.1 5.1/8.9 42.0/72.9 27.0/46.9
Yosu 68.5 39.3/57.4 7.7/11.2 47.1/68.7 35.5/51.8
Chungmu 54.1 34.9/64.5 4.7/8.7 39.7/73.3 29.0/53.7
Pusan 48.6 28.9/59.5 9.5/19.5 38.4/79.1 29.0/59.7
Ulsan 48.9 30.5/62.4 7.1/15.7 38.2/78.1 27.2/55.6
(40.6/83.1) (32.6/66.6)
Pohang 52.3 33.4/63.9 9.1/17.4 42.5/81.2 29.0/55.4
Ullungdo 74.4 49.3/66.3 11.1/14.9 60.3/81.1 44.8/60.2
Muko 84.7 63.0/74.4 10.2/12.0 73.3/86.5 54.1/63.9
(75.5/89.1) (56.5/66.7)
Sokcho 99.4 76.7/71.2 14.6/14.7 91.3/91.9 68.0/68.4
Posyet 111.5 59.3/53.2 36.8/33.0 96.1/86.2 86.7/71.7
Vladivostok 103.5 53.2/51.4 20.7/20.0 73.3/173.9 62.6/60.5
Nakhodka 91.0 48.0/52.7 25.9/28.5 73.9/81.2 67.9/74.6
De Kastri 131.5 60.8/46.2 17.1/13.0 77.8/59.2 78.6/59.7

comparison with 55-70 % for the Pacific coast
of the Kuril Islands (RaBINOVICH and SOKOLO-
va, 1985).

The largest wind contributions in sea level
variance were found at the Sogwipo, Posyet and
Nakhodka stations. Values in brackets in Table
3 are related to the 4-input system including
wind wave heights.

Analysis of partial coherences for southern
Korean stations showed that atmospheric pres-
sure plays dominant role at the lowest frequen-
cies to 0.2-0.3 cpd, but at the higher frequencies
wind influence on sea level becomes comparable
with or exceed that of atmospheric pressure
(Fig. 7). For the eastern Korean and the Rus-
sian stations except Posyet sea level is more
closely correlated with atmospheric pressure
than with wind, practically for all examined fre-
quencies.

7. Multi-regression analysis

We performed also the investigation of sea
level response to weather forces in time domain,
using multilple regression technique (GROVES
and HANNAN, 1968; AMIN, 1978, 1982; RABINO-
VICH and SOKOLOVA, 1985; SKRIPNIK and SOKO-
Lova, 1990). The appropriate regression
equation may be represented as

M L,
=X ij (T F; t—tp+e @, (B)

=1 i=1

where ¢ is the sea level (output), ¢ is the time,
F;are the external forces (input), w;is the set of
regression coefficients (response weights) for
each input, L; is their number, M is the number
of input processes, T are the time lag, ¢ is
background noise uncorrelated with input func-
tions.

Based on expression (5) it is possible to
hindcast sea level variations by known input
functions and response weights. Multiple regres-
sion analysis (MRA) is an efficient instrument
to construct empirical forecasting formulae to
predict storm surges.

An effective MRA computer program with ar-
bitrary number of inputs and response coeffi-
cients was elaborated by RABINOVICH and
SokoLova (1985). This program was applied to
analyse sea level variations with the same in-
puts as in cross-spectral analysis (MISA). The
high-frequency oscillations uncorrelated with
sea level were eliminated from the input func-
tions by Kaiser-Bessel filter (Harris, 1978)
with time window of 24 hours. The regression
model was tested both with wind stress and
wind velocity. Better results were achieved when
wind stresses had been used.

The regression coefficients in expression (5)
were determined by the least square method.
Residual variances were minimized. Values of
the coefficients M and time lags L; were selected
to optimize the computation.
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Table 4. MRA results for 3-months serie and the individual storm surges.

3-month series Storm surges
Stations Regression coefficients on Direction Regression coefficients on Direction
of eff.wind of eff.wind

P, T, Ty (in degrees) P, T, Ty (in degrees)
Sogwipo —0.67 —87.2 18.5 102 —1.07 —178.8 4.2 93
Cheju —-0.79 —28.7 26.3 132 —1.62 —44.7 —-27.1 58
Yosu —0.98 —45.1 11.7 106 (—1.63) (—55.5) (52.6) 133
Chungmu —1.06 —50.2 11.8 103 —2.25 —37.5 —27.1 54
Pusan —0.99 —-61.3 0.1 90 —-1.07 — 8.8 18.7 111
Ulsan —0.89 —50.4 83.6 150 —1.65 —50.3 19.3 111
Pohang -1.04 —31.4 — 2.8 85 —1.53 —28.2 5.6 101
Ullungdo —1.15 —354 48.1 143 —1.44 38.3 3.6 265
Muko -1.22 58.4 - 2.9 2173 —1.24 —65.7 426.1 17
Sokcho —1.46 25.8 —12.9 296 —-2.12 23.9 —70.7 341
Posyet —1.36 —49.3 — 2.5 87 —2.20 -23.1 - 1.0 87
Vladivostok —1.47 —29.9 — 1.5 87 —2.30 —35.7 -11.8 72
Nakhodka —-1.27 —49.2 —13.4 74 —2.06 —21.9 —8.5 69
De Kastri —1.50 —175.9 —16.7 77 - - - —

Three-month data series were processed with
MRA. The weights were employed to restore
non-tidal sea level (Table 3). For better com-
parison all input functions were taken with the
same number of regression weight (L; = 4) and
with the same time lag (0, 6, 12 and 18 hours).
Table 3 shows that generally it is possible to
predict 47 to 77 % of sea level variance by this
method. Use of four weights instead of one for
every input (as it was made, for example, by
AMIN, 1978) gave a slight improvement (from 3
to 11 %). The coherent energy estimated by
MISA always exceeds that calculated by MRA
technique because of limitations of regressional
model. There is systematic reduction in the cor-
responding difference as additional weights are
added to the analysis. But excessive increase of
the number of weights causes instability of their
values and worsens application of the
regressional equations for forecast purposes.
The special inspection is required to determine
the optimum number of weights and appropri-
ate time lags (ZETLER and MUNK, 1975).

Response weights for time lag 7;;=0 are pre-
sented in Table 4. The regression coefficient be-
tween atmospheric pressure and sea level
(’barometric factor’) is a problem of special in-
terest. The corresponding values are relatively
small in comparison with theoretical values
—1.01 cm/mbar for the southernmost stations
Sogwipo and Cheju (—0.67 and —0.79), and

close to theoretical ones for the stations at the
southeastern coast of Korea and Ullungdo Is-
land (from —0.89 to —1.15) and large for the
northern Korean and the Russian stations (from
—1.22 to —1.50). A tendency of northward in-
creasing barometric factor is well seen. The cor-
responding values estimated by Isozaki (1969)
all over the coasts of Japanese Islands were
more stable (from —0.69 to —1.13). It was
shown by LIKHACHEVA and RABINOVICH
(1986b) that reaction of sea level to variations
of atmospheric pressure depends significanly on
the direction of atmospheric disturbances in re-
gard to continental shelf waves: when these sys-
tems are propagating in the same direction as
free shelf waves as it takes place at the Okhotsk
Sea coast of Kuril Islands, they produce consid-
erably greater sea level response than when they
are moving in opposite directions as at the Pa-
cific coasts. The latter is the case of the Korean
and Russian coasts where cyclones and typhoons
are moving to the northeast and shelf waves to
the southwest. This is the reason why it is nec-
essary to look for another explanation of baro-
metric factor increase. It is quite possible to
explain that this peculiarity is connected with
’encloseness’ of the Sea of Japan with only one
wide entrance—the Korean Strait to its south.
The stations Sogwipo and Cheju with minimal
barometric factors are situated just in the
Strait. De Kastri with maximum 1is the
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remotest one.

It is neccesary to note that these estimates of
barometric factors have been obtained from 3-
month observational series (July-September,
1986). Seasonal and year-to-year variations of
these factors are quite possible. From the other
side the appropriate values are in good agree-
ment with the results of Isozaki (1969) for the
southern and western coasts of Japan.

Regression coefficients for wind stress com-
ponents were used to calculate ’effective wind
direction’, 1. e. the direction of the strongest
wind influence upon sea level raising (PUGH,
1987) given by

6 = tan™ (w/wu), (6)

where w; and w,, are regression coefficients for
zonal and meridional components. Wind direc-
tions are measured clockwise from the north.

The southeast and east winds were obtained as
effective for the majority of the Korean and
Russian stations except Muko and Sokcho.
There were no significant winds at the Muko
(Kangnung) station during the examined period
probably because of peculiarities of local obser-
vational conditions. This is the reason why de-
termination of the effective wind direction is
difficult to estimate for this station.

8. Storm surge caused by typhoon Vera,

August 1986

The severe typhoon “VERA” was passing
through the Korean Peninsula during 28 —29
August, 1986 (Fig. 8). Atmospheric pressure in
the center reached 950 mb. Maximal wind speed
of 70 m/s was observed. This typhoon brought
heavy damages on both human beings and prop-
erties at the Korean coasts.

Remarkable storm surges were caused by this
typhoon at the all inspected stations except De
Kastri (Fig. 3). According to RABINOVICH and
SokoLova (1992) main surge parameters were
determined and presented in Table 5. The surge
and total heights were accounted from mean
monthly level; the total height is the sum of
surge and tide. Time difference between them is
shown in brackets. Duration of surge, its half-
height, surge steepness (relation of surge height
to half-height duration) and surge energy are

shown. There were two surge maxima at the
Ullungdo station, both of which are given in
Table.

OH et al. (1988) had adduced similar height
values of this storm surge for the southern
Korean stations. The significant surge was
observed at stations Sogwipo, Cheju, Komundo,
Yosu and Chungmu as well as at stations Muko,
Sokcho located at the eastern coast of Korea and
in Primorye region of Russia (Posyet,
Vladivostok and Nakhodka). Much less surge
elevations took place at southeastern Korean
stations Kadukdo, Pusan, Ulsan and Pohang
(Table 5). These features of sea level reaction
to atmospheric depression are closely related
with the characteristics of typhoon, its track
and transition speed. The typhoon “VERA”
reached Korean Peninsula near its southwe-
sternmost part (Cheomranam-do region) (Fig.
8); center pressure was about 960 mb, and the
maximum wind speed was 70 m/s (OH and KiM,
1990). Wind set-up caused by strong on-shore
winds and reinforced by the pressure fall gener-
ated destructive storm surge at the stations lo-
cated in the Korean Strait. Numerical model of
O and Kim (1990) simulates this process quite
convincingly. Propagating northeastward, the
typhoon “VERA” crossed the eastern coast
south of Muko station. On-shore winds forced
wind set-up at the stations situated to the left
of the typhoon track (Muko, Sokcho and oth-
ers), while off-shore winds caused wind set-
down at the southeastern stations. Apparently
the strongest surges were observed at the east-
ern coasts of North Korea, where there were
maximum on-shore winds (see Fig. 5, Kang et
al., 1988). The observed surge heights in North
Korea were 105 cm in Wonsan, 106 cm in
Chongjin, 68 cm in Sinpho and 55 cm in Senbong
(Kana, 1988).

HwaNG (1971) had collected data on the re-
markable storm surges for southern and south-
eastern coasts of Korea for 19569-1970. The most
powerful surge during this period was on 22-24
August, 1966 (102 cm in Cheju, 110 cm in Yosuw).
But for further northern stations no one had
been as strong as the surge caused by typhoon
“VERA”.

It is well seen that height, character and dura-
tion of the storm surge varied significantly for



206 La mer 30, 1992

Typhoon tracks

Fig. 8. Track of typhoon No 8613 "VERA” and its satellte images.

different regions. For the stations at the south-
ern coast of Korea and in the Korea Strait it had
character of relatively short (55-81 hours) and
high (52-66 cm) sea level elevations with well
manifested negative displacement behind the
surge (Fig. 3, Table 5). The main features of
the storm surge behaviour in this region were ex-
plained by numerical modelling (O and KimM,
1990).

The surge height became smaller (37-49 cm)
and more prolonged (118-138 hours) at the

Typhoon N 13 vera
August 1986

southeastern Korean coast. For the northern
stations the situation changed to the opposite
(Fig. 3, Table 5).

Table 6 shows the atmospheric parameters at
the stations during this surge. 'Pressure fall’
means the difference between the mean monthly
value and observed minimal atmospheric pres-
sure. Time difference between maximum of the
surge and pressure minimum is given in brack-
ets. It is interesting that for all stations this
difference was positive, 1. e. surge maxima
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Table 5. Parameters of the storm surges caused by typhoon ”VERA” (August, 1986) observed on the
various coastal stations.

Time of surge  Surge Total Surge Duration of Steepness Surge
Stations Maximum, height, height(*t) duration, half-height, P ’  variance,
. cm/hour
date, time cm cm (hours)  hours hours cm’
Sogwipo Aug. 28, 06 66.3 67.6 (—3) 81 24 2.8 925.9
Cheju Aug. 28, 05 54.5 70.0 (=1 77 18 3.0 636.4
Komundo Aug. 28, 07 52.4 66.8 (—5) (b} 21 2.5 600.0
Yosu Aug. 28, 11 65.0 92.9 (+3) 99 14 4.6 909.1
Chungmu Aug. 28, 12 58.1 86.6 (+2) 73 15 3.9 975.3
Kadukdo Aug. 28, 12 40.1 61.4 (+1 595 20 2.0 418.2
Pusan Aug. 28, 13 48.6 99.4 (O) 138 19 2.6 340.6
Ulsan Aug. 28, 14 44 .2 52.9 (0) 130 32 1.4 361.5
Pohang Aug. 28, 14 37.7 38.1 (-1 118 49 0.8 381.4
Ullungdo Aug. 28, 19 37.1 39.1 (+10) 120 50 0.8 450.0
Aug. 29, 15 374 39.1(0)

Muko Aug. 28, 18 50.3 45.5 (0) 114 63 0.8 868.4
Sokcho Aug. 28, 19 63.1 61.9 (+D 122 48 1.3 1090.2
Posyet Aug. 29, 13 69.6 77.8 (—2) 125 33 2.1 1040.0
Vladivostok Aug. 29, 18 60.5 62.5 (=D 114 40 1.5 1026.3
Nakhodka Aug. 29, 18 52.5 54.3 (=D 106 39 1.3 801.9

passed ahead of pressure minima.

Maximal and significant wind wave heights
as well as wind speed and direction in the mo-
ment of the highest surges are also presented in
Table 6. The wind direction corresponds quite
well to the direction of effective wind (Table 4).

‘Pressure factor’ in the last column is defined
as ratio of surge height to pressure fall. Actu-
ally the ’presure factor’ is related not only to
pressure fall but also to wind influence; this is
why in most cases it is sufficiently bigger than
"barometric factor’ obtained from the regres-
sion analysis as reaction to atmospheric pres-
sure alone (Table 4).

Storm surge records were analysed separately
by MRA method. The short observational series
(4-7 days) were processed. For comparison in
Table 4 the same parameters calculated for
storm surges as for 3-months series are pre-
sented. The barometric response is higher for the
storm surge than for the longer series but it has
the same tendency to increase northward. It was
revealed during the storm surge analysis in Yosu
that atmospheric pressure and meridional wind
stress are closely correlated. Therefore, the
reaction to atmospheric pressure and wind
stress was calculated independently. The corre-
sponding values are given in brackets. There
were relatively good agreements between two

sets of computations except at Muko, Sokcho
and Ullungdo. These stations were situated just
on the track of the typhoon (Fig. 8).

Both sets of regression coefficients computed
from 3-month series and from storm surge
records were used for surge hindcasting. The re-
sults were in good agreement; improvement in
storm surge restoring from applied response
weights estimated from the same record was in-
sufficient. Some examples of surge hindcasting
based on average coefficients set are given in
Fig. 9. It is interesting that wind stress insig-
nificantly affected sea level variations in calm
weather in comparison with atmospheric pres-
sure, while it did significantly for the storm
surge moment.

9. Wave set-up

Positive change of mean sea level in nearshore
zone due to the presence of breaking incident
waves ("wave set-up’) is well-known phenome-
non (BOWEN et al., 1968; PucH, 1987). The ef-
fect is physically distinct from ’wind set-up’,
because it can be present even without local
wind, owing to swell from distant storms (T
HOMPSON and
Hamon, 1980). The theoretical basis of wave
set-up generation was elaborated by LONGUET-
HicGiNs and STEWART (1964) who had shown
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Table 6. Meteorological parameters of the storm surges caused by typhoon "VERA”.

) Minimal atm. Wind Wind Wave height,m Pressure  Pressure

Stations pressure(*t) Speed, A fall, factor,

mb (hours) m/s direction H,. H.s mb cm/mb
Sogwipo 976.2 (+ 3) 20.7 SSE - 5.0 -32.9 —-2.0
Cheju 973.3 (+ 4 14.7 SE - 1.0 -35.7 —-1.5
Yosu 981.4 (+ 3) 16.7 S 7.0 4.5 —28.5 —-2.3
Chungmu 986.6 (+ 3) 11.7 S - - —23.9 —2.4
Pusan 987.4 (+ 3) 14.7 ESE - 4.0 —22.3 —2.2
Ulsan 986.5 (+ 3) 9.0 SE 8.0 5.0 —22.7 -1.9
Pohang 985.8 (+ 4) 10.2 SSE - — —24.9 -1.5
Ullungdo 988.1 (+ 3) 6.7 S — - —21.8 —-1.7

988.1 (—16) 11.7 SSW

Muko(Kangnung)  977.6 (+ 1 6.0 ESE 4.5 3.0 —32.2 —1.6
Sokcho 977.71 (+ 1 15.2 SE 6.0 3.5 -31.9 -2.0
Posyet 986.8 (+ 8) 18.0 NE - - —22.8 -3.1
Vladivostok 986.6 (+ 4) 13.0 SE - - —23.0 —2.6
Nakhodka 986.9 (+10) 12.0 ENE - - ~22.7 —-2.3

that corresponding sea level changes inside the
surf zone are related to the conservation of mo-
mentum flux of surface gravity waves entering
shallow water.

Wave set-up may sufficiently increase storm
surge heights. For example during the 1938 New
England hurricane surge elevation was about 1
m greater at the relatively exposed areas where
storm wave energy was dissipated as surf than
at regions of calmer waters (Guza and THORN-
TON, 1981). Unfortunately we could not investi-
gate this factor in detail because of lack of
data. Wave set-up was inspected very briefly
only for the stations Ulsan and Muko. Maximal
wind wave heights were regarded as additional
inputs in MISA and MRA. It was found that
wind waves are correlated with onshore wind, i.
e. it is not easy to distinguish wave set-up from
wind set-up. Nevertheless, supplement of the
additional input increased coherent parts of the
variances by 5 % for Ulsan and by 2.6 % for
Muko. Appropriate values of predicted variance
were increased by 9.7 and 4 % (Table 3).

Including wind wave input in the multi-
regressional analysis gave the appreciable im-
provement in hindcasting of the storm surge.
Unpredicted variance reduced from 104.8 to 43.1
c¢m for Muko and from 40.3 to 13.0cm for Ulsan.
Contribution of wind waves in addition to at-
mospheric pressure and wind stress to rise of the
storm surge height for Ulsan is well seen in Fig.
9. Maximal wind wave heights (H...) during the

storm surge were 8 m at Ulsan and 4.5m at
Muko. Significant heights (H:s) were 5 and 3 m
respectively (Table 6).

There are some empirical relations between
the height of wave set-up 7, and Hys. Specifi-
cally, Guza and THORNTON (1981) found that
change of mean sea level 7, owing to waves
satisfies to the ratio

o.14<f1% <0.21 )
/3

where H:Js is significant wind wave height in
deep water.

We had only fragmentary data of significant
wave heights, too scanty to apply MRA analy-
sis. All these data were used to define empirical
regression relations between His and H,... We
found that

H.s=5.5+0.66 H,., for Ulsan

Hy=0.3+0.65 H.... for Muko. (®)

Relations (8) were applied to get significant
wave heights for 3-month series and to use them
for further computations.

Residual sea level series were used after sub-
traction of the parts correlated with atmos-
pheric pressure and wind stress. The following
regression coefficients between Hi s and sea level
were obtained:

Ulsan: w,=0.039; Muko: w,=0.026.
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Fig. 9. Time series of recorded storm surges (solid line) and predicted by atmospheric pressure
(dotted line) and by pressure and two wind stress components (dashed line). For the Ulsan
station aditional part related to wave set-up is hatched.

Wind waves with significant wave height of 3 m
cause sea level rise of 12 cm in Ulsan and 8 ¢cm in
Muko.

These values are less than those given in

relation (7). One of the possible reasons of this
difference is that part of wave set-up ’went
away’ from residual series together with wind
coherent part. Another reason is that estimates
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obtained by Guza and THORNTON (1981) are re-
lated to smooth beach slope and may be inappli-
cable to measurements in bays and harbours.
THOMPSON and HaMON (1980) found wave set-
up in harbour may be represented as

_3 His

nm_16 h ! (9)

where A is the depth at the entrance of harbour.

To estimate suitableness of this formula to
our situation we have made special computa-
tions of wave set-up with square of significant
wave height as input function and obtained fol-
lowing regression coefficients:

Ulsan: w=0.80 ; Muko: w4=0.95.

These values correspond to expression (9) if A
=23.5 m for Ulsan and =20 m for Muko; the
depths are quite reasonable.

10. Influence of non-linear interaction of storm
surges with tides.

Sea level variations described by expression
(5) show linear response of the sea to external
meteorological forces. It is possible to explain
that residual background variations &(¢)
unpredicted by (5) are partly related to non-
linear interaction of storm surges and tides. In
this case non-tidal sea level may be represented
as

W=+ u®+e (o, AD

where ¢, is the linear sea level component ob-
tained from (5) with regression coefficients,
{ .. 1s the non-linear component and &, is back-
ground noise.

In accordance with AMIN (1982) special non-
linear input functions were constructed for
southern Korean stations which have relatively
big amplitudes of tides (Table 2):

F.)=¢ ¢ @, an
where (., is pure predicted tidal series; non-

linear sea component was estimated then from
the equation

N
(a@®=2wi(t)F,t— 1)+ e (@) 12
j=1

by MRA technique. Only one regression coeffi-
cient was determined but with different time
lags.

It was found that for long 3-month series in-
fluence of non-linear input is negligible but a
certain non-linear influence is found out for
storm surge records. Variances of background
residuals have reduced: for Cheju from 48.1 to
35.4 cm (27 %), for Chungmu from 52.9 to 44.3
cm (16 %) and for Ulsan from 21.3 to 19.1 cm
(10 %). For all other stations decreases of
background variances during the storm surge
were less than 4 9. Best results were achieved
with time lags 7;=3-5 hours. The strongest in-
fluence of tide-surge interaction was observed
just for the same stations (Cheju, Chungmu)
with relatively strong shallow water tidal con-
stituents M. and MS..

The non-linear effects during the storm surge
caused by typhoon “VERA” are apparently the
result of the interaction between tidal and
storm surge currents. More detailed analysis of
the phenomenon is a subject of the future study.

11. Summary and discussion.

We processed 3-month data series to study
behaviour of non-tidal sea level variations along
the Korean and Russian coasts of the Sea of
Japan and reaction of sea level to meteorologi-
cal forces. Two different approaches were used
to examine the data: 1) investigation in fre-
quency domain (spectral, cross-spectral analy-
sis, multi-input system spectral analysis); 2)
investigation in time domain (multiple regres-
sion analysis). Combination of these two ap-
proaches allowed us to make comprehensive
examination of the subject.

It was found that in synoptical frequency
band the atmospheric pressure plays principle
role in forming non-tidal variations: 46 to 77 %
of total sea level energy are coherent with pres-
sure. These sea level variations move along the
coast in the same direction as atmospheric dis-
turbances. The barometric factor is increased
northward; it is much less than theoretical
value (—1.01 cm/mb) for southernmost sta-
tions Sogwipo and Cheju (—0.67 and —0.79) and
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is much higher for the northernmost station De
Kastri (—1.50). The same tendency is remained
for individual storm surges but the correspond-
ing values of barometric factor are bigger
(from —1.07 to —2.30).

Energy of non-tidal sea level oscillations for
the stations situated in the Korean Strait de-
creases from west to east with a minimal value
at Pusan and then increases northward with
maximum in De Kastri. Total amount of energy
which is coherent with meteorological forces is
changed from 59 % (for De Kastri) to 92 % (for
Sokcho). Multiple regression analysis (MRA)
allows to predict from 47 % (for Cheju) to 78 %
(for Posyet).of sea level variance. Improvement
of MRA prediction may be apparently achieved
by use of additional response coefficients and
better choice of corresponding time lags.

The relative importance of wind and wind
waves in sea level generation is increased drasti-
cally during typhoon passages amplifying surge
heights sufficiently.

The storm surge caused by the typhoon
“VERA” was studied in detail. Some useful pa-
rameters were chosen to compare surge behavior
with transformation along the coast. Regres-
sion weights computed from 3-month data series
were used to hindcast this surge and results were
quite satisfactory.

One of the most important questions is an ap-
plicability of regression models to disaster fore-
cast. To solve this problem it is necessary to
predict sea level changes. To estimate the prin-
cipal possibility of such prediction a special test
was made. The MRA calculations with subse-
quently increasing time lags were performed for
both long series and storm surge segments. It
turned out that quality of the forecast was
fairly good for periods of 0~12 hours but rapidly
became worse one day or more ahead.

An interesting but not well known problem is
the influence of the secondary factors on sea
level forming. We have studied briefly two of
such factors: non-linear intraction of tides,
weather-induced oscillations and wind set-up. It
was found that in the investigated region the
first factor plays a small role in the total
budget of sea level energy; only during strong
surges in shallow water areas with sufficient
tidal variations it is possible to find weak

display of such interaction; on the other hand
spectral analysis shows certain evidence of non-
linear interaction of tides with mean flow.

Influence of wind set-up is appeared in the
records at two stations Muko and Ulsan, espe-
cially in the periods of storms. It would be in-
teresting to research this question for the other
stations with more adequate data.

At last, it would be useful to investigate sig-
nificance of free waves in sea level variations
specifically continental shelf waves propagating
along the Korean coast and shelf of the
Primorye region of Russia. These waves usually
are manifested in currents but may also affect
sea level oscillations (Lappo et al., 1978;
LIKHACHEVA and SKRIPNIK, 1981). Preliminary
investigation of sea level residuals has not re-
vealed these waves in the processed data but it is
desirable to explore this question more atten-
tively.
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On the distribution of bottom cold waters
in Taiwan Strait during summertime

Joe WANG ™ and Ching-Sheng CHERN*

Abstract: The general behavior of a stratified current flowing into Taiwan Strait has been
studied from CTD and ADCP surveys conducted in the summer. Spatial distributions of
hydrographic parameters have provided significant clues for illuminating the effect of to-
pography on flows in the strait. Cold and saline waters in the northern Taiwan Strait
mainly appear in the west, for example, but not at the eastern portion of the strait. A north-
westward protruded, underwater cold and saline water tongue at north of Peng-hu also al-
ways exists. The tongue, being likely a permanent feature appearing from the spring to the
autumn, is caused by flow separation due to topographic effects of the Chang-Yuen sand
ridge on the incoming stratified currents. Surface waters, being lighter than bottom wa-
ters, are able to flow over the ridge. Bottom waters, however, are forced to turn northwest-
ward along the depth contour and enter into the western strait. Field ADCP measurements
have suggested the total transport of the latter to be of the order of 0.2 to 0.3 Sv in the sum-

mer.

1. introduction

Upwelling phenomena observed in Taiwan
Strait (TS) have recently drawn particular
attention (e. g. CHEN et al., 1982; Car and
LENNON, 1988; X1a0, 1988; Li and L1, 1989).
Previous investigators have reported upwelling
phenomena being frequently seen along the west
bank of TS during summertime. One of the two
major upwelling centers was found on the north-
west side of Formosa Banks. The other was
found near Hai-tang Island in northern Fuchien.
These phenomena have been repeatable, seasonal
processes. Wind stress, ocean circulation and
bottom topography have all been relevant to the
behavior of upwelling in TS.

Some topics appearing in the above-mentioned
literatures, however, are incomplete. The block-
ing effect exerted by the shallow Formosa Banks
to incoming stratified currents from the South
China Sea (SCS), for example, was ignored by
most of these authors (except L1 and L1, 1989).
The topography used by Cal and LENNON (1988)
for their numerical examinations was over-
simplified. Additionally, important features of

*

Institute of Oceanography, National Taiwan
University Taipei, Taiwan, China

both Peng-hu Channel and the submarine ridge
north of Peng-hu were also absent in their mod-
eling. The real situation has still remained ob-
scure, even though L1 and L1 (1989) showed that
the source of upwelled cold waters in TS comes
from the northern SCS and they postulated three
possible conduits for them.

Upwelling in TS is a significant process for
the strait dynamics. The path as well as the flux
of upwelled cold waters are also of central im-
portance to local hydrography. General features
of upwelling phenomena in TS were descriptively
reported in previous literatures. The detailed
mechanisms, e.g. the topographic adjustment of
a stratified current after it entering TS and its
responses to prevailing winds are, however, not
clear. The adjustment process is emphasized
here, and some of our surveys in TS during the
past several summers are reported. The purpose
of this paper is to explore the general behavior
of a stratified current entering the rugged TS
during a calm wind condition. Some of the
above-mentioned ambiguities, e.g. the persis-
tency, possible paths and volume transport of
the cold inflow in TS are expected to be cleared
up by the data acquired during field surveys. The
methodology is briefly discussed in section 2.
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The characteristics of transect profiles and
plane contours of hydrographic parameters are
described in section 3. The ADCP measurements
are reported in section 4. The topographic effect
induced by a submarine ridge in TS on the in-
coming stratified current is addressed in section
5. Conclusions are presented, after the discus-
sion of some relevant topics for future studies,
in section 6.

2. Data and methodology

Field data of both CTD and ADCP, which
were acquired from several summer cruises of
the R/V Ocean Researcher I (ORI) during 1988
and 1989 (Table 1), were used for exploring the
behavior of bottom waters in TS. An NBIS CTD
with 32 Hz sampling rate was used on each sta-
tion for monitoring the vertical profiles of tem-
perature (T) and salinity (S) in real time. The
CTD group was requested during each cast to de-
scend the CTD underwater unit as close (within
2 m) to the seabed as possible. This was done
since the property of the bottom water is of
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Table 1. Period and measurement items of

ORI cruises used.

Cruise Period Items
161 1988/ 6/ 7—6/10 CTD only
169 1988/ 7/27—7/30  CTD and ADCP
177 1988/9/ 1—9/ 6 CTD and ADCP
214 1989/ 6/13—6/16 CTD and ADCP

central importance to later analysis. In addition
to the CTD casts, a shipborne RDI 150 kHz
ADCP was used in each cruise (except ORI 161)
for detecting the velocity of water flowing un-
derneath the keel of the ship during the voyage.
The ADCP was set in the bottom tracking mode
with 4 m bin length and a 5 minutes sampling in-
terval.

The kinematic bottom boundary condition for
inviscid flows over a solid bottom, i.e. the free-
slip condition, implies that the bottom surface
is a three dimensional stream surface (YiH,
1979). Any isothermal, isohaline or isopycnal
surfaces may be inferred here also to similarly
be three dimensional stream surfaces according
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Fig. 1.

The smoothed depth contour of Taiwan Strait (meters).
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Fig. 2. Contours of T (°C, upper panel) and S
(psu, lower panel) at 80 m depth or just above
the bottom of TS during ORI 169, 1988 7/27-7
/30.

2

to the conservation of heat, salt and mass, if
mixing is negligible and the flow is steady. The
intersection of any two of these surfaces marks
a streamline. This idea could be extended to a
number of real situations. For example, iso-
therms (or isohalines and isopycnals) on the
bottom surface may signify streamlines, if ver-
tical profiles of either T or S are vertically uni-
form near the bottom and lateral mixing is
negligible. The path and lateral boundary of
cold flows on the bottom could be easily defined
according to this argument. A core region com-
posed by cold and saline waters could be deter-
mined here for each hydrographic section once
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Fig. 3. Contours of T (°C, upper panel) and S
(psu, lower panel) 80 m depth or just above the
bottom of TS during ORI 177, 1988 9/1-9/6.

the path and lateral boundary had been marked.
Volume transport within the core would then be
obtained from that determination and corre-
sponding ADCP measurements.

3. Bottom topography and hydrographic pat-

terns

An overview of the bottom topography of TS
may be useful before addressing the hydro-
graphy. The submarine canyon (the Peng-hu
Channel), that lays offshore of southwest Tai-
wan, is perhaps the most striking feature of the
bottom topography of TS (Fig.1). The north-
westward extension of the canyon is called the
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CTD station pattern of ORI 177
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Fig. 4. The station pattern of CTD casts during
ORI 177, 1988 9/1-9/6. Capital letters denote
different sections. Sections A to G run from
east to west. Only Section H runs from south-
west to northeast.

North Peng-hu Trough hereafter. It joins the
Peng-hu Channel northeast of Peng-hu Islands
and is also a principal part of the submarine
trough system in TS. Three highlands, in addi-
tion, exist in TS, i.e. Formosa Banks, Peng-hu
Islands and a southeast-northwest oriented
ridge at north of Peng-hu (the Chang-Yuen sand
ridge or CY ridge; WaNG and CHERN, 1989). The
CY ridge and its extension divide the southwest
and the northeast TS roughly into two basins
(the south basin and the north basin for later
reference). All of these features are likely to in-
fluence the flow pattern and the hydrography of
TS as well.

The spatial distribution of passive parame-
ters, e.g. T and S, could be used, under certain
conditions, to signify the pattern of bottom
flows (Section 2). Figs. 2 and 3 are two typical
examples. The depth of 80 m is selected arbitrar-
ily to be an upper limit since the majority por-
tion of TS is shallower than 80 m (Fig. 1). Data
used for the drawings of Figs. 2 and 3 are either
at 80m depth or just above the bottom if the
water depth is less than 80m.

A cold and saline water tongue appearing at
north of Peng-hu is striking and common to all
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Fig. 5. Vertical transects of T (°C, upper panel)
and S (psu, lower panel) along Section B of
ORI 177.

summer cruises of Table 1. Cold and saline wa-
ters that compose the tongue stem from the east
of Formosa Banks and extend into the Peng-hu
Channel. They turn northwestward after pass-
ing Peng-hu and form a protruded tongue-like
pattern (Figs.2 and 3). Two relatively warmer
but less saline regions exist on both sides of the
tongue. One is located at the north basin. The
other occupies a significant portion of the south
basin and Formosa banks (Fig.3). Lateral rims
of cold waters are, interestingly, almost paral-
lel to local isobaths of 70 m on the left or 60 m
on the right. Topographicall steering is the pri-
mary mechanism leading to the observed appar-
ent trajectory of cold waters. Bottom stream-
lines on the south slope of the CY ridge are,
moreover, directed to the northwest in a diver-
gent manner. They, however, turn clockwise and
converge to the northeast after passing the ridge
(Figs. 2 and 3). The anticyclonic turning and
convergence of streamlines can be qualitatively
attributed to the cross-isobath movement due to
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Fig. 6. Vertical transects of T (°C, upper panel)
and S (psu, lower panel) along Section E of
ORI 177.

waters flowing over the ridge. This flow pattern
is dictated by the conservation of potential
vorticity (Nor, 1979). The other warm region
west of Peng-hu and north of Formosa Banks is
also an interesting place. It unfortunately lies
largely beyond the survey areas and must be the
focus of future study.

The basic configuration of the tongue-like
pattern is likely permanent from the spring
through the summer to the autumn. This is rea-
sonable since the basic aspects of the tongue-like
pattern found in June, July and early September
(as well as other two cruises in May of both
1988 and 1989 which are not included in Table 1)
were approximately the same, but different
from other winter cruises (WANG and CHERN,
1989). Therefore, a quasi-steady state assump-
tion is acceptable. The cruise ORI 177 has been
selected here for illustrating the details of the
tongue. Several transects of T and S of ORI 177
shown in Fig. 4 are presented in Figs. 5-7. The
water column is basically well-stratified in the
Penghu Channel. It becomes, however, weakly
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PFig. 7. Vertical transects of T (°C, upper panel)
and S (psu, lower panel) along Section G of
ORI 177.

stratified or uniform toward the west (Section
B, Fig. 5). A different pattern is apparent at
sections north of the CY ridge, where the water
column is nearly uniform along the east bank,
but more stratified toward the left bank of TS
(Section G, Fig. 7). The action of near-bottom
turbulence is not likely to be negligible there,
considering the shallowness of the south basin
and the vigorousness of tidal currents. An equi-
librium between advective and detrainment
processes is implied by the existence of a perma-
nent tongue structure. The tongue-like pattern
can not be maintained in the North Peng-hu
Trough, unless a continuous supply of cold and
saline waters exist in order to compensate the
detrainment loss due to mixing. The existence of
an undercurrent is implied by this.

4. ADCP measurements

Vertical sections of ADCP measurements dur-
ing ORI 177 are presented in Figs. 8-10 for illus-
trating the spatial structure of the current field
in TS. Corresponding hydrographic contours are



218 La mer 30, 1992

1988 9/1-6 ADCP U (cm/s), Section B

B

al

R NN

-120

-150

Depth (m)
1
©
<
LIS S S B I I O B VA

-180 L 1 L i L L ! I L | 1 I 1 L
10 20 30 40 S0 60 70 80 90 100 110 120 130 140 150

Distance (km)

o

1988 9/1-6 ADCP V (cm/s), Section B

IR

0

-30

¢

-60

-90

Depth (m)

.
s
R
&
N
L
L
-120 £

=150 ﬁ
~180 I I L I I LT
o

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Distance (km)
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northward velocity component, V (cm s7’,
lower panel), of ADCP measurements along

Section B of ORI 177.

shown in Figs. 5-7. Tidal currents are not feeble
within the survey area. Aliasing induced by tidal
variation is therefore embedded within these
measurements. An apparent current, with a
strength of the order of 80-120 cm s7*, is shown
by ADCP surveys (Figs. 5-7). It is along the
eastern edge of the plateau which is composed by
Formosa Banks and Peng-hu Islands. The cur-
rent flows through Peng-hu Channel toward the
CY ridge in the upper layer. The direction of the
current changes from ENE (Section A) to NNE
(Sections B and C), then to NNW (Section H) in
front of the CY ridge. The current veers on and
after passing the ridge from NE (Section E) to
ENE (Section F). Its strength is significantly
reduced. The axis of the stream, on the other
hand, shifts more toward Peng-hu Island as it
approaches the end of Peng-hu Channel. The
uphill slope of the CY ridge is encountered by
the flow there. A cyclonic turning with positive
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Fig. 9. Vertical transects of U (cm s™, upper
panel) and V (em s, lower panel) of ADCP
measurements along Section E of ORI 177.

vorticity is then presented in Sections A to C.
An anticyclonic veering associated with nega-
tive vorticity, however, successively occurs in
Sections H, E and F. An undercurrent is, addi-
tionally, found in the lower layer to be flowing
northwestward along the North Peng-hu Trough
(Sections E and F; the former is shown in Fig.
9). The undercurrent veers to the northeast at a
further downstream section to coincide with the
orientation of local isobath (Section G, Fig.
10). In comparison with corresponding hydro-
graphic patterns, a close correlation between the
undercurrent and the cold water core is found;
e.g. the zero contour of the eastward velocity
component along Section E (Fig. 9, upper panel)
roughly agrees with the isoline of either 26.5°C
or 33.7 psu (Fig. 6). Similar features are ob-
served in other sections.

Tidal currents are significant in TS; the am-
plitude of the lunar principal, M. constituent, is
approximately 70 cm s~ in the Peng-hu Channel
(CHUANG, 1985). Tidal currents cause aliasing
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measurements along Section G of ORI 177.

in ADCP measurements since they fluctuate pe-
riodically. Removing tidal influences from
ADCP data is feasible if a precise tidal current
prediction is provided. Another method is to
take average over profiles from repeaed obser-
vations.

The procedure for the estimation of volume
transport is straightforward. A common isoline
of either T or S is first selected here from
transect diagram of T or S as the bounding sur-
face for defining the core of the cold water
along the stream. The surface of 34.1 psu (and
therefore 25.0°C) is chosen from hydrographic
sections of ORI 177 to be the bounding surface.
The velocity component normal to the section is
next calculated from ADCP measurements. Ex-
trapolation is carried out to fill in the blanked
layers above the bottom. The volume transport
is then estimated after integrating the normal
velocity over the core area. The estimations are
respectively 0.1, 0.4, 0.5 and 0.2 Sv for sections
from E to H. A mean value of approximately 0.3
Sv is obtained for ORI 177. The validity of this

Table 2. The estimated volume transport of
the cold current

Cruise No. Transport (Sv) Note

169 0.2
177 0.3
214 0.2

Average of 4 sections
Average of 4 sections
Average of 3 sections

procedure depends on the streamwise length
scales for both the cold current and the tidal
current, which must be much larger than the ex-
tent of the survey area. The values obtained re-
main tentative estimations because of poor
knowledge of the length scales.

Similar calculations for other cruises, but
based on different criteria of T and S, have been
made. Results are presented in Table 2.

Obtaining the exact quantity of volume trans-
port is not an easy task. The validity of the
foregoing estimations, however, could be judged
indirectly by cross-checking with other observa-
tions such as measurements of moored current
meters. The mean velocity of the near-bottom
current at the north end of Peng-hu Channel was
reported to be approximately 32 ¢cm s during
the 1984 summer (CHUANG, 1986). The value
30 m X 40 km is perhaps not an unreasonable es-
timation for the cross-sectional area of the un-
dercurrent. By supposing the core pattern and
the seasonal mean current remain roughly the
same in different summers, a transport of 0.4 Sv
is then obtained. This value is consistent with
those shown in Table 2. The estimates obtained
above seems to be robust, and the transport of
the cold current in the summer is believed to be
of the order of 0.2 to 0.3 Sv.

5. Topographic effect

The formation of a permanent undercurrent in
TS could be interpreted in terms of flow—topog-
raphy interactions. The phenomenon may be
considered here from two points of view. For a
rotational, steady and inviscid stratified flow
under Boussinesq approximation, a quantity of

p_1 .

A + _

o0 2 u'tg'z
is constant along a streamline, where p repre-
sents the departure from hydrostatic pressure;
0o is the reference density at the free surface z
=0; u is the water speed; and g’ is the reduced
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gravity (PHiLLIPS, 1977). The width of the CY
ridge is approximately 40 km (Fig.1), and we es-
timate g’ =107?m s~ and layer thickness of
both surface and bottom waters to be 50 m from
typical density profiles in Peng-hu Channel.
These give the baroclinic Rossby deformation
radius for the flow to be 10 km, much less than
the scale of the CY ridge. The bottom flow in
the vicinity of the CY ridge is then likely to be
quasi-geostrophic.

Both isobars and isopycnals are equivalent to
streamlines for a geostrophic flow. The latter
then has to precisely follow the depth contour.
The variation of pressure along a streamline is
likely to be negligible if the flow is quasi-
geostrophic, as compared to a variation of other
terms in the Bernoulli invariant. Cross-isobath
motions along a streamline basically involve the
conversion of kinetic energy to potential energy.
The criterion for quasi-geostrophic bottom cur-
rents which can not overpass the CY ridge is
then likely to be

% Vo2 <g' AZ,

where Vo denotes the velocity of bottom flows
at the entrance of the channel; Az is the eleva-
tion difference between the top of the ridge and
the base plane. Substituting g’, Vo=32 ¢m s™
(CuuaNG, 1986) and Az (about 40 m (Fig.1))
into the inequality, the bottom flow in Peng-hu
Channel is considered not energetic enough to
surmount the CY ridge; flow separation has to
occur. The most suitable destination for the sub-
surface heavy water can be expected from the
bottom topography (Fig. 1) to be the North
Peng-hu Trough, which provides an optimum
path to the cold inflow. The process of topog-
raphical steering dictates that separated subsur-
face waters flow northwestward along the
trough and form a cold and saline tongue there.
The deflection of bottom current exports cold
and saline waters from the Peng-hu Channel to-
ward Fuchien coast. This deflection initiates the
laterally asymmetric density distribution found
in downstream sections at the northern TS.
Light fluids aloft can easily overpass the CY
ridge. This is in contrast to the underlying sub-
surface heavy waters in the Peng-hu Channel.
When the surface layer water escapes from the

channel and encounters the CY ridge, the water
column expands laterally due to the widening of
the water body and is compressed vertically due
to the reduction of water depth. Both effects

‘cause the current system to enter into a state of

adjustment. Surface waters are assumed, for
simplicity sake, to be homogeneous and the in-
coming current is assumed uniform, geostrophic
and hydrostatic at the entrance of Peng-hu
Channel. The situation is then geometrically and
dynamically analogous to that studied by Nor
(1978). A critical Rossby number Roc consid-
ered by NoOF is of central importance to the ad-
justing flow pattern. A subcritical flow
associated with an anticyclonic turning of
streamlines appears on the ridge if the flow
Rossby number Ro > Roc (NoF, 1978, Fig. 3b).
A supercritical flow emerges if Ro < Roc. Flow
separation occurs, in this case, at the right wing
of the current facing downstream (Nor, 1978,
Fig. 4b).

The flow widens by a factor of about 2, from
the CY ridge to Peng-hu Channel (Fig. 1). The
initial thickness and the later reduction of thick-
ness for the surface water are respectively 60 m
and 20 m if the isothermal surface 26.0°C is arbi-
trarily selected as the lower boundary of the
upper layer. Roc = 0(0.4) is then achieved ac-
cording to Nor’s (1978) formula. A critical in-
flow velocity Vo.=48 cm s is obtained with
the width of Peng-hu Channel assumed to be 20
km. The velocity of upper layer currents during
summertime in Peng-hu Channel usually exceeds
this value (Fig. 8). No lateral separation then
occurs on the CY ridge. The situation may
signifieantly change in other seasons due to the
weakening of northward flows. Flow separation
is apparently unavoidable in winter. It may
cause a southward flow region to the east of the
CY ridge (WaNG and CHERN, 1989).

6. Discussion and concluding remarks

A quasi-permanent, cold and saline undercur-
rent is found from previous CTD and ADCP
measurements; it flows steadily along the
North Peng-hu Trough then enters the western
TS during summertime. The existence of this un-
dercurrent appears to answer a number of ques-
tions on the source and path of cold waters in
TS. This, however, is still insufficient for
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interpreting the appearance of cold waters at
northwest of Formosa Banks (L1 and L1, 1989).
The problem could be solved in terms of a study
of WHITEHEAD (1985).

The coast of Fuchien is assumed, for simplic-
ity sake, to be vertical and the bottom of the
south basin is flat. The situation is dynamically
similar to that analyzed by WHITEHEAD (1985),
if the undercurrent is uniform both horizontally
and vertically at the entrance of North Peng-hu
Trough and the upper layer is motionless under
a rigid-lid approximation. More than 85 % of
the total volume transport will turn to the
right, and the remainder 15 % to the left. This
occurs due to the angle between the axis of the
cold stream and the coastline of Fuchien being
approximately 30°. The remaining 15 % may be
theoretically expected to export cold and saline
waters to the offshore of south Fuchien. What
has actually occurred has yet to be determined
and perhaps be the focus of future study.

The general behavior of currents in TS has
been studied, based on CTD and ADCP surveys
in TS during previous summers. The stratified
incoming current in the Peng-hu Channel is
found separating vertically in front of the CY
ridge. Waters in the upper layer overrun the
ridge. Subsurface heavy waters, however, turn
to the northwest and form a permanent cold and
saline water tongue protruding toward Fuchien
coast during summertime. The volume trans-
port of the cold current is estimated to be 0.2—
0.3 Sv from ADCP measurements.
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The influence of Taiwan Strait waters on the circulation
of the Southern East China Sea

Ching-sheng CHERN " and Joe WANG "

Abstract: The circulation on the shelf north of Taiwan is determined by the dynamic bal-
ance between outflow from Taiwan strait and intruding Kuroshio subsurface water. When
the strait flow is strong, the Kuroshio intrusion is confined to the outer shelf and the salin-
ity of the surface layer waters on the shelf has a typical value below 34 psu. With decreasing
strait outflow, the cool and saline Kuroshio subsurface water penetrates further into the
midshelf of the southern East China Sea. As this current provides a major source of salt,
the salinity becomes greater than 34.1 psu for waters around northern Taiwan offshore

area under these conditions.

1. Introduction

Taiwan strait is a channel of shallow water
connecting the East China Sea (ECS) and the
South China Sea. Previous studies showed that
there is a persistent northward flow through the
strait. This current reaches a maximum, about
50 cm/s, in summer and decreases to about
10 ¢cm/s during the northeast monsoon season in
winter (CHuaNG 1986, CHERN and WANG,
1989).

Along the east coast of Taiwan, the Kuroshio
current flows steadily northward. After leaving
the coast of Taiwan, the main stream turns
northeast along the continental slope in the
ECS. At the turning point, some cold and saline
Kuroshio subsurface waters branch onto the
continental shelf as indicated by the pattern of
averaged surface velocity (QIU et al., 1990) and
hydrographic surveys (CHERN and WANG,
1990a) in this area.

By using a primitive equation general circula-
tion model, CHAO (1990) considered the influe-
nce of the northward intruding Kuroshio water
and Taiwan Strait water on the circulation pat-
tern over the broad shelf of the ECS. When the
outflow from the strait is strong, the advance
of the northward intruding water manifests it-
self as a tongue-like feature over the midshelf.

*

Institute Of Oceanography National Taiwan
University, Taipei, China

When the strait flow is weak, the intruding
Kuroshio water penetrates close to the China
coastal area and its front outlines a lopsided
shape. This change of the front shape is attrib-
uted to seasonal variations of the monsoon
winds. Direct hydrographic surveys over the
ECS are consistent with this description
(WanNg, 1987; Song, 1987).

Because the Taiwan Strait is shallow, its
transport is strongly affected by variations in
the wind field (WaNgG, 1990). In addition to the
seasonal variation, the flow pattern north of
Taiwan responds to alterations of surface winds
with a period of several days. We present here
two typical CTD surveys of the shelf area north
of Taiwan in summer to illustrate this point.
These data show that the outflow from the
strait is blocked by the westward intruding
Kuroshio water when the southwesterly winds
are weak. When the southwesterly winds become
strong, the strait water flows directly into the
ECS and the cold Kuroshio water is displaced
farther offshore.

2. Hydrographic observation

The hydrographic surveys were conducted on
board the R/V Ocean Research I, during the pe-
riods July 1-5 and August 16-19, 1988 over the
shelf/slope area near northern Taiwan (Fig. 1.
The winds were mainly southwesterlies in the
survey area, but varied in strength, during these
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Fig.1l. Hydrographic station locations of the two
cruises in July and August 1988. (A, B, C are
positions of the three transect lines shown in
Figs. 6, 8 and 3 respectively.)

two cruise periods. Fig. 2 is a stick diagram of
winds measured, over these two periods, on a
platform (station D in Fig. 1); about 25 km off
the west coast of Taiwan winds were mild, with
average speed of about 5 m/s, during the first
cruise and increased to above 10 m/s in the pe-
riod of the second cruise.

Temperature and salinity data were obtained
at each station with a Neil Brown Instrument
Systems conductivity-temperature-depth (CTD)
meter. Fig. 3 shows temperature and salinity

Wl il

DATE 1988/7/1-5
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L | 1 1 J

16 17 18 19 20 21
DATE 1988/8/16—-20

Fig. 2. Stick diagram of wind data measured on
an offshore platform, station D in Fig. 1, dur-
ing the two cruise periods.

transects across the strait (line C in Fig. 1) for
the first cruise. The origin of line C is located at
25°33.5" N, 120° 32’ E. The water was weakly
stratified with temperature > 27 °C and salin-
ity < 34.1 psu in the eastern portion of the
strait, whereas there emerged a distinct two-
layer structure in the midstrait. This structure
is typical of water in the Taiwan Strait during
summer (WANG and CHERN, 1991).

Fig. 4 shows the distribution of temperature
and salinity at 50 m depth for the first cruise.
The Kuroshio, originating in cool and saline
water with temperature < 26 °C and salinity >
34.2 psu, extended westward and tended to block
the northeastward warm and less saline water
from the eastern strait. Fig. 5 shows the distri-
bution of temperature and salinity at 50 m
depth for the second cruise. With increasingly
strong southwesterly winds, the eastern strait
water flowed northeastward directly into the
southern ECS. The upwelled Kuroshio subsur-
face water is confined to the seaward portion of
the shelf/slope area northeast of Taiwan.

Fig. 6 shows temperature and salinity tran-
sects at 26° N between 121° E and 122° 40’ E
(line A in Fig. 1) for the first cruise, and Fig. 7
shows transects along this same line for the sec-
ond cruise. For mild wind conditions (Fig. 6)
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Fig. 3. Cross-strait transect of temperature
(upper) and salinity (lower), along line C in
Fig. 1, of the cruise during 1988/7/1-5.

Depth (m)

over the whole observed shelf region a well
stratified structure emerged, with the presence
of cool and saline bottom water just below 50 m
depth. The warm, little saline and weakly strati-
fied eastern strait water was absent at this line.

For strong southwesterly wind conditions
(Fig. 7), the upwelled Kuroshio water occurred
at the outer part of the shelf and intruded into
the midshelf only near the bottom. The warm
and little saline strait water occupied the upper
60 m over the midshelf area.

3. Discussions

Previous observations showed that there is a
permanent upwelling center of Kuroshio subsur-
face water above the shelf break northeast of
Taiwan (Upa and Kisui, 1974; Fanx 1980;
CHERN et al., 1990). The thermal wind effect as-

sociated with this upwelling pattern maintains’
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Fig. 4. Horizontal distribution of temperature
(upper) and salinity (lower) at 50 m of the
cruise during 1988/7/1-5.

a vertical velocity shear in the direction across
the stream for incoming flow south of the
upwelling front. Cross-stream baroclinic circu-
lation of this kind favors the shoreward intru-
sion of upwelled Kuroshio water near the
bottom of the shelf north of Taiwan. Our previ-
ous current measurements at north of Taiwan
have shown the existence of a northwestward
mean flow of about of 10~20 cm/s near the bot-
tom with water temperature about of 17°C all
the year round (CHERN and WANG, 1989).

The shoreward intrusion of upwelled Kuroshio
water is a result of adjustment of Kuroshio as it
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Fig. 5. Horizontal distribution of temperature
(upper) and salinity (lower) at 50 m of the
cruise during 1988/8/16-19.

flows toward the steep shelf break of ECS; then
local winds modulate its strength. In contrast,
the flow in the Taiwan Strait shows strong
wind-dependent variations. Because the circula-
tion on the shelf north of Taiwan is determined
mainly by the dynamic balance between the two
jets from both sides of the island, its pattern is
sensitive to changes in the wind field. The
hydrographic data described above show this
feature.

The shelf-edge upwelling of Kuroshio subsur-
face water provides a major source of salt for
waters of the ECS. Our present surveys show
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Fig. 6. East-west transect of temperature (upper)
and salinity (lower), along line A in Fig. 1, of
the cruise during 1988/7/1-5.

that the outflow from the strait has a strong in-
fluence on the spreading of the upwelled water.
As the strait flow weakens during periods of
calm wind, the cool and highly saline upwelled
water penetrate deeply into the midshelf region.
Under these conditions and with strong vertical
mixing maintained by the shear of internal tidal
motions in this area (CHERN and WANG,
1990b), the salinity in the surface layer (C>34.1
psu) becomes larger than the typical value (< 34
psu) for surface water in the southern part of
Taiwan Strait. When the strait flow intensifies
during a period of strong southwesterlies, sur-
face waters on the shelf near northern Taiwan
retain little saline values.

As warm and little saline water leaves the
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the cruise during 1988/8/16-19.

northern end of Taiwan Strait, part of it tends
to turn toward the open sea along the northern
coast of Taiwan. The temperature and salinity
transects (Fig. 8) at 25°20’ N (line B in Fig. 1),
of the first cruise show that waters of the east-
ern strait, having temperature > 27 °C and sa-
linity <C 34.1 psu, occur in the upper 60 to 40 m
over the slope region. The data of the second
cruise show similar distribution of temperature
and salinity along this line. We have also ob-
served a similar offshore transport of shelf wa-
ters, but with a larger volume transport under

northeasterly wind conditions (CHERN et al.,
1990).
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Fig. 8. East-west transect of temperature (upper)
and salinity (lower), along line B in Fig. 1, of
the cruise during 1988/7/1-5.
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Numerical simulation for a northeastward flowing current from
area off the Eastern Hainan Island to Tsugaru/Soya Strait

R. L1*, Q. ZENG", Z. J1* and D. GUN"*

Abstract: The upper-layer monthly-mean circulations in the Pacific Ocean are calculated
by using a barotropic ocean model with a fine-horizontal resolution. We focus our atten-
tion on a northeastward flowing current which is closely related to the currents in the
China Sea and Japan Sea. Simulated results show that, both in winter (January) and sum-
mer (July), the northeastward current starts from the region off the eastern Hainan Island,
passing through the Taiwan Strait, East China Sea, the Korea Strait and Japan Sea, even-
tually entering the Pacific Ocean through the Tsugaru Strait in winter, but through the
Soya Strait in summer. The distribution of the simulated sea surface elevation reveals that
the combined effect of the sea surface slope in the direction of the current and that across the
current from southeast to northwest is probably one of the major forces driving the current.

1. Introduction

The China Sea is an ideal monsoon region. A
strong north or northeast monsoon blows in
winter, while a weak south or southwest mon-
soon prevails in summer. Therefore, many
oceanographers have taken it for granted that
under the intense influence of the northerly mon-
soon in winter, the coastal current off the south-
east coast of China flows leeward from
northeast to southwest. In the late fifties and
early sixties, the results obtained from the Chi-
nese National Comprehensive Oceanographic
Survey (1958-1960) denounced the traditional
concept above about the coastal current off the
southeast coast of China. GUAN et al. (1964)
pointed out the following:

1. In the offshore region of eastern Zhejiang,
besides the East China Sea Coastal Current
flowing leeward close to the coast, there exists a
current flowing northeastward against the wind
in the area a little further away from the coast.
They named the current “Taiwan Warm Cur-
rent” at that time.

2. In the nearshore region of Shantou (east of
116° E), there also exists a current flowing
northeastward against the wind. In addition, in

* LASG, Institute of Atmospheric Physics, Chi-
nese Academy of Sciences

the coastal area northeast of the Hainan Island,
a windward current is also observed. The north-
eastward flowing currents observed in two re-
gions mentioned above are considered to be
connected with each other and are called the
“South China Sea Warm Current.”

In the early sixties, GUAN et al. (1964) con-
jectured that there might also exist a northeast-
ward windward current in the deep and near-
bottom layers of the western part of the Taiwan
Strait, and further suggested that this conjec-
ture should be confirmed by future observa-
tions. They also conjectured that besides the
leeward cold current in winter there exists a
windward current flowing northeastward off
the southeast coast of China.

Based on the analysis of the observational
data, GuaN (1984, 1986) showed that in winter
there exists a windward current from the
coastal area east of the Hainan Island, passing
through the shore region of eastern Guangdong
and the western part of the Taiwan Strait, and
reaching the shore region of Fujian and
Zhejiang.

GuaN (1986) also pointed out that there ex-
ists a water passage through the northeast of
the South China Sea, Taiwan Strait, northwest
of the East China Sea, the Korea Strait, and
thought that this water passage has reference to
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expounding the source of the Tsushima Warm
Current.

FANG et al. (1988) indicated that the sea sur-
face elevation difference between the Luzon
Strait and the area east of Tsugaru and Soya
Strait may induce a current starting from
northeast of the South China Sea to Tsugaru/
Soya Strait. FaNG et al. (1989) named it
“Taiwan-Tsushima-Tsugaru Warm Current Sys-
tem (TTTWCS).”

During investigating this current, GUAN and
FANG could only rely on observations at some
limited areas because the current measurements
are still very scanty (Fig. 2). It is rather diffi-
cult to understand the complete picture of such
a long current based only on the insufficient ob-
servations. Does this current really exist? If it
does, what is the driving mechanism of it?
Could it be confirmed by numerical simula-
tions?

In order to answer these questions, numerical
calculations have been done by using an ocean
model which is the simplest form of the ocean-
atmosphere coupling models presented by ZENG
(1983). Some theories and methods applicable
to numerical weather prediction (NWP) models
and general circulation models (GCM) devel-
oped by Institute of Atmospheric Physics (IAP)
have been incorporated into the model (e.g.,
ZENG et al., 1987). In addition, techniques sav-
ing computational time have also been employed
in the model (e.g., ZENG et al., 1985, 1990).

2. Sketch of model

In a colatitude-longitude spherical surface co-
ordinate system (6, A, 2), the vertically-
averaged equations of motion and continuity
are adopted:
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_ 32 .
LA [AD Tl o 2etgf
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A is the Laplacian operator on a sphere; vis the
depth-averaged velocity vector; A=ho+ { is the
thickness of the water layer, Ao is the

undisturbed water depth, { is the sea surface
elevation; ¢ (=g{) is the geopotential depar-
ture of the free surface; g is the acceleration of
gravity: a is the Earth’s radius: 0o is the den-
sity of the seawater, taking p,=1.024g/cm?;
A, 1s the lateral eddy viscosity coefficient; &:1is
the bottom friction coefficient: f*=(2wcos 8
+uctg 0 /a) is the apparent Coriolis parameter,
w 1s the angular speed of the Earth’s rotation;
7 is the wind strees vector.

In order to design energy conserving time-
space finite difference schemes conveniently, we
introduce a variable substitution. If we substi-
tute

V=¢v, ¢=Vght &,
for v= 6+ A'u, Eqs. (1) and (2) can be re-
written as,

v
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The lateral boundary condition is
V.l r=0, 6))

wher I' is the horizontal boundary. The sub-
script n represents exterior normal to the bound-
ary I'.

Under the lateral boundary condition (5),
Egs. (3) and (4) have some integral properties
such as: (1) gross mass is conserved; (2) energy
is conserved if the forcing and dissipation are
omitted; (3) the nonlinear advection operators
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are skew-symmetric; and (4) Coriolis force and
curvature terms do not change the kinetic energy
density.

In terms of those elementary discrete opera-
tors used by ZENG et al. (1987, 1990), we can get
the difference equations on a C-grid which have
the same integral properties as those of the con-
tinuum differential equations.

The model domain extends from 98.75° E to
69.75°W and from 60.25°N to 60.25°S as shown
in Fig.9b. We adopt idealized topography
where the maximum water depth is taken to be
200 m, that is, we study a flat bottom
barotropic ocean of 200 m depth which has real-
istic topography only for the shallow water re-
gions such as the Bohai Sea, Yellow Sea and
most of the East China Sea. Therefore, for the
Pacific Ocean the model results mainly reveal
the features of the upper layer circulation.

Most of the lateral boundaries are just the
coastlines of Asia, North and South America.
Those open boundaries to the north in the Bering
Sea, to the southwest and to the south are re-
placed by closed boundaries. Along the northern
and southern lateral boundaries we take V=0,
while U=0 along the eastern and western
boundaries.

The model horizontal grid size is chosen to be
A8 =0.5° and AA =0.5°, so that the total grid
points are 384X 242. The initial conditions are
set as, ‘

U=0, V=0, ¢ =0 (.e., {=0 6

The lateral eddy viscosity coefficient A, is
10" em?®/s and the bottom friction coefficient
K2 is 3.3 X107 X (u*+vH)¥%?/h. Because our
model is a free surface model, the timestep is
greatly restrained by the surface gravity waves.
In order to save computing time, we also adopt
the splitting method used by ZENG et al. (1985)
when integrating by taking At =6 min as a
time step for the adjustment process and A ¢,
=60 min for the processes of advection and dis-
sipation.

Defining a generalized kinetic energy density
e,= (U*+V?) /2 and an available potential en-
ergy density e,,= ¢ %/2, then the total kinetic en-
ergy is KE= [.f e.ds and the total available
potential energy is PE = [,f e,ds, where s is

(TE)
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(KE)

Energy( X 10° 1)
s n L
o 0o N
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Fig. 1. Temporal variation of energy for January.
PE: total available potential energy; KE: total
kinetic energy; TE = PE + KE.
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Fig. 2. Observed current vectors in winter off the
southeast coast of China (from Guan, 1986).

the model domain and ds=a*sin6dfdA.
Starting from the resting state represented by
Eq. (6), the model forced by the monthly mean
climatological wind stress (HELLERMAN and
ROSENSTEIN, 1983) is integrated for 80 simula-
tion days for each month. In order to examine
the time dependent behavior of solutions, we
also calculate the total kinetic energy and total
available potential energy for each month. The
temporal change of energy for January is shown
in Fig. 1. Situations for other months are simi-
lar to Fig. 1. It can be shown from Fig. 1 that
the total kinetic energy and the total available
potential energy do not change appreciably after
about 40 days. This indicates that the current
speed and sea surface elevation at every point
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stay roughly the teady. Therefore, the results
after 80 days of integration may represent the
steady state upper layer circultation in the Pa-
cific Ocean (i.e., the monthly mean current).
From Fig.1, we also observe that the total
available potential energy corresponding to the
sea surface elevations is greater than the total
kinetic energy, which seems to indicate that the
free surface model is more reasonable physically
because it takes into account the transforma-
tion of the form of kinetic and available poten-
tial energy.

3. Results

Fig. 3 shows the computed monthly mean cur-
rents in the South China Sea (SCS). From Fig.
3a, it can be shown that under the intense influ-
ence of the northeasterly wind in winter, in the
northern area of SCS, besides a leeward coastal
current flowing southwestward, a windward
current similar to the observed South China Sea
Warm Current is very clearly visible. This cur-
rent starts from the coastal region off the east-
ern Hainan Island flowing northeastward
through Taiwan Strait and joining the Taiwan
Warm Current. This strongly confirms the sup-
position raised by GUAN et al. (1964). In

—s  29cm/s

summer, a wide current also starts from the
area off the eastern Hainan Island flowing
northeastward through the Taiwan Strait and
then entering the East China Sea as shown in
Fig. 3b.

Fig. 5 shows the currents in the Bohal Sea,
Yellow Sea and East China Seas as well as in the
adjacent areas. It is evident from Fig. 5a that a
branch of the Kuroshio north of Taiwan merges
into the Taiwan Warm Current, and part of the
water flow continuously along a cyclonic path
and joins the left flank of the Kuroshio. Part of
the Taiwan Warm Current flow northward
reaching the southern edge of the Qiantangjiang
Estuary, where it meets the extension of the Yel-
low Sea Coastal Current. They together turn to
the east and flow northeastward. In the area
northwest of Amami Oshima, the path of the
Kuroshio exhibits an anticyclonic curvature,
part of the Kuroshio water joining the northeast
current mentioned above along the way to form
a mixed water flowing east. In the area south-
west of Kyushu, this current of the mixed water
splits; the major branch turning to the south-
east to merge the Kuroshio, and the other
weaker branch being the Tsuhima Warm Current
as described traditionally. The latter flows



Northeastward Current from the eastern Hainan Island to Tsugaru/Soya Strait

100E 104E 108E 112E 116E 120E 122

233

100E 1048 108E 112E 116E 120E 122

2BN
22N
' 18N
14N

/ Z

W

=

6N

(®)

N o

MIN=~0,360006+02 MAX= 0.320005+02 INT.= 0.40000E+G1

MTN=-0.180008+02 KAX= 0.32000£+02 INT.« 0.40000E+01
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northward, passes through the Korea Strait and
enters the Japan sea. Finally this current enters
the Pacific Ocean through the Tsugaru Strait as
shown in Fig. 7a.

It is obvious from Figs. 3a and 5a that the
computed current patterns in the northern SCS
and offshore region of eastern Zhejiang agree

well with observations in Fig. 2.

In summer it can be clearly seen from Fig. 5b
that from the Taiwan Strait to the Korea Strait
the pattern of the northeastward flowing cur-
rent is similar to that in winter except for a
greater width. It moves into the Pacific Ocean
mainly through the Soya Strait as shown in Fig.
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7b. We do not know whether it in reality passes,
through the Soya Strait or not because we have
no available observational data to confirm it.
We were informed (TAKANO, private communi-
cation) that the Marine Environment Atlas-
Currents in Adjacent Seas of Japan (compiled
by Japan Oceanographic Data Center, published

by Japan Hydrographic Association, 1973)
shows that the flow is westward (from the
Okhotsk Sea to the Japan Sea) in winter, and is
eastward in spring, summer and fall, which is
consistent with the model results in this paper.

From Fig. 5 we also see at about 30°N, 126° E
that the winding current flows northward,
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Table 1. Maximum and mean velocities as well as transports through the Taiwan and Korea Straits

according to the model results.

Taiwan Strait

Korea Strait

month——= — - —
| Vl max(em/s) | Vl mean(em/s) @ (10°m*/s) | Vi max(em/s) | VI mean(em/s) @ (10°m*/s)
Jan. 16.0 11.4 1.05 19.0 11.0 0.9
Jul. 23.0 15.8 2.07 32.0 19.3 2.2
124E 128E 132E 136E 140E 144E Jisz 124E 128E 132E 136E 140E

144E 148E

AX= 0.52000E+02 INT.= 0.40000E+01

MIN=~0.36000E+02 MAX= 010400 +03 INT.= 0.40000E+01

Fig. 8. Same as Fig. 4 but for the Japan Sea. (a) January, (b) July.

northeastward and then northwestward both in
winter and summer. At about 32° 30 N,
125°30" E, it turns to the northeast and fully en-
ters the Korea Strait in summer, but it splits in
winter into a small branch feeding the Yellow
Sea to form the Yellow Sea Warm Current and
another bigger one moving northeastward then
entering the Korea Strait. In addition, there ex-
ists a cyclonic eddy in the northern East China
Sea in winter. This windward current consti-
tutes the western and northern flank of the
cyclonic eddy.

On the basis of the above analysis it is evident
that there indeed exists a long and narrow
northeastward flowing current which starts
from the region off the eastern Hainan Island,
passing through the Taiwan Strait, East China
Sea, the Korea Strait and Japan Sea finally en-
tering the Pacific Ocean through the Tsugaru
Strait in winter while through the Soya Strait in

summer. Its proper name would be the “Hai-
nan-Taiwan-Tsushima-Tsugaru/Soya Warm Cur-
rent (HTTT/SWC).”

The maximum and mean values of the north-
eastward depth-averaged current velocity in the
Taiwan Strait and Korea Strait as well as the
volume transport through these two straits are
given in Table 1. It is clear from Table 1 that
the transport through the Taiwan Strait or
Korea Strait is strong in summer but weak in
winter, which is in good agreement with obser-
vations.

In order to facilitate the dynamical analysis,
the computed sea surface elevations are given in
Figs. 4, 6, 8 and 9. From these figures, it can be
shown that the sea surface elevations are lower
everywhere on the left of the “Hainan-Taiwan-
Tsushima-Tsugaru/Soya Warm Current” but
higher on the right of the current. Therefore,
the sea surface slope is formed along the cross
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Fig. 9. Same as Fig. 4 but for the whole Pacific. (a) January, (b) July.

Table 2. Sea surface slope in the direction of the current, 8{ /0y, and sea surface difference, AZ,

according to the computed results.

AL (em) 8l /dy
month - - - -
Hainan-Tsugaru Hainan-Soya Kitakyushu-Pusan  Shanwei-Tsushima
Jan. 90 84 13 —3.16x1077
Jul. 32 50 25 —1.4x1077

section of the current. The sea surface elevation
differences, AL, between Kitakyushu and Pusan,
between the area off the eastern Hainan Island
and the area east of the Tsugaru/Soya Strait as
well as the sea surface slope in the direction of
the current, 8¢/ dy, from southeast of Shanwei

to the central part of the Korea Strait along the
axis of the current are given in Table 2.

Figs. 4, 6, 8 and 9 and Table 2, show that there
exists not only the sea surface slope across the
current, but also the sea surface slope in the di-
rection of the current, the combined effect of
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which may be one of the major forces driving
the current. The friction at the bottom can
counteract the pressure gradient force caused by
the sea surface slope in the current direction,
while the cross sectional slope from southeast to
northwest can balance the Coriolis force and
drives the northeastward current. From Fig. 9,
it is obvious that these slopes of the sea surface
are produced by the system of the wind-driven
circulations in the Pacific Ocean.

4. Remarks

Based on the simulation results we make fol-
lowing remarks:

1. From the area off the eastern Hainan Is-
land to the Tsugaru/Soya Strait, there exists a
northeastward current both in winter and sum-
mer which may be driven by the sea surface
slope both in the direction of the current and
across the current from southeast to northwest.

2. The Tsushima Warm Current may be con-
sidered to originate mainly from the South
China Sea Warm Current. In the area northwest
of Amami Oshima, when flowing along an
anticyclonic path, outer fringe water of the
Kuroshio joins the northeastward current to
form a mixed water flowing eastward. This cur-
rent splits at about 30°N, 128°E and the major
branch turns to the southeast and joins the
Kuroshio again, while the minor branch flows
northward which has been considered tradition-
ally to be the origin of the Tsushima Warm Cur-
rent. We believe that this weak northward
branch is just a small part of the Tsushima
Warm Current. It does not seem to be a direct
branch of the Kuroshio. In fact, the water
source of the Tsushima Warm Current mainly
comes from the winding current which is further
away from Kyushu.

3. The total available potential energy due to
the fluctuation of the free sea surface is greater
than the total kinetic energy (Fig. 1). There-
fore, the effect of the pressure gradient caused
by the fluctuation of the sea surface on the
upper layer currents is also very important,
which could not be examined rigorously not only
because of the lack of observational data of the
sea surface elevation, but also because of the
omission of the sea surface fluctuation by the
bottom topography.

4. Due to ignoring the effects of temperature,
salinity and the variation of density in the
model, simulated currents are mainly governed
by such factors as wind stress, topography of
the continental shelf, B-effect, nonlinear effect
and coastal configuration. In order to reveal
completely the formation mechanism of the cur-
rents, simulations should be carried out for a
baroclinic ocean model based on the full primi-
tive equations in the future.
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Numerical simulation of seasonal cycle of world ocean
general circulations

X. -H. ZHANG", N. BAO*" and W. -Q. WANG*

Abstract: A revised version of the IAP four-layer world ocean general circulation model is
presented. The new version has been integrated for 180 years for an annual mean simula-
tion and for subsequent 40 years for a seasonal cycle simulation. Analysis of the annual
mean and monthly mean results including temperature, salinity, sea surface elevation,
currents and energy indicates that the upper two layers of the model have already reached
an equilibrium, while the lower two layers have not. The simulated sea surface tempera-
ture has been remarkably improved compared with the previous results due to the use of
Haney-type heat flux formulation at the sea surface. The annual mean and seasonal salin-
ity have also been simulated with reasonable accuracy by using a buoyancy equation and
a simple sea surface buoyancy flux condition. One of the important characteristics of the
model’s available surface potential energy defined by Zeng (1983) is that its value over the
southern ocean is greater than that over the northern ocean reflecting a strong gradient in
the Antarctic Circumpolar Current. The strongest signal of seasonal variability for the sur-
face current has been found in the Somali Current just as pointed out by Han (1984). It has
also been found that the seasonal forcing penetrates into the model’s subsurface layer only

in the Indian Ocean.

1. Introduction

The first multi-layer version of the IAP (In-
stitute of Atmospheric Physics, Chinese Acad-
emy of Sciences) ocean general circulation model
(OGCM) was presented in 1988 (ZHANG and
ZENG, 1988; ZuanNG and LianNg, 1989). The
model was designed based on a set of full primi-
tive equations without the “rigid-lid” approxi-
mation (ZENG, 1983). In the vertical, a set of
“standard” stratification parameters were in-
troduced into the governing equations of the
model, and all the thermodynamic variables in-
cluding temperature, salinity, density and pres-
sure were replaced by their departures from the
“standards” (ZEnG, 1983; ZENG et al., 1991).
The model’s geography was fairly realistic ex-
cept that the Arctic Sea was not included in the
model and that the northern boundary of the

* Laboratory of Numerical Modelling for At-
mospheric Sciences and Geophysical Fluid
Dynamics, Institute of Atmospheric Physics,
Chinese Academy of Sciences, Beijing, 100080
China

North Atlantic was closed. The so-called C-grid
(ARAKAWA et al., 1977) with the grid size of
4° in latitude and 5° in longitude was used in the
model’s horizontal discretization. The bottom
topography of the model was highly smoothed
with the maximum depth of 3200 m and the
minimum depth of 1000 m to adapt to a terrain-
following coordinate. In fact, the model used the
“sigma”-coordinate in the vertical (ZENG, 1983)
and had four layers with the variable thickness.
The maximum depths of the four layers were 100
m, 500 m, 1,500 m and 3,200 m, respectively. The
spatial finite-difference schemes of the model
were designed to conserve the “available” energy
(ZeNG and ZHANG, 1987) defined as the sum of
kinetic energy (KE), available potential energy
(APE) and available surface potential energy
(ASPE), which is related to the sea surface fluc-
tuation in an OGCM providing that the source
and sink terms of the model are in a perfect
equilibrium.

The model was integrated by using an asyn-
chronous technique based on the “flexible” coef-
ficients (ZENG et al., 1982) for more than 20
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years for the advection terms and more than 60
yeard for the vertical thermal diffusion in re-
sponse to the observed annual mean atmospheric
forcing including wind stress, air pressure and
air temperature at the sea level. The preliminary
success of the model in reproducing qualita-
tively many aspects of large-scale features of
the annual mean world ocean general circulation
indicates that the fundamental design of the
IAP OGCM is reasonable and its use is feasible
in practice.

While the preliminary success is encouraging,
there is still a lot to be done, e.g., the inclusion
of the salinity variation in the model’s integra-
tion. There are some problems to be solved, e.g.,
the simulated sea surface temperature in the
tropical western Pacific is 2-3°C lower than the
observation. In addition, the integration is far
from being long enough for the model to reach a
quasi-steady state and to be validated confi-
dently. Therefore, in the past two years, con-
tinuous efforts have been made on the model’s
improvement by IAP, and a revised version of
the model is presented now. The new model has
been integrated for 180 years with the observed
annual mean atmospheric forcing and for subse-
quent 40 years with the seasonal atmospheric
forcing. The results show that significant im-
provements have been achieved.

In this paper, the new version of the IAP
world OGCM and its performance will be de-
picted. The new version itself will be briefly de-
scribed in contrast with the old version in
Section 2. Some results of the annual mean
simulation especially those improved aspects
compared with the previous results will be
shown in Section 3. A somewhat detailed por-
trayal of the simulated seasonal cycle of ocean
general circulation will be given in Section 4.

2. Model description

The new version of the IAP world OGCM is
different from the original version (ZHANG and
L1ANG, 1989) mainly in the following aspects.

a) To include the variation of salinity in the
model’s integration, we introduce the Archime-
dean buoyancy into the model defined as g’ =
—go0’/po, where p’ = p — p is the difference
between the density of the sea water, o, and its
“standard” vertical profile o = p (2). The o (2z)

is obtained by using the “standard” vertical
temperature profile, T=7T(z), and salinity pro-
file, S =S (2), in the state equation of the sea
water (Eckart, 1958). Let 7" =T—T and S’ =
S—S, then a linearized version of the state
equation of sea water, which represents the rela-
tionship among the perturbed density o', per-
turbed temperature, 7 and perturbed salinity
S’, can be derived, and accordingly the Archi-
medean buoyancy is expressed as

g =gla:T" —assS") ®

where ar is the thermal expansion coefficient
and a; is the density-salinity coefficient, both
of them being functions of the depth z.

Thus S’, one of the prognostic variables of
the original model, is replaced by g’ in the new
version, and correspondingly the perturbed sa-
linity equation and the boundary condition at
the surface are replaced by a buoyancy equation
and a buoyancy condition which are directly de-
rived by using the equations and boundary con-
ditions for the perturbed temperature and
salinity (ZHANG and Bao, 1990). The perturbed
salinity, one of the diagnostic variables of the
new model, is calulated by using Eq. (1) while
g’ and T’ are predicted.

The APE is now defined as

ape=2 ([ (%de ds @

where N is the Brunt-Vaisala frequency deter-
mined by using the “standard” stratifications
of temperature and salinity, and N*>>0 is true
everywhere for large-scale oceanic circulations.
With S’ one of the prognostic variables in the
original model, however, we have to use an al-
ternative expression for APE, i.e.,

apE=28 ([ (I%T(T')Z+ %:(S')Z) dz ds
®)

where Ty =dT/dz and T's=dS/dz. The problem
is that I's decreases with depth within the
thermocline (e. g., LEviTus, 1982), thereby
making the APE not definable in terms of Eq.
(3). That is why the Archimedean buoyancy,
g’, rather than the perturbed salinity, S, is used
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as a prognostic variable in the new version.

The “standard” stratifications of tempera-
ture and salinity in the original model were
taken from the work of BRYAN and Cox (1972),
which represents the observed medium values of
temperature and salinity in the world ocean
rather than the globally averaged ones. As a re-
sult, the “standard” sea surface temperature is
only 15°C which is 3°C lower than the observed
global annual-mean SST. In the new model,
therefore, the observed global annual-mean tem-
perature and salinity (LEVITUS, 1982) are taken
as the “standard” ones instead of the original
ones. Meanwhile, a linearized state equation of
sea water relating the perturbed density, tem-
perature and salinity is directly derived by using
the Eckart formula rather than the Bryan-Cox
formula.

b) The heat flux at the air-sea interface, as
the upper boundary condition for the thermody-
namic equation, is computed for 150 years by
using the Newtonian cooling formulation which
is the same as that used in the original version.
The formulation can be written as

F= 0,Co11:(T.,—To) @

where T, is the observed sea level air tempera-
ture, T\ represents the simulated ocean surface
layer temperature, and u7'represents the rate
of thermal penetration through the surface with
a value of 2 day m™.

After 150 years, a Haney-type formula such as

F=D(T,—Tv )

is used to replace Eq. (4). Here, D is the heat
transfer coefficient and T»=T.+@Q./ D repre-
sents the “apparent” atmospheric equilibrium
temperature, where @; depends on the net down-
ward solar radiation flux, downward atmos-
pheric long wave radiation flux, and latent heat
flux. D and @, are computed as functions of
climatological atmospheric parameters ob-
tained from various sources (HaN, 1984).

In contrast to Eq. (4), Eq. (5) gives u 7'=
D/poC,, which is a variable parameter ranging
from 0.8 to 1.9 day m™'. Further, @./D repre-
senting the difference between the “apparent”
air temperature, T, and the real air tempera-

rure, T,, is significant in the tropical areas,
which is a crucial factor for the improvement of
the simulated tropical SST.

¢) One of the most important parameters in
the OGCMs is the vertical thermal diffusivity
which the e-folding scale depth of the thermo-
cline is almost proportional to (BRYAN, 1987).
Unfortunately, the vertical diffusivity is one of
the most uncertain parameters in the OGCMs
due to the lack of the observational data neces-
sary for its determination. The constant diffu-
sivity (10™*m®s™') used in the original model
does not seem to be a reasonable choice because
the solution to the corresponding vertical ther-
mal diffusion equation will approach a verti-
cally homogeneous state while the adiabatic
bottom boundary condition is used.

In the new version, a depth-dependent vertical
thermal diffusivity defined as (BrRYaN and
Lewis, 1979)

k=k(2)=10"*[0.8+(1.05/7)
tan™ {4.5 (z—2500) /1000} ] ®)

is used instead of a constant one. The value
given by Eq. (6) is about 0.3X10*m* s™! within
the surface layer and about 1.3X10*m* s ! near
the bottom, which is compatible with observa-
tional evidences (RooTH et al., 1972; MUNK,
1966). Although the vertical diffusivity repre-
sentation may not be suitable everywhere, we
find that its smallness within the upper layer is
favorable to the heat accumulation in the upper
ocean (BAo and ZHANG, 1991).

d) The C-grid and the relevant finite-
difference schemes used in the original version
are substituted by the B-grid and the corre-
sponding available energy-conserving finite-
difference schemes (ZENG and ZHANG, 1987) in
the new version in order to reduce the small
scale noise excited more easily in full primitive
equation model than in model with the “rigid-
lid” approximation. Comparative experiments
with the two kinds of grid show that the B-grid
1s more favorable to suppress the noise between
the two adjacent grids than the C-grid especially
around the Antarctica. The reason for this is
that the B-grid and the conventional horizontal
diffusion scheme are complementary to one an-
other in respect to controlling computational
noise as pointed out by BATTEEN and HAN
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Fig. 1. Computed global annual-mean tempera-
ture during the years 30-200 of integration.
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Fig. 2. The rate of the computed APE increase

for the years 30-200 of integration.

(1981).

e) To decrease the horizontal variability of
the layer thickness, the minimum depth near the
coastal region is increased up to 1600 m which is
half the maximum depth in the new version.
Furthermore, the maximum thickness of the
surface layer is now reduced to 50 m in order to
lower its thermal inertia.

3. Improved annual mean simulation

First, the model was integrated for 180 years
in response to the observed annual mean sea
level wind stress (HAN et al., 1981), sea level air
temperature and pressure (ESBENSEN et al.,
1981) and sea surface salinity (LEvITUS, 1982).
The integration started from a motionless ini-
tial state, of which the sea surface was flat and
the departures of temperature and salinity were
zero. To establish a benchmark solutions which
may be used in evaluating various time integra-
tion techniques in the future, the “leap-frog”
method with a time step of 10 minutes combined

with an Euler-forward scheme employed once a
month is used in the present model. In addition,
a 9-point smoother is used once every 5 years for
the current velocity components and every year
for the temperature and salinity to suppress the
computational noise of the prognostic vari-
ables. Also, the horizontal viscosity coefficient,
A, is increased to 1.2X10°m’ "' from its origi-
nal value of 0.8 X10°m?* .

As mentioned in Section 2, the sea surface
heat flux was calculated by using Eq. (4) with
£7=0.5 m day " for 150 years and after that by
using Eq. (6) with D and T. being computed
from the observed annual mean atmospheric
data and some empirical parameters (HAN,
1984). Such a change has been proven very im-
portant for improving the simulated surface
layer temperature as shown in Fig. 1, in which
the maximum undergoes a rapid increase be-
tween the year 150 and 156. Comparing the hori-
zontal distributions of the temperature for the
year 150 (Fig. 3b) and the year 163 (Fig. 3c) we
find that the latter is much closer to the obser-
vation (Fig. 3a) than the former, especially in
the warm pool region of the western Pacific.

It can be shown from Fig. 1 that the global
annual-mean temperatures of the first and sec-
ond layers have already reached the equilibrium
by the end of the integration. This can also be
shown in the temporal evolution of the global
annual-mean salinity for the upper two layers,
the annual mean ASPE and of the annual mean
KE (not shown here). On the other hand, the
same is not true for the two lower-layer tem-
peratures and salinities, which continuously in-
crease in the course of the integration reflecting
a rather significant trend of the annual mean
APE (Fig. 2). We speculate that this phenome-
non is due to the lack of the formation of the
bottom water in this model.

Fig. 4b shows the simulated annual mean sur-
face salinity, which is in good agreement with
the observation (Fig. 4a). Such an agreement
comes easily from the use of the observed salin-
ity data rather than the evaporation, precipita-
tion and runoff data in the computation of the
fresh water flux at the sea surface (ZHANG and
Bao, 1990).

One major feature of the IAP OGCM is the re-
laxation of the “rigid-lid” assumption. There-
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Fig. 3a. Observed annual mean sea surface temperature (°C).
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Fig. 3b. Simulated sea surface temperature (°C) in the year 150.

90N ——— 1T T T T T T T T T T T T T

60N |-

30N

LATITUDE
o

/uﬁ,—\’—\

— -:\“”/ ; L
S M e - e T
— eI e B B o ) oo ——= - g T ]
=Y [ S [ 120 ~ 520 fv— o e T

SS
% Se—Y"]
N T e e eSO TN

608 :\—‘A—) <:> >

[0 NS N SN T (SO S NS S T S M A SO S S S S NS N S U WO N N S S W

0 80E 120E 180 120w 60w 0
LONGITUDE

Fig. 3c. Simulated sea surface temperature (°C) in the year 163.




244 La mer 30, 1992

e S S T o T T U

LATITUDE

g 30
sosF —_ v o]
= =
gosbl i o b e b 1o e s L s
0 B0E 120E 180 120W 80w ]
LONGITUDE
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Fig. 4b. Simulated annual mean surface layer salinity (g kg ™) in the year 180.
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Fig. 6. Monthly mean available surface potential energy in five basins.
B=1-North Pacific (+ 2.00); B=5-South Atlantic (+ 1.75);
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Fig. 7Ta. Observed monthly mean SST (°C) in March (from EsBENSEN et al., 1981).
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fore, the sea surface elevation is one of the
model’s prognostic variables. Fig. 5 shows the
simulated annual mean sea surface elevation for
the year 180, in which the highest region in the
western Pacific with a central value greater
than 90 cm is much closer to the observed result
(WyRrTKI, 1975) than that simulated by the
original model (Fig. 12 of ZHANG and LIANG,
1989). Meanwhile, the simulated poleward gra-
dient around the Antarctica is much stronger
than in the original model. It implies that the
Antarctic Circumpolar Current, which was
poorly described in the old model, has been im-
proved remarkably in the present simulation.

La mer 30, 1992

4. Some results of seasonal cycle simulation
After 180 years of simulation with the annual
mean forcing the model has been integrated sub-
sequently for another 40 years with the observed
seasonal atmospheric forcing. The sea level wind
stress, air pressure, Tx, D and sea surface salin-
ity are updated at the end of each day by the lin-
ear interpolation of the consecutive monthly
mean values (HAN et al., 1981; ESBENSEN et al.,
1981; Levitus, 1982). The model’s climate un-
dergoes an adjustment during the first few years
due to the change in forcing conditions from
steady to periodic. However, a periodical solu-
tion is reached soon after except for some lower
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Fig. 8a. Observed monthly mean SST (°C) in September (from EsBENSEN et al., 1981).
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layer variables. In the following, the model’s
seasonal cycles will be depicted by using the con-
secutive monthly mean values of some variables
during the last 20 years (years 200-220).

Fig. 6 shows the variation of monthly mean
ASPE during the last 4 years (years 216-220) de-
fined as

ASPE = Epﬁ [ (genias O

where zo is the sea surface elevation with its av-
erage value being zero. Some perfect periodical
oscillations can be found from not only the
global ASPE but also the basin-based ASPE.
One of the important features for the basin-
based ASPE is that its value in the South Pacific
(B=4) is greater than in the North Pacific
(B=1) and so is in the Atlantic (B=5and B=2)
reflecting the strong sea surface slope around
the Antarctica (Fig. 5). However, the seasonal
cycle of the ASPE in the South Pacific is weaker
than that in the North Pacific, which is opposite
to the contrast in the seasonal cycle of the ASPE
between the South and North Atlantic.
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Fig. 9. Simulated (solid line) and observed
(dashed line) zonal mean SSTs (°C) at 2°N,
22°N, 42°N and 62°N (from the bottom to the
top).

Figs. 7a, b are the observed and simulated
SSTs in March. A good agreement is in the
warm pool region of the western Pacific. On the
other hand, the simulated maximum SST in the
equatorial Indian Ocean, which is over 30°C,
does not seem to be realistic. Besides, the simu-
lated SSTs over the equatorial central and east-
ern Pacific regions are more than 1°C lower than
the observation, which may be related to the
overestimated cold water upwelling by the
model. Similar features are also found in the
simulated SST in September (Fig. 8) with the
contrast between the warm water in the western
Pacific and the cold water in the eastern Pacific
being sharper than in March.

The zonal averages of both the simulated and
observed temperatures are computed at each of
the four latitudes 2° N, 22°N, 42°N and 62°N,
and the results are shown as a function of time
in Fig. 9. Some typical characteristics such as
the large seasonal variability in the middle and
high latitudes, and the semi-annual variation
with relatively small amplitude near the equa-
tor (HAN, 1984) are reproduced. In general, the
simulated results are in good agreement with
the observations despite some small discrepan-
cies in the amplitude and phase (e.g., the simu-
lated annual amplitude at 42°N is 2°C lower and
lags the observation by 1 month).

The simulated surface currents for January
and July are shown in Figs. 10a and 10b, respec-
tively. Remarkable seasonal differences are
found by comparing the simulated major cur-
rent systems such as the Equatorial Current,
Gulf Stream, Kuroshio, Somali Current, and the
Australia Current for January and July. The
sharpest seasonal contrast between January and
July seems to be in the Indian Ocean. For in-
stance, as shown in Fig. 11, the seasonal ampli-
tudes of the maximum northward and eastward
currents in the Indian Ocean are 13 cm s~ and 18
cm s, respectively, by the Somali Current just
as pointed by HAN based on the results of OSU
OGCM (HaN, 1984). The corresponding values
in the North Pacific are only 5 cm s and 4 c¢cm
s, respectively (Fig. 12). Furthermore, the sea-
sonal forcing over the Indian Ocean can pene-
trate into the second layer of the model, which
is about 275 m deep, resulting in an annual am-
plitude of 5 cm s™ for the maximum northward
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Fig. 10a. Simulated monthly mean surface layer current with isopleths of current speeds (cm s™)
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Fig. 10b. Simulated monthly mean surface layer current with isopleths of current speeds (cm s™)

in July.

current in the subsurface layer (Fig. 11a). On
the other hand, no significant signal of seasonal
variability in the subsurface layer has been
found in the other basins.
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Volume and heat transports of the Kuroshio in the
East China Sea in 1989

Yaochu YUAN™, Jilan SU* and Zigin PAN*

Abstract: A modified inverse method is used to compute the Kuroshio in the East China Sea
with hydrographic data and moored current meter records obtained during early summer
and autumn in 1989. In this method the geostrophic assumption is not imposed. The vertical
viscous term in the momentum equation as well as the vertical diffusion term in the conser-
vative equation and the heat exchange at the surface are all considered. The computed vol-
ume transports at R: (PN) section are 35 and 31 X10°m®/s during early summer and
autumn, respectively, in 1989, The heat transports are 2.50 and 2.29 X 10®W there during
early summer and autumn, respectively, in 1989. About 1.29 X 10®W of heat is transferred
into the ocean from atmosphere over the region of computation during early summer of
1989 and about 2.80 X 10*W of heat from the ocean to the atmosphere during autumn of 1989.
A countercurrent is present in the deep layer during both periods. The total volume trans-

port of the Taiwan Warm Current is about 1.5X10°m®/s.

1. Introduction

Most of the previous studies on the volume
transport of the Kuroshio in the East China Sea
were based on the dynamic method (e.g. GUAN,
1982 and 1988: NisHizawa et al., 1982). The
level of no motion is normally set at 7 MPa. The
annual mean volume transport thus computed
for the Kuroshio through the PN section in the
East China Sea is usually around 20 X 10°m?/s.
(The position of the PN section is the same as
section R: shown in Fig. 1(a)). Recently
Yuan, Expon and Ismizakr (1991) and Yuan,
Su and PAN (1991) applied the inverse method
to compute the current structure and volume
transport of the Kuroshio in the East China Sea.
Their results showed that the conservation of
mass is not satisfied by the dynamic method and
approximately satisfied by the inverse method.
In these studies the geostrophic relation was as-
sumed, as is the normal practice for inverse
method (WunscH, 1978). However, the
geostrophic assumption is not always valid
(YUAN et al., 1986).

In this paper, a modified inverse method is
prop/osed to compute the current structure of the

* Second Institute of Oceanography, SOA, P. O.
Box 1207, Hangzhou 310012, China

Kuroshio in the East China Sea. The hydro-
graphic data and moored current meter records

used were obtained in early summer and autumn
of 1989.

2. Modified inverse method

Both the vertical friction term in the momen-
tum equation and the vertical diffusion term in
the density equation are kept in our modified in-
verse method. In addition, the heat flux through
the sea surface is also considered. In the follow-
ing we shall discuss the rationale and results.

1) The vertical friction term in momentum
equation is kept because the East China Sea shelf
is shallow. If we further take the rigid-lid as-
sumption, the boundary conditions at the sur-
face are then

ou ov _

00Az 9z Ts ,OoAZgZ— T,

w=0 €D

where the x-axis is parallel to hydrographic sec-
tion, the y-axis normal to the section, and the
z-axis upward. 7 (7., T,) is the wind stress vec-
tor, u and v are the horizontal velocity compo-
nents, and w the vertical velocity component.
No-slip boundary condition is specified at the
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bottom, i.e., at z=—H(x, y)
u=v=w=0 &)

For constant A; an approximate expression
for the horizontal velocity can be found (see
YUAN et al., 1986). For example, the v compo-
nent can be written approximately as

v=v.+ve+Us )]

U. is the surface Ekman velocity component sub-
ject to the wind stress 7, vs is the geostrophic
velocity, i,e.,

_ g ["op
Fou i 0xdz @

where b, is the value of vs at the reference level
zo and is an unknown to be computed. v; is the
bottom Ekman velocity components. If the pres-
sure gradient is mainly in the along-section di-
rection, i.e., |@p/0x >0 p/6yl, then vs can
be expressed simply as (YUAN at al., 1986):

UG:bO

vs= —2 (cos aH ch aH cos az ch az
+sin aH sh aH sin az sh az) ve
/(cos aH+ch aH) 5)

in which
a= (/24"

2) SARKISYAN (1977) has shown that in either
the density or salt equation, the convection
terms are of dominant importance and the hori-
zontal diffusion terms are smaller than the ver-
tical diffusion term. If we keep all convection
terms and the vertical diffusion term in the den-
sity and salt equation but drop the horizontal
diffusion terms, then the following equations
for the j th layer of box i can be obtained:

IL_[) (x,3,2) Clx,y,2) v (x,y,2) 6;;dA;;

:C,-p,-w,- 6_,‘A,‘— Cjﬁl 0j-1W;~1 6}'*1Ajvl

MdA»AJ

0(p0O
YK L,_“az da =[], &5

©)

K, is the vertical diffusion coefficient, assumed
to be constant, &;; (8, 6;-0) takes the value of
1 for flow into the box and —1 for flow out of
the box. When C(x, v, z2) =1, Eqn. (6) represents
the mass conservation, and when C (x, y, 2) =S
(x, y, 2). Eqn. (6) represents the salt conserva-
tion equation. A;;is the lateral face for the j th
layer of box i, A;-1 and A; are the projection of
the upper and bottom faces of the j th layer of
box i on the horizontal plane, respectively. In the
standard inverse method, all terms on the left
hand side of Eqn. (6), i.e. the vertical fluxes in
the conservation equation, are neglected (e.g.
WunNscH, 1978). However, as we shall see later,
the vertical fluxes due to the surface and bottom
Ekman layer effect can not be neglected in the
deep layer.

From Eqns. (3)-(6), we can write the follow-
ing matrix

Ab=T )

where b is NX1 matrices, and unknowns (b,
w;), A and T" can be computed from the
hydrographic and wind data.

3) Considering that the heat flux g. at the sea
surface is unknown, the following constraints
are imposed, i.e.,

qalgqeg ge2 (8)

where g.: and g, are, respectively, minimum and
maximum statistical monthly average values in
the survey area. We take the values of
g.1and g.: as given by the Institutes of Oceanog-
raphy and Geography of the Academia Sinica in
1977. g. is an unknown to be computed. Positive
value of g, indicates heat transfer from the
ocean to the atmosphere, and negative value of
q.indicates the heat transfer from the atmos-
phere to the ocean.

Eqn. (7) is solved with the inequalities (8) im-
posed. This is a mathematical problem of quad-
ratic programing. Details of the computation of
the problem can be found in WunscH (1982). If
Eqn. (7) is solved without the inequalities (8),
it is a linear programing problem (e.g. FIa-
DEIRO and VERONIS, 1982; YUAN et al., 1990).

On the choice of an optimum reference level,
we use the FIADEIRO and VERONIS’s method
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(1982). Each box is divided into K layers. The
geostrophic velocity v relative to zo level is
given by

_ 80
b= f dz )
We difine
T,-,FEﬁLi vdz dx, (e=1,2;;:M) (10)
and
M K
Z Z an

where M is the number of boxes. A good choice
for a reference level zois such that T¢ is the mini-
mum. If z>H(the water depth) at some sta-
tions, the reference levels at these stations are
reset to be H.

The volume transport (VT) @, is defined as

Qn= Ide fvadz (12)

where L is the width of the section, Substituting
Egn. (3) into Eqn. (12), we obtain

Qm: Qm,‘f » + Qm,G + QM.B (13)

where

Q= Ide IEHUT dz

Qno= [ d J'fHu dz 14)

Q= J‘de fvaB dz

®nc is the geostrophic transport, Q. -, is the
surface Ekman transport due to the surface
wind stress and @.» is the bottom Ekman
transport due to the bottom friction.

The heat transport @. due to ocean currents
across a section S is well approximated by

=[[ oc,15 - sids (15)
Let

v=0+0 } (16)

T=T+T

in which 7 and T are the depth-averaged velocity
and temperature, respectively, v’ is the baro-
clinic velocity component and 7" is the devia-
tions from the average temperature. Then Eqn.
(2) becomes

Q.=[[ pC.T0-ridedx+ [[ 0C, T G - fdedx
an

The heat transport (HT) components can be
now divided into two parts, namely, the
barotropic and baroclinic components.

3. Data and parameters

In this study both the hydrographic data and
moored current meter data are used. During the
early summer cruise in 1989, a short-term (5
May-7 May) moored station M; was located on
section S; (Fig. 1.(a)) at 241 m water depth.
One current meter was set at 80 m depth and the
observed average volocity is 8.2 cm/s and 24°
clockwise from north. During the autumn cruise
in 1989, a moored station M, was located on sec-
tion S; (Fig. 1.(b)) at 100 m water depth. Two
current meters were set at 40 and 80 m depths,
and their observation period was from Oct. 11
to Oct, 22. The time-averages of the observed
velocities at 40 m and 80 m depths were (14.6
cm/s, 31°) and (13.5 em/s, 8°), respectively.
For this computation, only the observed veloc-
ity at 80 m level is used as a known value of ve-
locity at the 80 m reference level in Eqn. (7).

Both the vertical diffusion coefficient K, and
vertical eddy coefficient A, are assumed to be
constant. We have experimented with different
values of these coefficients, namely, A,=50 and
100 cm*/s and K,=1 and 10 cm?¥/s.

The average wind direction and speed as ob-
served on board R/V Shijian were 223° (SW) and
6.5 m/s during the early summer cruies of 1989
and 43.7° (NE) and 9.3 m/s during the autumn
cruise of 1989, respectively. Because of the lack
of accurate wind data, a steady uniform wind
field for each cruise with the above respective
average values is assumed.

To compare the effects of the vertical viscous
terms and the vertical diffusion terms we try
two values of vertical eddy coefficient A, (50
and 100cm?/s) and two values of vertical
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diffusion coefficient K, (1 and 10cm?®/s). The
values of g.: and g.:» are taken to be, respec-
tively, —1.7 and 0.8 X10° J/cm?® d for the early
summer cruise and 1.3 and 2.1 X103J/cm?* d for
the autumn cruise (see Institute of Oceanogra-
phy and Geography, 1977). For comparison we
have also carried out computations without im-
posing the inequality constraints.

4. Numerical experiments

Figures 1. (a), (b) show the bathymetry,
hydrograhic sections and computation boxes for
the early summer and autumn, respectively, in
1989. The computation points are at the mid-
points between neighboring hydrographic sta-
tions. All boundary sections of the computation
boxes are divided into layers according to
isopyncal 0., values of 24, 27, 30 and 33. For ex-
ample at the section S; during early summer
cruise, the depths of o,,=24, 27, 30 and 33 levels
lie between 30 to 120 m, 250 to 350 m, 650 to 700
m and around 1250 m, respectively (Fig. 2)

To compare the computation results for dif-
ferent physical parameters we carried out a
number of experiments. The symbol CA-i-j de-
notes a particular experiment. i=1,2 denote the
early summer and autumn cruises, respectively,
in 1989. j=1 indicates that the inequality con-
straints are not imposed and j=2 the inequality
constraints are imposed.

From Eqns (9)-(11), the values of T for dif-
ferent reference levels are computed. For the
early summer data the minimum value of T is
found at H, the water depth, and thus the refer-
ence level is taken to be the water depth H. For
the autumn data the minimum of T¢ is at zo
=600 m level. However, since the value of T at
20=H is close to the minimum value, in order to
compare the results of the two data sets, the
reference level for the autumn data is also taken
at the water depth.

For the two values of vertical diffusion coef-
ficient K,(1 and 10 cm?/s), the respective com-
puted volume transports differ by less than 4%.
The computed volume transport for different
values of vertical eddy coefficient A.(50 and 100
cm?*/s) changes less. In the following discussions
the results are all based on A.=100 cm?/s and
K,=10 cm?/s.

Because of the shallowness of the surface layer
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Fig. 1. Sketch of bottom topography (in meters),
and locations of hydrographic and mooring
stations and computation boxes (a) for early
summer (May and June) of 1989 and (b) for
autumn (October) of 1989.

and also the lack of surface boundary conditions
for salt, consideration of the salt convection-
diffusion equation for the surface layer or not
usually has no significant effect on the compu-
tation results. Our experiments confirm it, too.
It is found that the two cases where the salt
equation for the surface layer is considered or
not result in relative changes of volume trans-
ports by less than 0.1%. Hence all results pre-
sented in the following discussions are based on
consideration of the salt convection-diffussion
equations for all layers except the surface layer.
On the numerical computation of this
method, we discuss the following questions.
Table 1 lists the balances of the volume, salt
and heat transports by the modified inverse
method and those by the dynamic method, re-
spectively. For meaningful comparison, the
level of no motion for the dynamic method is
also taken to be the water depth H. Box-1 is
bounded by sections S; and R: of the early
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Fig. 2. Isopycnal levels along section Ss for early
summer (May and June) of 1989.

summer observation in 1989 (Fig. 1(a)) and
box-2 is bounded by the same sections of the
autumn observation in 1989 (Fig. 1(b)). Table 1
indicates that (1) for the dynamic method
conservations of volume, salt and heat trans-
port are all not satisfied; (2) conservations of
both volume and salt are satisfied approxi-
mately for CA-i-1 and CA-i-2.

According to the data given by Institute of
Oceanography and Geography of Academia
Sinica (1977), the bounds of the magnitude of
the heat flux at the sea surface for boxes 1 and
2 is 10"~10"W. For case CA-i-1 which dose not
impose the inequalities (8), the unbalanced
amount of the heat flux is of the order of 10%
~10"*W (Table 1), much larger than the bounds
of the heat flux at the sea surface given above.
This means that the heat flux at the sea surface
can not be obtained by case CA-i-1, and the ine-
quality constraints. Egn. (8) are necessary for
obtaining approximately the heat flux at the sea
surface.

Table 1. The balance of the volume, salt and heat
transports in box-1 during early summer of 1989
and box-2 during autumn of 1989,

Box Method N, AJ345% A,

Dynamic method* —1.72 —1.69 —8.34
Box-1 CA-1-1 —0.02 0.00 —5.91
CA-1-2 —-0.02 —0.00 —0.72
Dynamic method* —3.78 —3.80 —29.51
Box-2 CA-2-1 0.04 —0.00 -—12.85
CA-2-2 0.04 —0.03 0.61

Note

*: The level of no motion is set at the water depth
H.

A\ : balance of volume transport into the box
(positive into the box, units: 10°m?®/s).

A\, : balance of salt transport into the box (positive
into the box, units of A\,/34.5%0 : 10°m°®/s)

/\.: balance of heat transport into the box (posi-
tive into the box, units: 10°W).

In the following we compare the results ob-
tained with the modified method (CA-i-1 and
CA-i-2) and the dynamic method.

Table 2 shows that the difference in VT ob-
tained by the modified method (CA-i-1 and CA-
i-2) and dynamic method is not large. However,
the differences in VT at the lateral sections west
of either box-1 or box-2 is large. For example,
the VT through the lateral section west of box-1
is 0.6 X10°m?*/s for case CA-1-2 (Fig. 5), but
0.25X10°m?*/s with the dynamic method. It is
worthy of note that the Ekman transport at the
section is maximum when the wind direction is
parallel to this section. During early summer of
1989, the angle between the orientation of sec-
tion S5 (R: and R;) and the wind direction is
large. Thus the wind stress has little effect on
the VT of the Kuroshio. However it has impor-
tant effects on the VT at the lateral sections of
the boxes, especially the lateral section on the
shallow shelf. Table 3 shows that there are some
differences in VT obtained with the modified
method (CA-i-1 and CA-i-2) and dynamic
method for the autumn observation of 1989.

To see the effect of the imposed surface heat
flux inequality we compare the results of CA-i-1
and CA-i-2 (Tables 2 and 3). The relative
changes of volume transport (VT) and heat
transport (HT) between CA-1-1 and CA-1-2 are
both less than 2% for the data of early summer
of 1989 (Table 2). For the data of autumn of
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Table 2. Comparison of the VT (10°m®/s) and HT(10*W) at sections obtained with the dynamic method
and the modified inverse method (CA-1-1 and CA-1-2) during early summer of 1989.

Method section Ss section R» section R:
etho
VT HT VT HT VT HT
Dynamic method” 29.2 28.8 36.1
CA-1-1 30.3 2.28 29.1 2.09 35.0 2.52
CA-1-2 30.4 2.31 28.7 2.06 34.6 2.50

*: The level of on motion is set at the water depth H.

Table 3. Comparison of the VT (10°m?®/s) and HT(10*W) at sections obtained with the dynamic method
and the modified inverse method (CA-2-1 and CA-2-2) during autumn of 1989.

Mothod section Ss section Ss section R section R
etho
VT HT VT HT HT HT HT HT
Dynamic method* 11.4 33.0 21.2 30.6
CA-2-1 15.3 1.43 22.1 2.30 18.3 1.72 30.5 2.24
CA-2-2 16.0 1.51 29.2 2.53 17.6 1.56 31.0 2.29

*: The level of on motion is set at the water depth H.

Table 4. The horizontal and vertical volume transports through the section or the face in each layer of
box-1 for early summer in 1989

layer section Ss (EL): section R: (WL Vv, Ay
0
Ist 6.94 —0.73 — 6.73 0.25 0.24 —0.03
2nd 15.40 —2.81 —11.86 0.39 —0.24 0.01
—0.87
0.87
3rd 7.59 —0.75 — 8.55 0 0.85 0.01
—0.85
4th 0.42 1.28 —~1.30 0 0.5 0.00
5th 0.0 0.64 ~ 0.5 0 _8'45 ~0.01
total 30.40 —9.37 —928.69 0.64 0 —0.02
Note

(WL) . : the western lateral section of box-1
(EL):: the eastern lateral section of box-1
(VVT);: the upper and lower numbers denote the vertical volume transports at the upper and lower faces
of the j-th layer, respectively.
A\;: the balance of volume transport into the j-th of box-1.
(positive into the layer, units; 10°m®/s).

1989, however, although relative changes of
both VT and HT between CA-2-1 and CA-2-2 are
small for section R;, large relative change of HT
reaches 9% at both sections R:and Ss (Table 3).
At section Ss the relative change of VT between
CA-2-1 and CA-2-2 is as high as 249%. This

indicates that the data of autumn of 1989 is
probably noisier than the data of early summer
of 1989. In the following, our discussions will
concentrate mainly on results with inequality
constraints, (8) imposed.

Now we discuss the horizontal and vertical
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Table 5. The horizontal and vertical volume transports through the section or the face
in each layer of box-2 for the early summer in 1989

layer section PN (EL). section Ss (WL Vv, JAN

st — 7.68 1.22 0.12 R ~0.04
2nd —17.34 2.84 0.42 (l)g‘;’ 0.02
3rd ~ 9.01 0.74 0 _i:gé 0.00
4th — 0.65 0.63 0 _é:gg 0.00
5th 0 0 0 "8'25 0.00
total —34.68 5.43 0.54 0 ~0.02

Note

(WL).: the western lateral section of box-2
(EL):: the eastern lateral section of box-2

(VVT),: the upper and lower numbers denote the vertical volume transports at the upper and lower faces

of the j-th layer, respectively.

/A\;: The balance of volume transport into the j-th of box-2.

(positive into the layer, units; 10°m®/s).

volume transport in each layer using the early
summer observation as the example. Tables 4
and 5 show that over 95% of the VT of the
Kuroshio is in the 1st, 2nd and 3rd layers, i.e.,
above the 700 m level. Comparing the magnitude
of the horizontal VT of the Kuroshio with the
vertical volume transport (VVT), the magni-
tude of the VVT is much less then the Kuroshio
VT in the 1st, 2nd and 3rd layers. However, they
are same order in the 4th and 5th layers. Fi-
nally, the horizontal volume transport through
the western lateral section of box, i.e. the sec-
tion on the shallow shelf in the East China Sea,
is of the same order at the vertical volume
transport (Tables 4, 5 and Fig. 5).

During the autumn of 1989 the moored station
M. has two observation depths, 40 and 80 m. The
observed average velocity at 80 m is used for
computation. The computed velocity at the 40 m
level of the same station has a 16.1 cm/s compo-
nent normal to section S., which agree well with
the observed value of 14.5 cm/s.

5. Velocity and volume transport distribution
during early summer (May-June) of 1989
5.1 Velocity distribution

Fig.3 shows the velocity distribution at sec-
tion S; for case CA-1-2. The core of the Kuroshio
is located over the slope. The maximum velocity
is found at the 75 m level with a magnitude of
111 ecm/s. As found in previous studies (e.g.
YUAN and Su, 1988), in the deep layer, the axis
of the Kuroshio seems to be further eastward as
it flows northward. There are two countercur-
rents in the Kuroshio region. One is at the bot-
tom layer near the shelf break and its maximum
speed is greater than 30 cm/s. The other is below
800 m level over the lower part of the continen-
tal slope, but its speed is smaller than 2 cm/s.

At section R, the Kuroshio core is located
also over the shelf break. The 100 cm/s isotach
reaches as deep as 125 m and the maximum ve-
locity is found at 50 m with a magnitude of 129
cm/s. There is no countercurrent below the
Kuroshio. However, there is a countercurrent
over the shelf at the bottom layer near the shelf
break.

The Kuroshio speed at section R; is greater
than at other sections, probably due to both the
shallow water depth there and the merging of
currents from the eastern lateral section of box-
2 (Fig.5). Its maximum velocity (about 149
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Fig. 3. The velocity distribution at section Ss dur-
ing early summer of 1989 for case CA-1-2.
(units: em/s)

cm/s) is found at the surface (Fig. 4). At the
200 and 400 m levels the maximum velocities are
90 and 39 cm/s, respectively, and their positions
are both located east of the surface maximum.
Landward of the front there is a southward cur-
rent on the shelf and its maximum velocity is
about 20 cm/s. Under the Kuroshio there is a
very weak southward current at the bottom of
the trough.

5.2 Volume transport distribution

There is a cyclonic gyre or a southward cur-
rent west of Kuroshio (Fig. 4). The Kuroshio
width is more than 100 km. The volume trans-
port (VT) of the Kuroshio at sections S; and R
1 1s about 30 and 35X 10°m?®/s, respectively,
greater than the computed Kuroshio VT during
early summer of 1988 (YuaNn, Su and Pan.,
1991). The intrusion of the Kuroshio water over
the shelf at section Rsis further to the west than
that at sections Ss and R: (Fig. 5). This is in
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Fig. 4. The velocity distribution at section R:

during early summer of 1989 for case CA-1-2.
(units: cm/s)
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Fig. 5. Volume transport distribution in the

computational region during early summer
of 1989 for case CA-1-2. (units:10°m?/s)

agreement with the position of Kuroshio axis
(Figs. 3 and 4).

Finally, as previous studies (Su and PaN,
1987; YUAN et al, 1987) pointed out, there is the
northeastward current over the East China Sea
shelf, which was called Taiwan Warm Current,
and it may be considered as being a combination
of two current systems, an inshore branch and
an offshore branch. The VT of Taiwan Warm
Current (TWC) which also flows through the
computational region is about 1.5X10°m%/s, i.e.
0.6+0.6+0.3=1.5(10°m*/s) (Fig. 5). When this
shelf current flows northeastward through sec-
tion R:, most of it has a tendency to converge to
the shelf break, similar to the findings of previ-
ous studies (e.g. YUAN and Su, 1988).

6. Velocity and volume transport distributions
during autumn (October) of 1989
6.1 Velocity distribution
The velocities at section S. during the 1989
autumn cruise are not very large (Fig. 6). There
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Fig. 6. The velocity distribution at section S: dur-
ing autumn of 1989 for CA-2-2. (units:cm/s)

are two cores at section S.. One is located at the
shelf break. Its maximum velocity is about 86.4
cm/s at 25 m level. The other is located over the
lower part of the slope and the velocities from
25 to 125 m levels are all greater than 80 cm/s.
Below the latter core there is a countercurrent
and its maximum speed is greater than 10 cm/s.
At the shallow end of shelf there is a southward
current in the surface layer, probably due to the
strong northeast winds, but near the bottom the
current is still northward (Fig. 6).

Fig. 7 shows that the core of Kuroshio at sec-
tion Ss is located close to the shelf break and the
Kuroshio front is evident. Its maximum velocity
is greater than 150 cm/s at the 25 m level. There
is a countercurrent occupying most part of the
Okinawa Trough below 600 m. This current is
rather strong; for example, its velocities at the
1000 and 1500 m levels are greater than 9 and 4
cm/s, respectively. This countercurrent extends
back to section R: (Fig. 8). Its strength at sec-
tion R: is even strong. Its maximum speed is
greater than 22 cm/s at 800 m level, and at 1000
m level its velocity is still greater than 15 ¢m
/s. Furthermore, the core of this countercurrent
1s closer to the continental slope than it is at
section Ss. Consistent with this, the core of the
Kuroshio at section R: is now located over the
shelf break (Fig. 8). The maximum velocity of
the Kuroshio is about 90 cm/s at the 25 m level.

Like the early summer case, the Kuroshio
Current speed at section R:is also greater than
at other sections (Fig. 9), probably because of
the shallow water depth at section R: and the
merging of currents from the eastern lateral
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Fig. 7. The velocity distribution at section Ss dur-
ing autumn of 1989 for case CA-2-2. (units:
cm/s).
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Fig. 8. The velocity distribution at section R. dur-
ing autumn of 1989 for case CA-2-2. (units:
cm/s)
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Fig. 9. The velocity distribution at section R: dur-
ing autumn of 1989 for case CA-2-2. (units:
cm/s)

section of box-3 (Fig. 10). Its maximum veloc-
ity is about 133 cm/s at 25 m level at point 8 of
R.. There is a countercurrent below 950 m level,
but its velocity is smaller than at other sections.

6.2 Volume transport distribution

Fig. 10 shows the distribution of volume
transport in the computational region during
autumn of 1989 for case CA-2-2. The volume
transport through section R, is about 30 X
10°m?/s. Its VT is larger than during the same
seasons of 1987 and 1988. However, it is less
than during early summer of 1989 (Fig. 5). The
countercurrent during autumn of 1989 is rather
strong. Its VT is around 3X10°m?®/s at section
R, and 4 X10°m?/s at section Ss. However, the
volume transport of the countercurrent at sec-
tions R: and S; for CA-2-1 are 4 and 7.5 X10°m?®
/s, respectively. Thus, the difference of the com-
puted countercurrent VT between CA-2-1 and
CA-2-2 is large for section Ss. We shall comment
on this matter later in this paper.

Fig. 10 also shows that there is a cyclonic gyre
on the shelf north of Taiwan. The temperature
distribution indicates that it is a cold gyre. Fig.
10 also shows that the total VT of TWC which
flows into this computational region is about
1.5X10%m?/s.
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128E gyn
29
28
27

26°

25°
Fig. 10. Volume transport distribution in the com-

putational region during autumn of 1989 for
case CA-2-2. (units:10°'m*/s).

7. Heat transport

Table 6 lists the computed VT and HT of the
Kuroshio through section R: for the early sum-
mer cruise and sections K and Ss for the autumn
cruise. Other sections covered only parts of the
Kuroshio and their results are.not listed. For
comparison the VT and HT of the Gulf Stream
(Hall and Bryden, 1982) are also listed in Table
6. The symbols .. and @.. denote the
barotropic and baroclinic_components of heat
transport and the symbol 7 is defined as the av-
erage temperature:

T=Q.(pCQn) " (18

In general, the barotropic component of the
heat transport seems to be larger than the
baroclinic component for either the Kuroshio or
the Gulf Stream, except for the Kuroshio at sec-
tion S; during autumn of 1989 when the
baroclinic component 1s higher than the
barotropic component.

The computed results for case CA-i-2 show
that during early summer of 1989 the heat trans-
fer is from the atmosphere to the ocean for
boxes 1 and 2 and their values are 7.2 and 5.7 X
10®W, respectively, totaling 1.29 X 10®*W. Dur-
ing autumn of 1989 the total heat transfer is
from the ocean to the atmosphere and it is
about 2.80 X 10¥W. The values of these heat ex-
changes at the sea surface are less than 0.5% of
the HT of the Kuroshio through each section.
This means that high quality hydrographic data
is necessary to obtain reliable heat flux values
at the sea surface.
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Table 6. The comparison of VT (units:10°m®/s) and HT (units:10*W) between the Kuroshio (CA-i-2)

and Gulf Stream

Current system time section VT HT T(CC) Q.1 Q.2
Kuroshio early summer of 1989 R 34.6 250 1764 1.60 0.90
Kuroshio autumn of 1989 R 31.0 2.29 18.11 1.71 0.58
Kuroshio autumn of 1989 Ss 29.2 2.53 21.20 1.17 1.36

Gulf Stream* annual mean in 1973

Florida Straits 29.5 2.38 19.71 1.88 0.50

* From Hall and Bryden, (1982).

To see the effect of the inequality constraints
(8) on the computed heat flux at the sea surface,
we compare case CA-i-2 with case CA-i-1 again.
The computed results of case CA-1-1 show that
during early summer of 1989 there is 5.65 X 10%
W of heat transferred into the ocean from the
atmosphere over the computational region,
about 8 times larger than the computed value
for case CA-1-2. The difference of the computed
air-sea heat fluxes between CA-2-1 and CA-2-2
during autumn of 1989 is even larger. For exam-
ple, the heat transfer from the ocean to the at-
mosphere through the sea surface of box-1 is
1.03 X 10*W for case CA-2-2, but 38.02 X 10°W
for case CA-2-1 and in opposite direction from
the atmosphere to the ocean. This seems to indi-
cate that the quality of the 1989 autumn cruise
data is not so good as the 1989 early summer
cruise data and the inequality constraints, (8) is
necessary for the inverse computation.

8. Summary

A modified inverse method is used to compute
the Kuroshio in the East China Sea, based on the
hydrographic data and moored current meter
records obtained during both early summer and
autumn of 1989. It is found that:

1) In general, on a broad shallow shelf the sur-
face Ekman velocity component due to the wind
stress can not be neglected; thus our modified
inverse method is useful in shallow seas. When
the quality of the hydrographic data is poor, to
obtain the heat flux at the sea surface, the ine-
quality constraints at the sea surface. (8) seems
to be needed.

2) The vertical volume transport (VVT) has
less effect on the total volume transport of the
Kuroshio. However, the VVT can not be ne-
glected in the deep layer. The VVT is of the same
order of magnitude as the horizontal volume
transport through the west lateral section of

box, i.e. the section on the shallow shelf in the
East China Sea.

3) The volume transports at section R:(PN)
are 35 and 31 X10°m*/s during early summer and
autumn, respectively, in 1989. The heat trans-
ports at R: (PN) section are 2.50 and 2.29 X 10*
W during early summer and autumn, respec-
tively, in 1989.

4) The Kuroshio Current speed at section R, is
greater than at other sections, probably due to
both the shallow water depth at section R: and
the merging of currents from the eastern lateral
section of box-2 (Fig. 5) or box-3 (Fig. 10).

5) A countercurrent is present in the deep
layer during both cruises of 1989. It is stronger
during autumn of 1989.

6) The VT of TWC flowing into this computa-
tional region is about 1.5X10°m?®/s during both
cruises of 1989.

7) During both cruises of 1989 the barotropic
components of HT is in general larger than the
corresponding baroclinic components. About
1.29X10%W of heat is transferred into the ocean
from the atmosphere over the computational re-
gion during early summer of 1989 and about
2.80 X 10®*W of heat from the ocean to the at-
mosphere over the computational region during
autumn of 1989.
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Temporal and spatial variations in the Bottom Cold Water
on the shelf off San’in coast, Japan

Yutaka ISODA* and Hisaaki OOMURA **

Abstract: The main thermocline off San’in coast in the Japan Sea intersects a gentle
slope on the shelf. A large displacement of this thermocline from the shelf edge to the in-
shore region has been frequently observed from accumulated hydrographic observation
data. Such a displacement means the evolution of a cold-water region over the shelf, which
is called the Bottom Cold Water (BCW). In order to clarify the temporal and spatial varia-
tions in the BCW, we analyzed a time series of the bottom-water temperature data from De-
cember 1980 to December 1982, measured by a submarine telephone cable on the shelf
between Japan and Korea.

We found that intense evolutions of the BCW over the shelf occur 6 to 9 times in a year,
rather than seasonal variations of the BCW. Although such events sometimes are followed
by a few cycles of oscillations, they show eastward phase propagations of 7to 10 cm s ™' at
a typical wavelength of a few hundreds of kilometers. These characteristics may identify
such motions as bottom-trapped Rossby waves originating from disturbances around the

wastern entrance of the Tsushima/Korea Strait.

1. Introduction

The Japan Sea is a marginal sea of the North
Pacific Ocean and is a semi-enclosed basin with
its depth reaching more than 3000m. The
Tsushima Current flowing into the Japan Sea
through the Tsushima/Korea Strait forms three
branches off the San’in coast in the Japan Sea as
shown in Fig.1(a). Fig.2 shows horizontal cur-
rent profiles by ADCP at 10m, 50m, and 100m
depth, vertical distributions of temperature
along Section A off Hamada (for location see
Fig. 1(b)), and wind vectors at Hamada in sum-
mer 1988 (a) (Isoba and MURAYAMA, 1990) and
summer 1989 (b) (IsopA et al., 1992). Both ob-
servations were carried out under a light wind
with speed of less than 1 m s, Nevertheless, ob-
servation (a) exhibits a large displacement of
the main thermocline from the shelf edge to the
inshore region, while observation (b) shows
that the thermocline intersects the shelf edge.
Thus, it seems that the large displacement of the
thermocline shown in observation (a) cannot be

* Department of Civil and Ocean Engineering,
Ehime University, Matsuyama, 790 Japan
** Fuyo Ocean Development and Engineering Co.,
Ltd., Bakurou-chou 10-6, Tokyo, 103 Japan

explained by using the coastal upwelling theory
in the wind-forced regions. In addition, it can be
seen that the positions and shapes of the flow on
the shelf may be also largely affected by the lo-
cation of the main thermocline.

The large displacement of the main thermo-
cline around the shelf edge means the evolution
of a cold water region over the shelf, which is
called the Bottom Cold Water C(hereafter re-
ferred to as the BCW). For a long time, this
BCW has been believed to exist over the shelf off
San’in coast. This was based on the results of
accumulated hydrograpghic observations (e.g.
Uba, 1931; YaMasaki, 1969; MoRIWAKI and
Ocawa, 1988, 1989; IsopAa and MURAYAMA,
1990). However, the detailed horizontal struc-
ture of the BCW, its variation period, and the
possible cause of such variations are not yet
clarified, because such an irregular phenomenon
as the BCW in time and space cannot be detected
from the monthly or bi-monthly hydrographic
observations.

A submarine telephone cable lies on the shelf
between Japan and Korea as shown in Fig. 1(b),
The bottom-water temperatures along the sub-
marine cable were measured for the purpose of
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Fig. 1 (a) Map of the Japan Sea. The three branches around the Tsushima/Korea Strait are shown
schematically by heavy arrows. Locations of the tide-gaugestations are shown by open circles. (b)
Bathymetric chart from 100m to 200m depth on the shelf off San’in coast, showing locations of
bottom-water temperature stations along the submarine cable. A and B indicate the observation

lines.

maintenance and inspection. The cross-shelf (or
nearly north-south) migration of the BCW
front, which is the thermal front at the southern
end of the BCW, can be inferred from these tem-
perature data, because the BCW front moves
just over the submarine cable as shown in Fig.2.
Such continuous data in time and space on the
shelf are scarce and are very valuable. We ana-
lyzed two-year temperature data along the sub-
marine cable. The characteristics of the seasonal

and the short-term variations in the BCW distri-
bution over the shelf are described in this paper.

2. Data

The observation sites of bottom-water tem-
perature on the shelf off San’in coast are shown
in Fig. 1(b). The temperature sensor is installed
in a repeater on the sea bottom for amplifying
the signal. There are 50 repeaters arrayed on the
submarine cable.
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Two-year temperature data at one week inter-
vals from December 1980 to Décember 1982 were
analyzed in this study. However, water tempera-
tures at Stn.24 were not observed throughout
the entire period due to some mechanical trou-
ble. The missing time series data for Stn. 24
were constructed by linear interpolation of val-
ues at adjacent stations. Data were not taken at
all stations from 23 December 1980 to 27 Janu-
ary 1981 and from 8 September to 15 September
1981. Hydrographic temperature data measured
by the Fisheries Agency Japan (1985, 1986) at
Shimane, Yamaguchi, and Fukuoka Prefectural
Fisheries Experiment Stations in 1981 and 1982,
are used to understand the spatial distributions
of the BCW.

Since the shelf off San’in coast is directly con-
nected to the Tsushima/Korea Strait, the flow
variations on the shelf might be monitored by
those in the Strait. Flow variations in the Tsu-
shima/Korea Strait are investigated by examin-

ing sea-level differences across the Strait (e.g.
KawaBE, 1982). Daily mean sea-level data
from 1981 to 1982 are available at Pusan
(Hydrographic Office of the Republic of Korea)
and at Izuhara and Hakata (Japan Maritime
Safety Agency). The positions of these tidal sta-
tions are also shown in Fig. 1(a). Since the mo-
mentum balance normal to the flow direction
may be geostrophic, it can be expected that
variations of sea-level difference between
Hakata and Izuhara and those between Izuhara
and Pusan reflect the variations of surface ve-
locity in the East and West Channel of the Tsu-
shima / Korea Strait, respectively. From the
variations of sea level difference in both chan-
nels, the cross-shelf flow structure on the shelf
will be roughly inferred.

3. Data analysis
Seasonal variations in the BCW
Fig. 3 shows the temporal variation in tem-



266 La mer 30, 1992

NN INNEEEE
weaf 1 ]
"\E ‘-<:;i<,.\_‘ wl LA
ENHBZEN IRPRE LY
STN. 5_i It H\‘?\ W : \_‘,;
HPAY ,\\.\_ r\jj"
3 :JVU A /'\-1/‘
ENAL Wi
v [\L_ A
EEURPEga NN T
STN.10 Jui "4:\E" .J,f!'\ ~ 3
TN TN
4.4 AN ‘JL;‘},./ AN
PN N T
E : S N ‘f:v: ,,\\_2,_/{.\.
TN R
stnaas A W / ! i '\4.«/\ Pt
VR TR
EXh eI elad jj/li\ \t s
ERGE MM LA fV.h\ V/\A/nﬂ_,
ESHE t //‘:‘ *;L\\yrﬁV\,F\‘
STN.20 i ’f, T A W V\ &
AN A M NV
PR N
ol AN ix \
ELT MM
b \»l"‘uL ?‘\uv’\ |
STN.ZS"_OE A\ i ‘ ] \/ \
E i!;
: L
. | I IAREIEN]
Dl'FJAJAO ]FIAIJAO
1980 1981 1982

L1 NRUNARRRERRRER
' I N 4\/1 i W\,
! AV Th £ A 8
~;: &\mj N: &
4 N T 2V h\!\
_;qu;_“q.&
STN.30 1 A A TVAR AN
::' //’\/{) 3 WA
Y VAT AN AN
VM ”’%)[' 1 1”\4
sTN.35 YN WS L $ATY A
N MW
TN NN
EEIRRES ~NA ;\-Xfﬂ‘L,/ ‘:/ ‘:Av
TN q:t:_\
STN. 40 34 i NN A ™ ek $ 4P
J:,\"ﬁ: :v lLf/‘-“-x \
AN i\‘r:%\“\./ N
Jlynd N
Y
At VAT AT L N
s*ru.us—,i_l /’,\:; JL:“’ N\
L MR AT
Yy /l\ij\ )
STN.50 Jiti" é\\v i \
N N
ERUAS / 1 \ I}I
1 A
VA L |
T ] TTITVITTT

DFAJAODFAJAO
1980 1981 1982

Fig. 3. Temporal variations in temperature from Stn.l to Stn.50. Interval between dotted (broken)

lines denotes a period of 4 weeks (1 year).

perature at each station. It is found that the
shelf along the submarine cable can be divided
into the following three regions based on the dif-
ference in the patterns of seasonal variation.
Region (1) from Stn.1 to Stn.15, which corre-
sponds to the entrance of the West Channel, has
the maximum temperature in winter and the
minimum in summer. Region (2) from Stn.16 to
Stn.47 does not have a dominant seasonal varia-
tion, but has significant year-to-year variation
with the maximum temperature in winter 1981.
Region (3) from Stn.48 to Stn.50 may be consid-
ered as the region where the near-shore branch of
the Tsushima Current exists and has a large sea-
sonal variation with the maximum temperature
in summer and the minimum in winter. Thus,
the change of the seasonal cycle near the Japa-
nese coast demonstrates completely opposite
signs from that near the Korean coast.

The seasonal variation of sea-level difference
between Izuhara and Pusan is very large while
that between Hakata and Izuhara is small
(KAWABE, 1982). It is considered that sea-level

difference in the West Channel represents vol-
ume transport of the Tsushima Current rather
than that in the East Channel. Then, temporal
variations at Stn.5 in the region (1) and at
Stn.50 in the region (3) are compared with the
21-day running mean of the difference in daily
mean sea-level between Izuhara and Pusan, and
each relationship is shown in Fig. 4. The varia-
tions of sea-level difference may indicate that
the volume transport of the Tsushima Current is
small from January to May and increases con-
siderably from June to August. After reaching a
maximum from August to October, the trans-
port gradually decreases.

The seasonal changes of temperature at Stn. 5
occur rather rapidly. The large temporal gradi-
ents of temperature are seen in June and Novem-
ber, whereas the temperature in the other
months tends to be relatively constant. It is sug-
gested that the large spatial temperature gradi-
ent region, i.e. the BCW front, passes through
the entrance of that West Channel in June and
November. Therefore, we may conclude that



Temporal and spatial variations in the Bottom Cold Water on the shelf off San’in coast 267

—_

s }

(cm)10.
85
cc 5.
¢ g
— b~
ofd c
2E0 0.
o
© o -5,
o
w Z
(cm)10.
o=
Qo
cc
v 5
R
30
a0 e

w
3 &
o Z

Temperature
(stn.5)

— 6.0(°C)
- 4.0 ©
S
- 2.0 33
mm
- 0.0 25
--2.0 Eg
--4.0 fut
L-5.0

JIFIMIATMI JTJTATSTOINID JIFIMIAIMIJIJIAISIOINID]

1981

1982

Fig. 4. The 21-day running mean of difference in daily mean sea-level between Izuhara and Pusan, i.e.
at the West Channel, is indicated by heavy lines. Dashed lines show seasonal variations of bottom-
water temperature at Stn.5 (upper) and Stn.50 (lower).

BCW front shifts southward (northward) along
the Korean coast as corresponding to the in-
crease (decrease) of volume transport in June
(November). Such seasonal flow variation
around the West Channel has also been indicated
from the current measurements (BYUN and
SEUNG, 1984) and the hydrographic data analy-
sis (Ocawa, 1983; Isopa, 1989; Isopa and
Yamaoxa, 1991).

It can be seen that the shape of the tempera-
ture variation at Stn.50 is roughly sinusoidal,
and nearly the same as the variation patterns of
sea-level difference. The correlation between the
variation characteristics of the water tempera-
ture and those of sea-level difference suggests
that the height of the water column along the
Japanese coast increases when the water tem-
perature near the Japanese coast increases. Such
characteristics of the Tsushima Current may
demonstrate the structure of the coastal bound-
ary current, which may be strongly trapped
along the Japanese coast (HANAWA, 1984; IsoDA
and YAMAOKA, 1991).

Short-term variations of the BCW

It is evident from Fig. 3 that the short-term
variations are very pronounced only in the re-
gion (2). These variations look somewhat

periodical in nature with a period of several tens
of days. Their up/down-peak times are not the
same among stations and tend to shift slightly
from the Korean side’s stations to the Japanese
ones. To enhance such horizontal propagation
characteristics of short-term variations, we cal-
culated the temporal temperature gradient
(TTG) within one week period at each station,
i.e. temperature values of week n+I! minus
those of week n at each station. The results to-
gether with bottom topography along the sub-
marine cable line are shown in Fig. 5. The
lateral axis in this figure is the distance from
Pusan to Hamada the and time advances down-
ward. Positive TTG values denote an increase of
water temperature and negative values (black-
ed) denote a decrease. That is, the black color
areas correspond to the BCW evolutions. Its
propagation features are displayed by shaded
arrows. From this figure, the following charac-
teristics are evident:i) The BCW with the
short-term variations may not be developed
over the whole shelf all at once, but is often con-
tinuous and complex, presumably as a result of
meander events closely spaced in space or time.
There are, however, occasions starting with a
relatively intense burst of motion, sometimes
followed by a few cycles of oscillations as in
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rows display the propagation features of Bottom Cold Water evolution, which correspond to the
blacked TTG areas. The bottom topography along the submarine cable line is shown in the upper

part of each panel.

February to March in 1981, November to Decem-
ber in 1981, June in 1982, and November in 1982.
Such events occurred 6 to 9 times in a year; the
time scale of variations can be regarded as hav-
ing periods of 40 to 60 days.
ii) It is inferred from reading the horizontal
distribution of TTG variations that the horizon-
tal scale of meandering along the shelf is ap-
proximately a few hundred kilometers.
iii) The phase of variations has moved gradu-
ally eastward. The area of phase propagation
begins around the western entrance of the Tsu-
shima / Korea Strait. The averaged eastward
phase speed is estimated to be 7 to 10 cm s7%; the
phase propagates over about 170 km in 3 to 4
weeks in the region (2).

The synoptic pattern of the BCW can be drawn

by using the convetional hydrographic observa-
tion data of the Fisheries Agency Japan, because
these data were obtained during several days at
the beginning of each month and, in addition,
the BCW has very slow variations in time as
mentioned above. Near-bottom (and 200m
depth) horizontal temperature distributions on
(and off) the shelf are shown in Fig. 6(a) for
1981 observations and in Fig. 6(b) for 1982 ob-
servations with the TTG distributions. That is,
Fig.6 shows the horizontal distribution of the
line where the main thermocline intersects the
bottom slope, a feature of the BCW front. Three
TTG distributions shown in each figure were
also taken at nearly the same time as the corre-
sponding hydrographic observations. At first
sight, considerable spatial variations of the
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BCW front are noted. From a comparison of
horizontal temperature distributions at the
same month in 1981 and in 1982, we cannot find
the seasonal characteristics of the flow pat-
terns. For example, there is a large meandering
path in March 1981 and August 1982, but a flow
along the shelf edge in March 1982 and August
1981. Although a meandering path can be seen in
November in 1981 and 1982, the shapes of mean-
dering differ from each other.

We can detect large meanders of these BCW
fronts with the cross-shelf amplitude of 50 to
100 km in March and November 1981, and in
August and November 1982. Such southward
evolution of the BCW front corresponds to the
boundary between positive and negative TTG

value areas. This situation means that the
southward depression will propagate eastward
with time. On the other hand, a similar meander
is not clear in May and August 1981, in March
and May 1982, and then spatial TTG variations
at those times are surely small. From these
characteristics, it is clear that the short-term
variations shown in Figs.3 and 5 are caused by
the cross-shelf migrations of the wave-like BCW
front on the shelf.

Next, to see the short-term variations of the
geostrophic current in the Tsushima/ Korea
Strait, we calculate the cross-correlation analy-
sis between sea-level differesnces in the West
and East Channels. The statistical period is
512(=2% days (from 11 April 1981 to 4 septem-
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ber 1982) and the result is shown in Fig. 7.
Hence, the Nyquist frequency is 0.5 epd and the
degree of freedom is 4. A common conspicuous
spectral peak with a good correlation (95 % con-
fidence limits of coherence-squared value is
about 0.43) is seen at a period of a 50 days and
its frequency band roughly coincides with that
of the BCW variations. It is found that the
phase difference of flow between both channels
is surprisingly out of phase, although those
channels are adjacent to each other (see in Fig.
D.

We will then investigate the relation between
the variations of flow and water temperature by
applying bandpass-filtering methods, although
the statistical period is too short to analyze the
data statistically. In Fig. 8, we superimposed
the bandpass-filtered anomaly time series for
the variations in both channels of sea level

difference (thick lines) and temperature at
Stn.35 (dashed lines) with a period of 42 to 63
days. Here, Stn.35 is situated on the central
shelf off the San’in coast and its amplitude is
relatively large. It is found that both variations
of the flow and water temperature tend to be
large for the same period from summer to win-
ter 1981, although the phase of both variations
cannot be discussed due to the slow variations of
the BCW with relatively short wavelength. Be-
sides, time series of sea-level show that the pat-
tern of variations between the East and West
Channels is surely opposite. Thus, it is inferred
that flow structures with short-term variation
have relatively small spatial scale in the cross-
shelf direction and are out of phase between the
coast and the shelf edge.
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4. Conclusion and discussion

By using the bottom-water temperature data
observed along the submarine cable, we analyzed
the characteristics of temperature variation in
time and space on the shelf off San’in coast.
Only the water temperature close to the Korean
coast and the Japanese coast has the dominant
seasonal variation. The BCW front shifts into
the Tsushima/Korea Strait along the Korean
coast corresponding to the increase of inflow
volume transport of the Tsushima Current. This
behavior may be due to the development of
baroclinic structure in summer. Bottom-water
temperature near the Japanese coast is strongly

affected by seasonal water characteristics of the
Tsushima Current. On the other hand, the water
temperature on the shelf off San’in coast has no
dominant seasonal variation, but has signifi-
cant year-to-year variation. Besides, the follow-
ing interesting behaviors of the BCW are
superimposed on such year-to-year variations.
Intense evolutions of the BCW over the shelf off
San’in coast occur 6 to 9 times in a year, having
periods of 40 to 60 days, sometimes followed by
a few cycles of oscillations. Such events show
eastward phase propagation with a phase speed
of 7to 10 cm s7%, a typical wavelength of a few
hundreds kilometers and cross-shelf amplitude
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of 50 to 100 km distance.

Finally, to investigate the type of such ob-
served waves, the theoretical dispersion rela-
tions of free waves off San’in coast are
compared with the observed data. Isopa et al.
(1991) showed that the phase speed of external
and internal Kelvin waves which could exist at
the shelf off San’in coast were estimated as
about 1400 m s and 1.6 m s, respectively. Be-
sides, if the observed wave may be regarded as a
barotropic shelf wave, it must be a higher-mode
wave, 5th higher or 6th or mode wave, with
many nodes in the cross-shelf direction (Isopa
et al., 1991). However, the observational data
shown in Fig. 6 deny the possibility of such
higher-mode waves. Therefore, it may be diffi-
cult to explain the observed wave by the gravity
wave or shelf wave of barotropic mode.

Next, we shall consider the topographic
Rossby wave affected by a stratification, be-
cause the main thermocline has existed around
the shelf edge throughout the year as shown by
the present study. The wave equation and wave
dispersion relation of the topographic Rossby
wave by Rhines’ theory (RHINES, 1970) are as
follows.

p=Aexp(ilkx+1,y+ wt)) cosh(uz) (1

tanh(uH) =~ O @
where u=N (B*+1DVYf €))

Here x and y are Cartesian coordinates directed
along-shelf and across-shelf, respectively, z the
vertical coordinate directed upward from the
sea surface, p the pressure, @ (=40m/100 km
=0.0004) the bottom slope gradient, f=8.5X
10° s~ the Coriolis parameter, H(=120m) the
mean depth, @ the wave frequency, %k the along-
shelf wavenumber, [,=2nz /L (L is the shelf
width and n=1,2,3,..) the cross-shelf wavenu-
mber, and N? the Brunt-Vaisala frequency. From
eqs. (1) and (3), it is found that such a wave
tends to be a bottom-trapped mode (large ¢ at
(1)) in the case of strong stratification (large
N?), short wavelength (large k) or higher-mode
wave (large ).

The density data were collected from the ob-
served data by Fisheries Agency Japan in March
and September 1981 along Section B in Fig.l.
March is the season of vertical mixing in winter,
and September is the season with the develop-
ment of the seasonal thermocline. Using these
data we calculated the variation in Brunt-
Vaisala frequencies and the corresponding theo-
retical dispersion curves for the first three
modes. The profiles of density, the Brunt-
Vaisala frequency, and dispersion curves are
shown in Fig. 9 for each month. For the purpose
of comparing the theoretical curves with the ob-
servations, we shall use the Brunt-Vaisala fre-
quency value near the shelf edge, i. e. N*=3.0 X
107* s in March and N*=10.0X107® s in Sep-
tember, and the observed wave’s w-k region as
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1(b). Lower panels denote dispersion curves of the first three modes for the profile given by
eqs (2) and (3) (adapted from Ruings, 1970). The vertical profiles of cosh (¢z) which is cal-
culated using the value at each shaded area corresponds to that of the current. Shaded areas

denote the observed w-k relation.

denoted by the shadow area in the dispersion
curves. It may be possible that the observed
wave can be explained by the 2nd or 3rd mode
bottom-trapped Rossby wave in both months. [t
is suggested that the alongshore flow compo-
nent in the cross-shelf direction is out of phase
between the coastal area and the shelf edge area,
when the short-term variations of the BCW are
passing off San’in coast. Such a result would
also coincide with that inferred from the analy-
sis of sea level differences in the Tsushima/

Korea Strait.

As for the primary mechanisms responsible
for the BCW evolution, we cannot believe that
its evolution always occurs when upwelling-
favorable winds prevail. This is because most of

the wind energies in the southwestern area of the
Japan Sea area are concentrated around several-
day periods. The annual mean BCW front, i.e.
the main thermocline, is situated along the shelf
edge and hits the topographic protrusion of the
Korean peninsula (MORIWAKI and OGAWA,
1989), and the water characteristics of the
Tsushima Current on the shelf have large sea-
sonal change in temperature and salinity
(OGawa, 1983; MoriwaKI and OGAawa, 1988).
From the above characteristics, we speculate
that the short-term variations of the BCW will
be generated by a kind of geostrophic adjust-
ment process between inner and outer shelf
around the Korean coastal area or by the
baroclinic instability process of the Tsushima
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Current. In our forthcoming studies, we plan to
investigate the low-frequency changes of sea
conditions off the Korean coast and to physi-
cally explain the generation mechanism of the
BCW variations.
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Wave characteristics changes under a strong
tidal current influence

Im Sang OH and Yoo Yin Kim*

Abstract: It is well known that a strong current influences a wave field in several ways,
such as frequency shift, amplitude changes. In the present study, we reexamined the influ-
ences of current on a wave field in a theoretical point of view in the first half of this paper.
In the next half, we compared the observed wave heights with the computed wave heights
with tidal currents. We also compared the computed wave spectra with tidal currents and
those wihout tidal currents. The wave measurements are conducted at the Maldo Island
from Nov. 7to Nov. 10, 1990, which is located in the west coastal area of Korea. For the
computations, Shallow Water Wave model (SWW model : OH et al., 1990) was used.

In the typical range of tidal currents and elevation of the Maldo area, the influence of tidal
currents on waves 1s large than that of tidal elevations, i.e., water depth changes of the
ranges. For the area, the observed wave heights show considerable differences from those
with current. The difference may be larger in some areas with stronger tidal currents. The
model calculations show 7-12% difference in the wave energy spectra with and without cur-

rents in the shallow water wave model.

1. Introduction

A wave field in some area can be strongly
influenced by steady or variable currents if the
currents of the area are strong. In those areas,
the current should be considered in estimating
the wave energy. The Yellow Sea is an area of
this kind.

There are several ways that a horizontal cur-
rent can modify surface gravity waves. One way
of modifications is to wavelength. A current
can locally stretch or shrink features in a wave
train. This wave train distortion produces a
“Doppler shift” in wave period. Another way is
to wave orthogonals. Wave orthogonal is a line
perpendicular to the local wave crest direction.
In this study the wave refraction due to tidal
currents is not considered since the wave refrac-
tion due to tidal currents is generally much
smaller than that due to water depth variations.

Another type of modification occurs also in
the pressure field accompanying waves. This
change can be an appreciable source of error in
measuring wave heights or periods if an existing

" Department of Oceanography, Seoul National
University, Seoul 151-742, Korea

current is not accounted for. In particular, a sig-
nificant error can sometimes arise if bottom
pressure measurements are used to determine
surface wave heights and lengths.

The studies of wave-current interaction, in
particular the influence of currents on waves,
have been done extensively in the past decades
(Interested readers refer to PuiLrLips (1969),
PEREGRINE (1976) and THoMmAs (1981) for their
detailed and comprehensive reviews of waves on
currents). The followings are the brief reviews
of the studies.

A significant theoretical advance of wave-
current interaction was achieved by LONGUET-
HigGiNs and STEwART (1960, 1961), who intro-
duced the concept of radiation stress. A year
later, WurrHAM (1962) introduced so-called
Whitham’s method which uses the averaged
Lagrangian and the concept of wave action.
PaiLLips (1969) formulated a wave spectral
transformation on currents theoretically in
water of finite depth, and showed that the spec-
tral energy density in the wavenumber space is
constant following a wave group.

HuaNG et al. (1972) showed the relative
changes of spectral energy (#) under different
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current conditions to the Kitaigorodskii-
Pierson-Moskowitz frequency spectrum (¢ ) as
the basic spectral form for zero current condi-
tion (Fig. 1).

The interaction between wind-generated sur-
face waves and tidal currents (VINCENT, 1979),
the effect of tidal currents on the velocity spec-
trum (LAMBRAKOS, 1981), and the influences of
unsteady currents on wind wave propagation on
the scale of shelf scale (ToLMAN, 1990) are also
studied. ToLMAN showed that a wave height
modulation is up to 50 % with a period of ap-
proximately 12 hours in the Southern North Sea
(Fig. 2). Numerical method (WANG and YANG,
1981) and laboratory experiments (LAI et al.,
1989) are also applied to the study of current ef-
fects.

In the present study, we reexamined the influ-
ence of strong currents on a wave field. At the
same time, we measured the wave heights and
tidal currents at the Maldo from Nov. 7 to Nov.

125°E

120°E

4140°N

350N

30°N

Fig. 8. Location of the experimental site (point x),
Maldo area and the depth contours of the Yel-
low Sea.

10, 1990 (See Fig. 3 for the location and bottom
contours of the Maldo area). The wave fields
for the period are simulated by using Shallow
Water Wave model (SWW model: OH et al.,
1990). The computed wave heights with consid-
ering tidal currents are compared with the ob-
served ones. The computed wave spectra with
and without tidal currents are also compared in
order to estimate the order of magnitudes of the
influence of currents on wave field.

2. Theoretical considerations
a. Steadiness of Tidal Current

It is necessary to have a clear appreciation of
the relative magnitude of time and length scales
for both the waves and the currents for a better
understanding of their interactions. A large-
scale current, such as a tidal current, might be
an example which varies very little, say, no
more than a few percent over a distance of one
wavelength, L, or over a time of one wave pe-
riod, T.

Waves, however, propagate over a tidal cur-
rent for a considerably long time. Then the
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variability of the current must be accounted.
The critical period of a current, the semidirunal
tide, for example, can be estimated as

Tc:|Umaxi/laU/at|max (1)

when the tidal current U(t) = Umax sin(w t) is
assumed. Here, Unax and @ are the maximum
speed and the tidal frequency, respectively. Con-
sidering the tidal component M: for the Maldo
area, we get T.= 2 hour. Thus, if waves are
propagating over the tidal currents for more
than two hours, the unsteadiness of the current
needs to be considered, and if a propagation
time is less than 7. the tidal current can be con-
sidered as a steady current.

b. Effect of the Presence of Current on Wave
Field
If a wave train is propagating in a medium
moving with velocity U (u, v, x, t), the fre-
quency of waves passing a fixed point, apparent
frequency w, is given by

w=kUG&, )+ 0k, b @)

where o is the intrinsic frequency whose func-
tional dependence on wave number & and water
depth & is known as the dispersion relation. If
the nonlinear dynamic interaction is neglected,
the dispersion relation is of the form:

0 *=gk tanh(kh) €)

where g is the gravity, k= |k |. From (3) we
have the relative wave phase speed Co as

Co=[(g/k) tanh (kh)]"* ©))
and the absolute phase speed C, is given by
C.=Cot+U (5)

If the water depth A, intrinsic frequency ¢, and
the current speed and direction of U are known,
we can calculate the wave number of no current
by (3) and apparent frequency « by (2), and
then the wave number under current influence
can be determined as follows.

w = [gktanh(kh) ]+ uk cos 6 +vksin 6
6

where u, v are component currents in x- and y-
direction, respectively, and 6 is the angle be-
tween the wave-ray and x-axis.

~¢. Combined Effects of Current and Water

Depth on Wave Field

The changes of wave lengths, phase speeds and
Doppler frequencies for variable water depths
are shown in Fig. 4 for each effective tidal cur-
rent speed giving influence to the wind waves.
The positive tidal current speed means that the
current flows in the same direction as the waves
do, i.e., co-current. For this computation, we
used the combined form of dispersion relations
of (2) and (8). The figure shows that the wave
length, phase velocity, and Doppler frequency
with co-currents are larger than those with
counter-currents. In general, the influence of
counter-currents on waves is larger than that of
co-currents as we expected.

It is worthwhile to note that if we consider
the typical ranges of tidal currents and eleva-
tions for the study area are 1.5 m/s and 5 m, re-
spectively, the influence of tidal currents on
waves 1s larger than that of tidal elevations,
i.e., water depth changes of the ranges.

Fig. 5 shows the relations between the appar-
ent frequency w and wave number k. When there
1s no current, k.1, k.2, and k.s are the wave num-
bers for constant water depths, A1, h., and hs, re-
spectively. w,is the frequency of no current. If
there exists a flow U which is against the wave
propagation direction, U can be considered as a
slope for the linear equation for k. Thus, the left
hand side of the equation will be a line whose
slope is U and its cross section is wo in -k
plane. The values ki, k2, and ks at which the line
crosses the curves of constant depths hi, k., and
hs, respectively, are the wave numbers, and ® is
the frequency in common for the wave numbers.

If there exists an opposing current, two solu-
tions for k can be found. These solutions con-
verse to kc as U increases. The wave number k. is
called as a critical wave number. The frequency
W is a critical frequency at the critical wave
number k..

In the range of wave number bigger than the
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critical wave number k., when the flow U in-
creases, the solutions for k and the correspond-
ing frequency decrease to k. and w., thus, the
wave lengths and period increase. In the wave
number range smaller than Ak, the solution and
corresponding frequency increases to converge

OPPOSING CURRENT

NO CURRENT

FREQUENCY

ki Ky ke k3
WAVE NUMBER

Fig. 5. Wave number and frequency relationship
with opposing current.

@

NO CURRENT

FOLLOWING CURRENT
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Fig. 6. Wave number and frequency relationship
with following current.

to kcand w.. The wave lengths and the period de-
crease. In this range, the changing rate of wave
number increases as the current increases and as
the water depth decreases.

Fig. 6 shows the w-£ solution for the case of
co-current, in which the direction of wave propa-
gation is identical to the current. In this case,
since the solution for % and the corresponding
frequency are always smaller than those of no-
current, the wave lengths and period become
longer. The changing rate of the wave numbers
increases as the water depth decreases.

3. Comparisons of spectra with and without

currents

In order to investigate the influences on wind
waves due to tide, we measured wave heights
and tidal currents at the Maldo area (See Fig.3)
for the period of Nov. 7 to Nov. 10, 1991. The
instrument used for the measurements is a
multi-functional pressure type gauge which can
measure wave heights, tides and their current di-
rections and speeds. It was moored at the sea
bottom of 20 m depth.

Wind speeds and tidal currents during the
measurement period for the whole Yellow Sea



Wave characteristics changes under a strong tidal vurrent influence 279

are simulated. Using these wind and tidal cur-
rent data wave heights are calculated by the
Shallow Water Wave model (SWW model: On
et al., 1990). In the following two subsections,
the models are briefly explained.

a. Shallow Water Wave model

In shallow water, the wave train will have new
experiences such as strong tidal currents with
rapid variations of water depth, bottom fric-
tion, refraction, shoaling, and wave breaking.
The present SWW model includes those effects in
calculations. We chose this model because it has
been applied to the present study area success-
fully (OH et al, 1990). The model uses a prefix-
ed grid system and a finite difference method
with a jumped technique. It has 208 component
waves : 13 classes of wave period and 16 classes
of propagation direction. It utilizes HASSEL-
MANN (1960)’s idea. According to him, the de-
velopment of an angular spectral density E (T,
0, x,y, t) can be described by the following re-
lation,

dE(T, 6, x, y, t)

i =S(T,0, x, y, t) M

where S is a source function for the wave field,
and 7, t and 6 are wave period, time and wave
propagation direction, respectively. Since the
group velocity and the propagation direction
change as the energy of each component wave
moves, the energy equation should be expressed
as,

dE
dt

OF
5

=S ®

(S5
b3
*
(&)

dx
s

N

(o))
o
2
D
2

L do
dt

|@ @\

5

i

We converted this into an equation which can be
used for the computations of wave energy along
a wave ray. If we assume the wave period is
conserved, the energy balance equation becomes

dE 6E+6EdS+6Ed9
dt 8t ds dt 00 dt

:Sin+sds+sbf )]
where the source function of the right hand side

consists of Si, energy input from wind field,
Sus, energy loss due to viscosity and breaking,

and Spy, energy dissipation due to bottom fric-
tion. For the energy input, the formula which is
used by GELcI and DeviLLaz (1975) in their
DSA-5 wave model, is utilized in the present
study. The energy loss due to viscosity is consid-
ered by assuming the eddy viscosity coefficient
is proportional to the total wave energy. The
total time derivative of the wave energy of a
component wave, Er g, 1s

dEz e

at =]—AEr s ao

where the energy input due to wind, / is

= IICWTZ(VMV/g 27)* 2cs<9 )
component
dT d(6 — ¢), an
and
A=18X107°F ¢t 12

Here, W is the wind speed in knot, ¢ the wind
direction, and FEi: is the sum of all the
componental waves.

Energy dissipation due to bottom friction is
also considered by utilizing CorLrins (1972)
model. The bottom frictional energy dissipation
is assumed to be proportional to the mean water

particle velocity and to the frequency-
directional spectrum. S, 1s
Sy =Cra(T,h) (V) E(T,0) as)

where C; is the bottom friction coefficient,
a (T,h)=gkC,/ (27 0'cosh®kh), C, the group
velocity, and (V) is the ensemble average of a
water particle velocity of water depth A.

Wave breaking due to water depth is included
by using a simple formula by Youna (1988) as

E max=0.0355 A’ (14)

The E max is the maximum possible total energy
at a computational grid point. If the total en-
ergy is greater than Emax, then the excess energy
is drained from the longer wavelength compo-
nent first.

The computation is conducted in the following
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order by using the former step’s result as an
input

dE _ _OE ds
[[[[dt —-Sin+sds:|i+sbf]ii 08 dt]iii
_GEdo
el (15)

More detailed descriptions may be found in OH
et al.(1990).

Precalculated tidal currents were used in the
model by equation (6). New frequency was cal-
culated for all the wave components at each grid
point (i, ).

w ;= [gkij tanh(k,»j h,-)] ‘/2+ui,- k,j CcOs 7] ij
+u,k;sin @ (16)

The SWW model runs on the assumption that
wind velocities and tidal currents are consistent

olh/g}tsz

20%
0%

Tos 5%

20%

U/[ghli’z
Fig. 8. Relative errors in surface wave amplitude
calculated from bottom pressures due to ne-
glect of a current component parallel with the
wave direction (PERIGRINE, 1976).

for 3 hours. The tidal constituent M. which is
dominant in the Yellow Sea is the only compo-
nent considered for the tidal current computa-
tions.

b. Sea Surface Wind Model and Tidal Current

Model

The sea surface wind model used in the present
study is the one which was developed by BoNG et
al. (1987, 1988, 1989, 1990). The model is based
on CARDONE (1969, 1978). According to him, at
the upper limit of the Ekman layer the wind ve-
locity becomes the geostrophic wind, and in sur-
face layer the wind velocity has a logarithmic
profile and it vanishes at the surface. The model
is a finite difference model which utilizes itera-
tive technique for solution. In order to run the
model, the pressure distributions of 12-hour in-
terval weather charts for the period of wave
measurement at the Maldo (Nov. 7-Nov. 10,
1991) were read, and they were interpolated to
make 3-hour interval data. The sea level pres-
sure and land surface temperature were also
read from the same weather charts, and
monthly mean sea surface temperatures were
used for this period. The irregular data such as
air pressure, air temperature, etc., were rear-
ranged to a regular grid field by using an objec-
tive analysis technique (BARNSE, 1964).

A modified tidal current model from FLA-
THER and HEAPS (1975) was used to obtain tidal
current fields for the measurement period. The
tidal model is a finite difference depth-averaged
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Fig.9. Computed wave height contours with counter-directional tidal current (a) for the area near the
Maldo, and without tidal current (b) at near the peak time of the measured wave energy.

model. For the open boundaries, the tidal
phases and elevations of OGUrA (1933, See
CHot, 1980) were used. From this model, 3-hour
interval tidal currents and elevations of the M,
component are obtained for the present wave-
current interaction calculations.

c. Comparisons of waves with and without cur-
rents

The computed 3-hour interval winds and tidal
currents from the SSW model and tidal current
model were supplied to run the SWW model in
order to see the effects of tidal currents on wind
wave field. We ran the SWW model more than
144 hours.

The upper part of Fig.7 shows computed wind
speeds over the Maldo area for the whole meas-
urement period (Nov. 7 to Nov. 10, 1990). The
lower part of Fig. 7 shows the observed and
computed wave heights for the period. The time
series of the wind speed and wave heights show
a good agreement in a general tendency. Consid-
erable discrepancy between the observed and cal-
culated wave heights as much as 65 cm, however,
appeared at the 90th hour. This discrepancy may
be due to the deviation of the pressure measure-
ments at the sea bottom in the presence of

current from those of no-wind (See JONSSON et
al., 1970; DRAPER, 1957; PERIGRINE, 1976). Fol-
lowing is Perigrine’s derivation. If a Fourier
component of a pressure fluctuation at a bot-
tom z= —h has amplitude p(w), then the corre-
sponding surface amplitude component is

alw)=p(w)cosh(kh)/pg an

The maximum errors will clearly occur when
wave direction is parallel or antiparallel to a
current. He also derived the following relation-
ship: the ratio of the corrected amplitude a. to
the computed amplitude a:

ax _ cosh(r)

a: cosh(q) (18

where q and r are kh for the case of no-current
and that for the case of current speed U, respec-
tively. Fig. 8 shows the relative error (a:—a.)
/a1 It is easy to find from the figure that ad-
verse currents have greater effects.

The computed wave height distribution with
counter-current is shown in Fig. 9(a) and that
without tidal current in Fig. 9(b) at nearly the
time of energy peak when the SWW model ran
for 117 hours. The area where we have interests
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Fig. 10. Computed wave height contours with co-directional tidal current (a) for the area near the
Maldo, and without tidal current (b) at nearly the peak time of the measured wave energy.

is the sea around the Maldo Island. We chose a
moment when the directions of dominant tidal
current and wind are the same as the direction
of the significant wave propagation. The area
which has wave height of 3.0 m or higher is wid-
ened when current effect is included. The general
pattern, however, is similar in both cases.

The computed wave height distribution with
co-current is shown in Fig. 10(a) and that with-
out tidal current in Fig. 10(b) at nearly the time
of energy peak. Similarly to Fig. 9., the area
where the wave height is 2.9 m or higher 1s wid-
ened in the southwest of the Korean Peninsula
when current effect is included. But, the area of
2.7 m or higher waveheight is shrinked. The gen-
eral patterns for the both cases, however, are
similar.

Fig. 11 shows the directional spectra of wave
energy at the Maldo with co-currents (a) and
without tidal currents (b). We notice that the
dominant direction of wave is not changed but
the concentration of wave energy with co-
current is much more effective than that with
no-current. Fig.11(c) shows their frequency
spectra. We also see the differences in spectral
density of wave energy at peak frequency. Fig.
12 shows the directional spectra of wave energy

at the Maldo with counter-currents (a) and
without tidal currents (b), and frequency spec-
trum (c). Similarly to Fig. 11, the dominant
direction of wave is not changed but the concen-
tration of wave energy with counter-current is
much more effective than that with no-current.
We also see the considerable differences in spec-
tral density of wave enrgy at peak frequency.
Comparing the energy density spectra with co-
and counter- currents, we could easily find that
there exists more significant difference in the
case of counter-current. From this, we can find
that the wave height with tidal currents shows
7-12 % difference from the wave height without
considering tidal currents.

4. Summary
The influences of steady current on a wave
field are reexamined in a theoretical point of
view in the first half of this paper. In the next
half, we compared the observed wave heights
with the computed wave heights with tidal cur-
rents. The Shallow Water Wave model is used
for the computations. We also compared the
wave spectra with and without tidal currents.
The results are summarized as follows.
i) Wave fields are influenced by the current
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Fig. 11. Directional energy spectrum with counter-directional tidal current (a), spectum without
tides (b), and frequency spectrum (c) of the Maldo area at nearly the peak time of the measured

wave energy.

direction as well as magnitude. The direction
and magnitude of tidal current of the Yellow
Sea change in the time scale of the order of an
hour; thus the wave field should be influenced by
the current variations.

i) In the typical range of tidal currents and ele-
vation of the Maldo area, the influence of tidal
currents on waves is larger than that of tidal
elevations, i.e., water depth changes of the
ranges.

iii) If there exists an opposing current to the
wave propagation, two different wave groups
can be excited. The wave numbers of the two
group converges to the critical wave number as

the current increases.

iv) If the current direction agrees with the wave
direction, only one wave group is excited and the
wave number and corresponding frequency are
always smaller than those of no-current.

v) For the Maldo area, the computed spectra
with tidal currents are considerably different
from those without currents. The differences
may be larger in some areas where tidal currents
are strong.

vi) The energy density spectra with counter-
currents, compared with those of no-currents,
show more significant differences than the spec-
tra with co-currents.



284 La mer 30, 1992

. .
NorLe
L) rr?-rrgrvr§7'115**: feecliiluadaadaadE

/
/!
;

’x -

afrrrerrrTyTTyTT
-

DIRECTIONAL SPECTRUM [X500 ERG.1,
PERIOD IN SECOND

C)

1500 —

1200 —

900 —

600 —

300 —

SPECTRAL DENSITY (%500 Erg)

N
P

LI L0 S R R S P |
BRERN
. N

N
N

,
.

L

T

r

-

r

2

c

:

:

£
TE>

DIRECTIONAL SPECTRUM [X500 ERG.],
PERIOD IN SECOND

: NO CURRENT
: COUNTER—CURRENT (0.64 M/S)

0 ’ | I
005 0.0 0.5

I 1
0.20 0.25 0.30 0.35

FREQUENCY (Hz)

Fig. 12. Directional energy spectrum with co-directional tidal current (a), spectrum without tides
(b), and frequency spectrum (c) of the Maldo area at nearly the peak time of the measured wave

energy.

vii) Model calculations show 7-12% difference
in the wave heights with and without currents in
the model.
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Mesoscale coherent structures in the surface wind field during cold

air outbreaks over the Far Eastern seas from the satellite
side looking radar

Leonid M. MITNIK *

Abstract: Winter monsoon over the Far Eastern seas is followed by regular cold air out-
breaks from Asia. Convection developed in the process manifests itself in a form of cloudi-
ness on the satellite optical images and often shows the diverse mesoscale coherent
structures: rolls, open and closed cells, vortex and chains of vortices. In such situations a
peak appears between turbulent and synoptic peaks in a horizontal wind speed power spec-
trum. The mesoscale organized structures are also revealed in the sea surface wind W (sur-
face roughness) field, which is observed from analysis of the images, obtained by the side
looking radar from “Okean” series satellites. In the present paper the normalized radar
cross section (NRCS) is calculated for two-scale model of W distribution in open and
closed cells with variations of synoptic and mesoscale wind, the angle between a radar
sensing plane and a synoptic wind vector, etc. The model distributions of the NRCS are in
good agreement with the brightness variations within the cells on the radar images. The
probable detection of the mesoscale organized structures in the subsurface layer of the
ocean as a reseponse to quasiperiodic atmosphieric forcing will have a special importance

in future experiments.

1. Introduction

During the winter monsoon, the cold air out-
breaks are the typical features of the meteoro-
logical regime of the Far Eastern seas. These
outbreaks are the most severe in the world. The
passage of cold, low-humidity air over the warm
waters induces strong latent, sensible, and
radiative heat fluxes at the air-sea interface
reaching 100012000 W/m? at high wind speeds
and clear skies (AGEE, 1987).

During such outbreaks characteristics of the
ocean and atmosphere change significantly: sur-
face waters cool down and become more saline
and the boundary layer of the atmosphere gets
warm and loses its stability (HUH et al., 1984).
As a result, the mesoscale organized convective
motions are formed in the atmosphere. They are
manifested, in particular, in the surface wind
field.

* Pacific Oceanological Institute, Far Eastern
Branch, Russian Academy of Sciences, 43
Baltiyskaya Street, 690041 Vladivostok, Rus-
sia

It is known that mesoscale variabilities of the
surface wind and derived surface fluxes may be
important in predicting and explaining the rapid
development of marine cyclones and the associ-
ated large flux variations (NUss and BrowN,
1987). The mesoscale wind variations can
change a structure of the ocean upper layer sig-
nificantly. Using measurements from the sys-
tem of moored buoys, TRUMP et al. (1982)
found out that ocean temperature and current
fluctuations at a depth of 20 m are significantly
correlated with mesoscale atmospheric struc-
tures associated with the passage of well devel-
oped cells. As discussed by FEDOROV and
GINSBURRG (1984), it is impossible to explain
this correlation by using experimental meteoro-
logical data by TRUMP et al. (1982) and model
calculations. On the other hand, ORLANSKI and
PoLiNskY (1983), using their model, determined
that mesoscale atmospheric forcing is poten-
tially an important source for the observed 100
km-scale variability in the ocean. As suggested
by MONIN et al. (1987), coherent structures in
the atmospheric boundary layer may account
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for the horizontal mesostructures in the main
thermocline. The necessity of considering the
mesoscale wind variability follows also from a
work by D’Asaro (1988).

Clouds are the obvious products of the large
fluxes from the ocean to the atmosphere during

cold air outbreaks. At first they have a shape of

cloud rolls and then they are converted gradu-
ally to cells. Cloud patterns on the visible and
infrared (IR) satellite images show synoptic,
subsynoptic and mesoscale structures, and, to-
gether with the brightness temperature of
cloudiness and cloudless regions of the ocean,
give a certain representation about conditions
on the upper boundary and inside the convective
marine boundary layer.

Since September 1983 when the first satellite
with a side-looking radar (SLR) was launched
(MrrNIK and VikTorov, 1990), the opportuni-
ties to investigate processes in the marine
boundary layer have broadened because the sur-
face wind field can be estimated from radar
data. Such radars were installed on the Okean
series satellites (Kosmos-1500, Kosmos-1766,
Okean and others). They operate at wavelength
of 3.15cm with vertical polarization. A ground
resolution is 2.1-2.8 km (in flight direction) by
0.8-3 km (normal to flight) at 650 km altitude.
A swath width is about 460 km. The angle of in-
cidence changes from 21° to 46° within the
swath.

The purpose of this study is to evaluate the
possibility of the satellite SLR images of the
ocean for representing the mesoscale structures
in the surface wind field. The main evidence on
horizontal wind variations during mesoscale cel-
lular convection is described in section 2. Cou-
pling of the brightness distribution within open
and closed cells on the radar images with the sea
surface wind characteristics is considered in sec-
tion 3. Conclusion and proposal on a special ex-
periment to study the mesoscale processes in the
air-sea system are presented in section 4.

2. Mesoscale horizontal wind variations

Fig. 1 shows visible and radar images of the
Sea of Okhotsk and an area south off the Kuril
Islands obtained by Kosmos-1766 satellite.
Cloud field (Fig. 1a) of Meteor-2 visible image
is an indicator of organized convection, which

takes the form of streaks (area 1), open cells
(area 2), chains of vortices (areas 3 and 4). Such
forms of the convection are typical in winter
monsoon period when cold air masses from Asia
move over the warmer Pacific Ocean surface
(TRUMP et al., 1982; AGEE, 1987; MITNIK and
VIKTOROV, 1990).

The radar sensing of the ocean (Fig. 1b) had
been carried out half an hour before the visible
survey (Fig. 1a). Swath boundaries of the SLR
are depicted in Fig. 1a by solid lines. The main
cause of changes in brightness is the sea surface
roughness (surface wind) variability. The in-
crease of the sea surface wind results in the
increase of the radar image brightness. Bright-
ness distribution suggests that there should be
a tight correlation between roughness and
cloudiness, between processes on lower and
upper boundaries of the boundary layer of the
atmosphere. For example, bands of alternating
brightness in area 1 (Fig.1b) have the same
orientation as cloud streaks in Fig.la. The
mesoscale brightness variations caused by air
circulation inside individual cells are well visible
in area 2. Similar formations are prominent in
zone 5 with weak winds. Bands join cyclonic vor-
tex of chain 3. Maximum wind speed (about
10-15 m/s in accordance with surface weather
map) is observed in the area where clouds are
denser and brighter. Zone with maximum wind
speed is located under the cloud spiral near its
internal boundary, and has a width of about
30-35 km. To the north of the cloud vortex wind
speed is markedly lower.

In the region of chain 4 speed of northwest
wind was 7-10 m/s by ship data. Dimensions of
individual vortices in the chain and distances be-
tween their centers are 30-35 km. The southwest
boundary of the vortices has prominent radar
contrast against the background (area 6 with
low wind speed located to the south). The
boundary of radar contrast corresponds to the
northeast edge of the cloud vortices. Their di-
mensions increase downwind. Thus, from the
analysis of this radar image it follows that the
diverse mesoscale organized structures are ob-
served in the sea surface wind.

Taking into account the spatial resolution of
the SLR, the primary attention will be given to
the domain of atmospheric motions with spatial
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Fig. 1. (a) Meteor-2 visible image and (b) Kosmos-1500 SLR image (3 Jan. 1985, about 0100 GMT) of
the Sea of Okhotsk and the Pacific Ocean south of Kuril Islands.

scales L between 1-3 and 100 km and time scales
T of minutes to hours. At higher frequencies f
(=1/T) Kolmogorov turbulence takes place,
and at lower ones the synoptic scale motions in-
cluding fronts and depressions take place. These
large-scale structures can be investigated by
both scatterometer and SLR.

Our ability to resolve the mesoscale wind
variability in the marine boundary layer re-
mains limited by the insufficient temporal and

spatial resolution and accuracy of data. A study
by Nuss and BrowN (1987) indicates that in
data-rich regions, routine surface observations
are separated by roughly 400 km on the average
and by even greater distances in data-sparse re-
gions. The major sources of the observations
are wind reports from ships of opportunity.
However, a comparison of wind data from ships
and buoys revealed the poor quality and unreli-
ability of wind reports by ships (PIERSON,
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1990). Eventually, satellite instruments such as
scatterometers and microwave radiometers may
provide an observational base for more detailed
and accurate surface data for scales larger than
20-50 km. The wind variations with smaller
scales will be spatially integrated in the foot-
print of a satellite sensor. As a result of
smoothing, additional errors in the surface wind
estimation can arise, which would, in turn, pro-
duce poor quality of weather and wave forecasts
(P1ERSON, 1983, 1990).

The spatial resolution of the satellite SLR
permits us to investigate the surface wind vari-
ability with scales of 2-50 km. It is of particular
importance because the characteristic scales of a
major part of coherent motions in the atmos-
phere are in these limits (AMBRozI et al., 1973;
VETLOV and VEL’'TISHCHEV, 1982; MiTNikand V
IKTOROV, 1990).

Let us summarize briefly the data on the hori-
zontal wind spectrum. As was first shown by
VAN der HoveN (1957), there is a so-called
“spectral gap” between turbulent and synoptic
peaks in the wind speed power spectrum over
land. Then the existence of the gap was revealed
in spectra of marine winds (ISHIDA et al., 1984;
Isatpa, 1989; CHAMPAGNE-PHILIPPE, 1989).
The existence of the low, flat energy area of
spectral gap denotes that energy sources in the
corresponding frequency range were lacking dur-
ing measurements.

A different situation arises when organized
convective mesoscale patterns such as rolls,
open and closed cells are observed in the atmos-
phere. Spectrum form changes: secondary peaks
may be observed in the gap region between 0.5
and 1.5 hours. In particular, such peaks were
found in the wind spectra, obtained from buoys
moored in the East-China Sea during the Air
Mass Transformation Experiment (AMTEX
’75) (Burrt and AGEE, 1977; TRUMP et al., 1982;
ISHIDA et al., 1984). The meteorological meas-
urements were performed at the height of 4.3 m.
Fig. 2 shows two wind spectra, averaged from
six buoys. The vertical axis is a frequency mul-
tiplied by energy density and the horizontal one
is a frequency in logarithmic scale. The lower
curve characterizes a typical situation with the
spectral gap and the upper one represents a spec-
trum in the passage of the closed mesoscale
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Fig. 2. The averaged spectra of wind speed for six
buoys for periods of the well organized MCC
(0840 GMT, 16 Feb. — 0555 GMT, 17 Feb. 1975)
(upper curve) and of dissipating MCC and with-
out cells, 1150 GMT 17 Feb. — 0955 GMT 18 Feb.
1975) (lower curve) (IsHiDA et al., 1984).

convective cells with average diameter of 24-30
km. A peak at T = 1 hr is marked well. Bars
correspond to 80 % confidence interval (ISHIDA
et al., 1982). Processing of data from buoys lo-
cated in the triangle apices showed the existence
of divergent and convergent air flows corre-
sponding to closed circulation system; down-
ward motion and clear skies in the cell periphery
with upward motion and clouds at its center
(IsHIDA et al., 1984). A model of the represen-
tative closed cell based on the data for 30 hrs pe-
riod of strong cellular development was
characterized by fluctuations in air temperature
(£0.2°C), humidity (£0.2 g/kg), and horizon-
tal wind speed (0.5 m/s relative to the average
value of 8 m/s) (TRUMP et al., 1982).

High coherence (0.9) between wind speed and
air temperature with the phase difference of
about 170° was also revealed by Isuipa (1989)
when significant peaks in their spectra occurred
simultaneously in the mesoscale range at a pe-
riod of 30-40 min (Fig. 3). The data were ob-
tained from an array of buoys during the
JASIN-1978 field experiment in the northwest of
Scotland. The coherence and phase shift may
have been caused by some form of mesoscale
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Fig. 3. Spectra of wind speed (solid line) and air
temperature (dotted curve) from buoy B3 for 14
21.5 GMT on Aug. 1978 (IsHipa, 1989).

convective structures.

The spectrum of the horizontal wind measured
on the coast during cold air outbreak also
showed a somewhat significant peak of energy
centered around 0.5—1hr. Wind had been ob-
served for 53 hrs when cumulus and cumulo-
nimbus clouds were numerous and, most of the
time, were organized in open mesoscale cells
(CHAMPAGNE-PHILIPPE, 1989).

The mesoscale convective cells (MCC) have
typical diameters of 10~100 km. Magnitude of
the sea surface wind variations may be much
larger than the average value reported by
TRUMP et al. (1982). For example, wind fluc-
tuations up to =3-4 m/s were registered by on-
board sensors, when an aircraft crossed a
cellular convection area over the Pacific Ocean
at low levels (50 and 90m) (OVERLAND and
WILSON, 1984). Wind speed of mesoscale circu-
lation within the large open convective cells may
reach 10 m/s and more at their formation
(AmBRrozi et al., 1973). The average wind speed
during mesoscale convection over the Pacific
Ocean obtained from the analysis of the satel-
lite cloud images and ship reports was 8.6 m/s
at closed cells, 14.3 m/s at open cells, and 17.6
m/s in the case when the cells have crescent
shape (PokHIL, 1985).

3. Manifestation of mesoscale cellular convec-
tion on radar images of the ocean
The analysis of satellite optical and radar im-
ages shows that the mesoscale convective cells

Fig. 4. Okean SLR image of the Pacific Ocean
south of Kamchatka for 1940 GMT, 16 Nov. 1988.

are the most popular organized structures in the
atmosphere over the ocean in winter period. By
means of buoy, ship and aircraft measurements
it is difficult or impossible to study the
mesoscale spatial structures of wind field in de-
tail. At the same time, the sea surface wind dis-
tribution is reflected distinctly on the radar
images.

The individual convective cells are well seen in
the brightness (roughness) field on the radar
image in Fig. 4. During radar survey a synoptic
situation was characterized by a deep cyclone
with a minimum pressure of 985 mb. Its center
was located over the northeastern part of the
Sea of Okhotsk outside the swath. A northwest
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and west wind speed ranged between 5 and 17
m/s. The surface imprints of the individual cells
have mainly circular form. Their diameters
change from 10 to 40 km. At higher wind speed
these imprints take an stretched form. The ef-
fect of air circulation within the cell appears as
dark and light zones. A number of cells have
crescent brightness distribution: a dark patch
surrounded by light sickle. As a result, outlines
of the cell have positive, negative or close to
zero contrast against the background.

To explain these features the model calcula-
tions of the normalized radar cross section
(NRCS) ¢ ° of the sea surface have been carried
out for horizontal wind distributions in open
and closed cells. The brightness of the radar
image is proportional to ¢°. The value of
NRCS is a characteristics of scattered signal
power and related to the wind speed W by power
law (Moore and Funa, 1979; MASUKO et al.,
1986).

0°(A, p,0,¢) =10[G(A, p,0,¢)
+H(A, p,6,9)1g W1, (D

where A4 is radar wavelength, p polarization of
signal, 8 angle of incidence, ¢ azimuthal angle
(angle between the plane of radar signal propa-
gation and the direction opposite to the wind
vector), G coefficient and H wind speed expo-
nent. With the increase of 6 the values of
0° decrease.

Azimuthal relationship is approximated well
by the cosine expansion regression:

0°=Ac+Aicos¢+Azcos2¢. @

Empirical approximate coefficients G (8, ¢), H
(8,¢), Ay, Arand A; for 2 =3 cm obtained by
MASUKO et al. (1986) have been used in subse-
quent calculations of ¢° at vertical polariza-
tion.

The features of NRCS distribution within the
MCC are explained by using a simple two-
component model for horizntal wind pattern
(Mr1TNIK and VIKTOROV, 1990). There is a syn-
optic (background) flow with constant wind
speed W, and regular mesoscale cellular circula-
tion imposed on it. The circulation in cells is
axisymmetrical with magnitude W,. The func-
tion W (r) describing dependence of wind speed
on the distance r from the center of a cell is

Fig. 5. Distributions of NRCS (in dB) inside open
cell for W,;=15m/s, W, = 5m/s, 8 =30°: (a) 8=
0°, (b) B=90°, and (c) B =135°.

specified analytically or numerically. Resulting
wind speed W,(r) and the angle ¢ (r) in any
point within the cell are determined from given
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Fig. 6. Distributions of NRCS (in dB) inside open
cell for W,=5m/s, W,=5m/s, 8 =30°, B =270°.

values of W,, W.(r), and 8 (angle between W,
and the radar signal plane). Angle 0 is found
from the known position of the cell inside the
SLR swath. It allows us to use relationships (1)
and (2).

The model calculations of ¢ ° distribution
have been carried out at wavelength of 3 cm
with vertical polarization for W,=0—15 m/s,
B=0—-360°, 8 =30—40° and different W,(r)
functions.

For the open cell (upward motion in the cell
periphery with downward motion at the center)
horizontal wind speed is directed from the center
toward the periphery and given by a function

Url/HW,, 0<r<ro,
[(R=1rD/(R=r]W,, rn<r<R,

where W.=0.5—5 m/s, ro=5R/6, and R is the
radius of the cell. The origin is at the cell center.

For cell with R<10 km change of an angle 6
within the cell is small and can be neglected.
For such cells the values of ¢ °at the center and
the cell edge are equal to each other and deter-
mined by parameters of W, 8 and 6.

Radar patterns of the open MCC are shown in
Figs. 5 and 6. The extremes of the NRCS are lo-
cated at a distance of r=r.. Here the resulting
wind approaches the extremal values W, in
those points where a mesoscale flow is added
with synoptic one or subtracted from it, as
shown for A-B section in Fig. 5a. A position of
the NRCS extremes may, however, differ from
the points of W, due to the impact of
azimuthal dependence (2) (Fig. 5). Amplifica-

Wc(r):{

tion of mesoscale circulation (growth of
W, at W, =const. will increase the radar con-
trast between different parts of the cell.

The radar patterns of the MCC significantly
depend on the orientation of the radar sensing
plane relative to background flow (on angle 8).
In particular, isolines of ¢° are of a concave
shape when 8 is near =90° (Fig. 5b). In such
cases the radar images of the MCC take crescent
shape (KALMYKOV et el., 1985; MITNIK and
VIKTOROV, 1990). At other values of B the con-
cavity is small, if any (Figs. 5a and 5¢).

As the speed of synoptic flow decreases the
values of ¢° decrease, too, and the radar pat-
terns of the MCC are transformed. The edges of
sickles are twisted towards the wind (Fig. 6). In
real conditions differencies in the brightness in-
side the cell may be even greater, when the re-
sulting wind speed will be lower than a threshold
value W, (which depends on the sea surface tem-
perature). At W,<W, capillary-gravity waves
on which the radar signals are scattered are not
formed (DONELAN and PIERSON, 1987) and ap-
propriate parts of the cells become dark. The
dark patches in windward parts of the open cells
give a higher radar contrast of leeward ones
where synoptic and mesoscale flows are added
(Fig. 4).

The mesoscale circulation in the closed cell
was described by a harmonic function (TRUMP
et al., 1982)

W.(r)=—W,sin(zr/R).

Horizontal wind speed is directed from the cell
periphery toward its center. The origin is again
at the cell center.

Distributions of NRCS for the closed MCC
with W,=5 m/s are presented in Fig. 7. Vector
diagrams give an indication of resulting hori-
zontal wind vector for four points located at a
distance of r=R/2 where W.(r) has a maxi-
mum. Inside the closed cell there are areas hav-
ing positive and negative radar contrast against
the background. The contrast magnitude and
radar patterns of the cell depend significantly
on the relationship between W, W_and B, and
also on a number of other parameters.

For large MCC (R>>10 km) the change of an
angle 6 within the cell must be allowed for in
model calculations. To illustrate, the additional
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Fig. 7. Distributions of NRCS (in dB) inside
closed cell for W,=15m/s, W,=5 m/s, 6 =30°:
(a) B=45°, (b) B=90°.

decrease of ¢° value of remote (from the SLR)
portion of the cell relative to near one will be
1.0-1.6 dB for cells with R=20 km at 8 =30-
40° (MrTNIK and VIKTOROV, 1990).

Let us correlate the results of model calcula-
tion with the features of the brightness (surface
wind) distribution in areas of cell convection on
the radar images. An algorithm of wind speed
determination by radar image was described by
MiTnNIK and VikTorov (1990). This algorithm

. 1515
Fig. 8. Okean SLR image of the central part of the
Sea of Okhotsk for 1245 GMT, 14 Oct. 1988, and
the retrieved average and extremal values of the

surface wind vector in a cell area (Bukharov et
al., 1991).

takes into account the information on radar sys-
tem, calibration of a transmitter power, alti-
tude of the satellite, wind direction (from
surface weather maps), values of an angle of in-
cidence for the ocean area under investigation,
etc. Let us analyze the radar image of the south
part of the Sea of Okhotsk obtained by “Okean”
satellite (Fig. 8a, BUKHAROV et al., 1991). By
the time of the radar survey this area had been
influenced by the secondary cold front which
was formed in the rear of the occluded cyclone.
This front moved rapidly to the east with a
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speed of 6 m/s in the northern part and 11 m/s
in more active southern one. The air tempera-
ture near the sea surface behind the cold front
was 1.5-2°C lower than before it.

The larger part of the cells is organized in a
form of chains stretched northeastward (lower
part of the image) and northward (upper one)
along the front line. The cells form is nearly cir-
cular, but their dimensions are distinguished
significantly (from 12 to 70 km) even for adja-
cent cells. The light parts of the cells (with the
higher wind speed) are noticeably brighter than
the surrounding sea surface (background) and
have a form of patches, narrow bands along the
cell edges, patches coupled with bands, or sick-
les. Their width is about 20-50 % of the cell size.
The radar contrasts are about 3.5-5.5 dB be-
tween light and dark parts of the cells, and 2-3.5
dB between light parts and background. These
estimations are in good agreement with calcula-
tions for W,=10-15 m/s and W.=3-5 m/s (Fig.
5). BUKHAROV et al. (1991) carried out model
calculations of the radar contrasts between
various areas of the cell to estimate values of
W./W, and angle B. The results of wind re-
trieval are given in Fig. 8. The wind characteris-
tics on the other radar images were estimated in
a similar way.

As noted above, the enhanced heat fluxes in
the areas with the MCC favour to the
cyclogenesis. During the radar survey cloudi-
ness field reflected the origin stage of the
cyclonic vortex on the secondary cold front. The
vortex reached the stage of maximum develop-
ment in 7 hrs.

4. Conclusion

The analysis of the radar images obtained by
the satellite SLR during winter monsoon over
the Far Eastern seas confirmed that there are di-
verse organized structures in horizontal wind
field. The most popular structures are con-
nected with the MCC.

Brightness (NRCS) variations of the radar
images of the sea surface areas over which the
MCC are observed can be explained by means of
a simple model of W distribution containing
constant synoptic and variable mesoscale com-
ponents. The mesoscale circulation inside the
cells is axisymmetrical; wind is directed to the

center from the cell periphery for the closed cell
and vice versa for the open cell.

The model patterns of NRCS are consistent
with the brightness distribution of areas with
the MCC on the radar images. It follows from
calculations that the patterns of the NRCS are
governed by the relation between mesoscale and
synoptic flows by an angle between synoptic
wind direction and a radar sensing plane. It can
be used to estimate the sea surface wind charac-
teristics (MITNIK and VIKTOROV, 1990; BUKHA-
ROV et al., 1991).

The combination of visible, infrared and
radar images with contact measurements pro-
vides new opportunities to study processes in the
boundary layers of the atmosphere and ocean
during cold air outbreaks from Asia. These lay-
ers play an important part in formation of the
daily and seasonal patterns of weather and cli-
mate of the Far Eastern seas. Special experi-
ments are necessary to study the air-sea system
behavior during these processes. The compre-
hensive investigation of the response of the sub-
surface layer of the ocean to the quasiperiodic
atmospheric disturbances is of primary impor-
tance.
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Introduction

Lagrangian flow observations in the East China,
Yellow and Japan Seas

Robert C. BEARDSLEY ¥, Richard LIMEBURNER, * Kuh Kim™*
and Julio CANDELA™""

Abstract: Satellite-tracked drifters with drogues centered at 10 and 40 m were deployed in
the Yellow and East China Seas in January and July 1986. Two drifters launched in Janu-
ary returned useful data for about 60 days. Both drifters exhibited weak mean velocities of
2-3 cm/s but larger subtidal variability (eddy kinetic energy 31-35 cm®/s”). All ten drifters
launched in July returned useful data for at least 90 days. The resulting trajectories of five
drifters deployed in the Yellow Sea describe a weak basin-scale cyclonic gyre in the surface
waters of the Yellow Sea in late summer. The center of the gyre was located near 35.6°N,
123.8°E, and the mean velocities along the Korean and Chinese coasts varied from 2 to 6
cm/s. Within the Yellow Sea, the distribution of eddy kinetic energy was relatively uni-
form spatially at 30-50 cm®/s’ except with an increase to about 80 cm®/s* near the Korean
coast and higher near the southeast entrance of the Yellow Sea.

Drifter trajectories in the East China Sea describe a strong inflow of Kuroshio and shelf
water in late summer into the Korea Strait through both western and eastern channels.
While two drifters continued to move slowly southeastward along the Chinese coast, no
drifters entered the Yellow Sea, suggesting that the Yellow Sea Warm Current may not be
a coherent and continuous current in summer. The mean eddy kinetic energy in the East
China Sea was 112143 cm®/s’. Three drifters entered the Japan Sea and followed quite dif-
ferent paths, suggesting that the Tsushima Current may not simply split into several semi-
permanent branches as it leaves the Korea Strait. One drifter entered a cyclonic mesoscale
eddy near 37°N, 133°E and made three complete loops with a mean speed and radius of 26
+14 cm/s and 35214 km before exiting. The mean eddy kinetic energy in the Japan Sea
west of 138°E was 415191 cm®/s*. One drifter was deployed in the Ohsumi branch of the
Kuroshio and carried eastward in the Kuroshio and Kuroshio Extension to about 160°E be-
fore drifting to the south in the recirculation. While in the Kuroshio and Kuroshio Exten-
sion, the drifter had a mean and eddy kinetic energy of 0.29 and 0.38 m?*/s’.

Current, respectively (Fig.1). The Tsushima

It is generally believed from the early work of
Upa (1934) and others that some warm water
from the Kuroshio flows northward across the
East China Sea continental shelf and into the
Japan and Yellow Seas via two branches, the
Tsushima Current and the Yellow Sea Warm

*Department of Physical Oceanography, Woods
Hole Oceanographic Institution, Woods Hole,
MA 02543, USA

**Department of Oceanography, Seoul National
University, Seoul 151-742, Korea
***Departamento de Oceanografia, Centro de
Investigacion Cientifica, y de Educacion Supe-
rior de Ensenada (CICEE), Ensenada, Baja
California, Mexico

Current has an annual mean geostrophic trans-
port of about 1.3 Sv (Y1, 1966), and carries
Kuroshio water of high temperature and high
salinity through the Korea Strait into the Japan
Sea where it strongly influences water structure
within this semi-enclosed basin (SVERDRUP et
al., 1942: page 734; MORIYASU, 1972; KOLPACK,
1982). The Tsushima Current has a minimum
geostrophic transport of about 0.5 Sv in Janu-
ary to May increasing rapidly to a summer-fall
maximum of about 2.2 Sv in July to November.
Much less is known about the path, magnitude
and seasonal variation of the Yellow Sea Warm
Current, although its transport is thought to be
less than that of the Tsushima Current. The
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25 Pacific d125°

120° 125° TH°E
Fig. 1. Schematic representation of the current
system in the East China Sea. From Nitani
(1972).
Yellow Sea Warm Current is generally thought
to flow northward up the deep central channel
toward the Gulf of Bohai, with some flow turn-
ing westward and feeding a large basin-wide
cyclonic gyre in the Yellow Sea.

While there has been little disagreement on
this general description of the branching of the
Kuroshio in the East China Sea, recent observa-
tions question the historical ideas about the
path and strength of the Yellow Sea Warm Cur-
rent in the Yellow Sea, the formation region of
the Tsushima Current in the eastern East China
Sea, and the subsequent path of the Tsushima
Current 1n the Japan Sea. As part of a coopera-
tive US — Korea — China research program,
satellite-tracked drifters were deployed in the
East China and Yellow Seas in January and July
1986. The resulting drifter trajectories provide
the first long quasi-Lagrangian current meas-
urements in this region, which in turn provide
insight into the questions raised about the Yel-
low Sea Warm Current and Tsushima Current.
This paper presents a simple description of the
drifter trajectories and some initial conclusions,
which are summarized in the discussion, based
primarily on this small but unique data set. The
drifters were deployed during regional
hydrographic surveys so that the initial water

masses into which drifters were deployed have
been identified by standard and cluster analysis
of the temperature-salinity data. Detailed de-
scriptions of the hydrographic data and the re-
sults of moored current meter and shipboard
acoustic Doppler current meter measurements
made in the 1986 cooperative experiment are pre-
sented elsewhere by Kim et al. (1991), CHEN et
al. (1992, 1993), Hsurm and Pang (1988),
Hsurer (1989), and CANDELA et al. (1992), re-
spectively.

2. The Drifter Experiment

Between January 8—-February 2, 1986, we de-
ployed one Technocean Associates Tristar (NII-
LER et al., 1987) and seven ORE (Ocean
Research Equipment, Inc.) satellite-tracked
drifting buoys in the Yellow and East China
Seas from the R/V Thompson during a regional
scale CTD/ADCP survey. Six additional ORE
drifters were deployed from the Korean R/V
Pusan 801 and the Chinese R/V Venus 2 during
mooring recovery cruises in April. These were
prototype drifters consisting of a surface
drifter housing an ARGOS platform transmit-
ter and a Tristar drogue centered at 10 m depth.
The ORE drifter and drogue design was pat-
terned after the Tristar. All these drifters had
a drag ratio of the drogue to all other compo-
nents of the drifter of about 28, so that the
downwind slip velocities estimated from field
tests were about 2.5 and 4.3 cm/s at wind speeds
of 10 and 20 m/s, respectively (P. RICHARDSON,
personal communication). Data return from
the drifters was extremely poor, with only two
ORE drifters deployed in January returning use-
ful data for up to about 60 days (Table 1).

Between July 6-18, we deployed ten Draper
Laboratory satellite-tracked Low-Cost Drifters
(LCDs) in the Yellow and East China Seas dur-
ing a regional CTD survey aboard the R/V
Washington. These ARGOS-tracked drifters
featured a surface float attached to a holey sock
drogue centered at either 10 or 40 m depth
(DAHLEN, 1985). The 10 m LCDs had a drag
ratio of 36, giving an estimated downwind slip
velocity of about 2.2 and 3.8 cm/s for wind
speeds of 10 and 20 m/s, while the 40 m LCDs
had a drag ratio of only about 18, giving an es-
timated downwind slip velocity of about 4.0 and
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Table 1. Summary of satellite-track drifters deployed in Yellow and East China Seas during 1986. The two
winter drifters were ORE drifters with Tristar drogues, while the summer drifters were made by Dra-
per Laboratory with holey-sock drogues. Listed are the drifter identification number (ID), drogue
depth, area deployed, and the initial location, start time, and length of the low-passed drifter position

time series.

Drogue Depth

Drifter ID (m) Area Deployed

Latitude
°N) CE) Gyd

Longitude  Start Date Record Length

(days)

Winter
6970 10
6975 10

Summer
5843 10
6971 10
6974 10
6978 10
6983 10
6984 10
6985 10
6986 10
6987 10
6988 10

C Yellow Sea
Cheju Island

C Yellow Sea

W Yellow Sea
Kuroshio

Cheju Island
Tsushima Strait

E Yellow Sea

NC Yellow Sea
Yangtze River

NC East China Sea
Cheju Island

34.91 124.62 22 43
32.94 125.74 26 56

35.13 123.29 194 114
35.18 121.50 193 280
30.32 129.62 202 180
33.12 125.47 197 15
32.69 128.04 199 49
35.06 125.47 194 25
36.84 123.15 190 112
31.70 123.03 198 148
33.01 123.01 196 88
33.06 125.52 197 188

6.0 cm/s, respectively (P. RICHARDSON, per-
sonal communication). All LCDs returned use-
ful data for over 90 days, some much longer
(Table 1). For both January and July deploy-
ments, each drifter obtained about 4-6 fixes per
day on average with a nominal accuracy per fix
of about 300 m.

The drifter raw position data were first line-
arly interpolated to a uniform 6-hour time se-
ries of latitude and longitude. Then these series
were low-pass filtered with a parabolic-linear
filter with a 33-hour half-amplitude period
(FLAGG et al., 1976) to eliminate tidal and iner-
tial motions. Drifter velocities were then com-
puted by simple backward difference. To
examine the influence of wind on the low-passed
drifter velocities, values of the 10 m wind at the
drifter positions were extracted by linear inter-
polation in time and space from the ECMWEF/
WCRP Level III-A global atmospheric surface
data set, which has a 12-hour, 2.5° resolution.
The drifter wind time series were then converted
into wind stress time series using the neutral
drag law of LARGE and Poxp (1981). Time is
expressed here in GMT year days (yd) for 1986
to simplify comparison between drifters.
Drifter deployment areas and initial position,
start time and record length of the low-passed
drifter position time series are summarized in

35

(22)
35

e S

34 o

33

(26)

32 32
124 125 126 127

Fig. 2. Drifter trajectories from winter 1986 de-
ployment. Starting date of trajectory in year-
day is shown in parenthesis at beginning of
each trajectory. Arrows showing direction of
motion are placed along each trajectory every
five days from yd 1. The drifter trajectory dur-
ing the spring transition (yd 62-70) is indi-
cated by the dashed path.
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Table 2. Statistics for drifters 6970 and 6975 for a 39-day common period starting on yd 26.75. The mean
(m), standard deviation (sd), standard error (se), minimum (min) and maximum (max) values and
decorrelation time scales are listed for drifter east (U), north (V), and speed (S) in c¢cm/s and wind
stress east (E) and north (N) components in dyne/cm?. The decorrelation time scale tdc is one-half the
zero crossing estimated from the auto-correlation function, and the standard error is the standard
deviation divided by the square root of the record length divided by the decorrelation time scale fol-
lowing Kundu and Allen (1976). The initial drifter position, start time in yd and length of averaging
period in days is listed at the top for each drifter.

m sd se min max tde
6970: 35.00° N, 124.60°E, yd 26.75, 39 d
U —1.0 3.9 0.6 —-12.8 7.6 1
A\ -2.8 6.8 1.1 —154 19.0 1
S 7.1 4.5 — 0.8 19.8 -
E .25 34 .07 - 6.5 1.55 1.5
N —.58 .53 .10 —2.28 A7 1.5
6975: 32.94° N, 125.74°E, yd 26.75, 39 d
u 0.6 5.4 9 —-11.7 15.5 1
Vv 1.1 6.4 1.0 —14.9 12.9 1
S 7.4 4.1 - 0 21.2 —
E .29 .36 .07 - .94 1.61 1.5
N —.60 45 .10 —1.69 43 1.5
i
Table 1. _ 2cm/sec _
7
3. R.esults Sdynesem’
A. Winter 1986 deployment
Two drifters (6970 and 6975) deployed in mid- Py
to-late January 1986 returned useful velocity ¢ L\ = | R
data. Drifter 6970 was launched into Yellow Sea 7 z z
Cold Water (group 3 in Figures 3 and 5 of KiMm et
al., 1991) near the central Yellow Sea (water L 1
6970 6975

depth 94 m) and generally moved toward the
south and southwest with a mean velocity of
about 3 cm/s during the interval yd 22-66 (Fig.
2). Drifter 6975 was launched southwest of
Cheju into a mixture of shelf and Kuroshio
water called East China Sea Water (group
4) (water depth 91 m) and moved north and
northeastward with a mean velocity of about 2
cm/s during the interval yd 27-83. Both drifters
exhibited significant subtidal variability, with
mean and maximum speeds of 7-8 and 19-22 ¢
m/s (eddy kinetic energy 31-35 cm?/s*). Winds
during this late winter period between launch
and early March were predominately oriented
toward the southeast with mean and maximum
wind speeds of about 6 and 12 m/s, respectively.
During yd 62-70 (March 3-11), a large-scale
“spring transition” occurred in the wind field
over the Yellow Sea, with winds generally

Fig. 3. Mean drifter velocity and wind stress for
6970 and 6975 during common time yd 27-66.
Also shown is drifter velocity corrected for
windage.

weakening and becoming more variable in direc-
tion. HsurH (1988) shows that accompanying
this spring transition is a reversal of the north-
south surface pressure gradient in the Yellow
Sea from a mean setup toward the south (driven
by the predominant southeastward winds) to a
mean northward setup. During the later half of
this transition (yd 66-70), 6975 moved swiftly
northward with mean and maximum speeds of
14 and 23 cm/s, respectively, moving a net dis-
tance of about 40 km.

To allow comparison over a common time pe-
riod, statistics for 6970 and 6975 were computed
over the 39-day interval yd 27-66 (Table 2).
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Fig. 4. Drifter trajectories from summer 1986 deployment. The drifter identification number is printed
at end of trajectory. Arrows showing direction of motion are placed along each trajectory every
five days from yd 1. All drifter trajectories start within a 12-day period (yd 190-202).

This common period ends during the beginning
of the spring transition, so the statistics repre-
sent late winter conditions. Fig. 3 illustrates the
mean drifter velocity and wind stress compo-
nents: 6970 moved at about a 45° angle to the
right of the wind stress while 6975 clearly moved
to the left and against the mean wind stress.
Also plotted in Fig. 3 are the mean drifter ve-
locities “corrected” for downwind slippage
using the drifter drag ratio and empirical slip-
page curves supplied by RICHARDSON (personal
communication). While the uncertainty in this
correction may be large, the resulting mean ve-
locity of 6970 is closer to 90° to the right of the
wind stress in the correct sense for a surface
mixed layer while 6975 moved more directly
against the mean wind stress. CTD data col-
lected at deployment showed that the surface
mixed layer in late winter was significantly
deeper than the drogues which were centered at
10 m. Complex vector correlations computed be-
tween drifter velocities and wind stresses indi-
cate that while both drifters essentially
experienced the same wind field during the

common time period, 6970 and 6975 velocity
fluctuations were not correlated in time, and
only 6970 exhibited partial wind-driving. Per-
haps more importantly, Fig. 3 illustrates the
need for higher drag ratios to reduce the relative
effects of windage in future drifter experiments
in this region.

B. Summer 1986 deployment

Ten drifters were deployed in mid—dJuly 1986
and all returned useful data (Table 1, Fig. 4).
Five drifters (5843, 6971, 6984, 6985, and 6987)
were deployed with drogues centered at 10 m in
the Yellow Sea; with the exception of 6984,
which became stuck (perhaps caught in fishing
gear) off Korea after about 30 days, the remain-
ing four drifters returned low-pass data for pe-
riods ranging from 88 to 280 days. Four drifters
(6978, 6983, 6986, and 6988) were deployed in the
East China Sea. Drifters 6978 and 6988 were set
as a pair with drogues centered at 40 and 10 m,
respectively, to examine vertical shear near
Cheju Island; 6978 was recovered about 17 days
after launch by a fisherman from Cheju. Drifter
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Table 3. Statistics for drifters deployed in July, 1986. The mean (m), atandard deviation (sd), standard
error (se), minimum (min) and maximum (max) values and decorrelation time scales are listed for
drifter east (U), north (V), and speed (S) in cm/s and wind stress east (E) and north (N) compo-
nents in dyne/cm®. The decorrelation time scale (tdc) is one-half the zero crossing estimated from
the auto—correlation function, and the standard error is the standard deviation divided by the square
root of the record length divided by the decorrelation time scale following Kundu and Allen (1976).
The initial drifter position, start time in yd and length of averaging period in days is listed at the top
for each drifter.

m sd se min max tde m sd se min max tde
5843 : 35.13°N, 123.29°E, yd194.0(July 13), 19d S 9.0 4.4 14 214 .
U 4.5 5.1 e —46 172 E —.02 14 02 —.43 42 1
A% 2 4.6 -+ —103 129 N -.16 .24 04 —.90 .5l 1
S 7.2 3.9 0 18.1 33.79°N, 122.24°E, yd274(October 1), 31d
E 0.03 0.11 e —.28 .40 U 1.6 6.2 1.1 —21.9 154 1
N 0.07 0.21 s —.60 .81 A% -2.1  11.0 2.0 —26.3 227 1
35.16°N, 124.12°E, yd213(August 1), 31d S 10.8 7.1 T29.2
U -1 107 3.3 —455 193 3 E .00 .34 06 —1.18 1.09 1
\'% 2.1 6.7 1.2 —314 11.3 1 N —.28 A1 07 —1.35 .53 1
S 9.5 8.6 T 484 33.32°N, 122.68°E, yd305(November 1), 30d
E A1 1.05 19 —3.13  9.03 1 U 1.6 5.4 1.0 —11.6 14.2 1
N —.39 .93 .20 —5.64 .90 1.5 A\ 1.5 7.5 1.4 —18.0 17.5 1
35.65°N, 124.07°E, yd244(September 1), 30d S 8.4 4.4 7 19.0
U -1.0 3.8 0.7 —12.1 7.9 1 E —.05 .29 05 —.90 .65 1
\Y 1.8 4.9 0.9 —134 154 1 N —.50 .66 12 —3.09 1 1
S 5.5 3.4 4 156 6971 : 33.67°N, 123.13°E, yd335(December 1), 31d
E .02 17 .03 —.68 .60 1 U 5.0 8.9 1.6 —9.1 345 1
N —.21 27 05 —1.27 .54 1 \Y% —6.8 10.4 19 —-36.0 16.0 1
36.06°N, 123.78°E, yd274(October 1), 31d S 13.7 8.4 2.1  36.1
U —2.4 5.9 1.1 —-16.6 105 1 E .25 .56 A0 —.54 0 237 1
A% —3.6 6.1 1.1 —22.1 7.2 1 N —.54 11 13 —2.39  1.09 1
S 8.1 5.0 1.0 231 32.01°N, 124.57°E, yd366(January 1), 31d
E .05 .22 04 —.T1 .82 1 U .9 7.6 14 —176 170 1
N —.30 .49 09 —2.29 .07 1 A% —4.7 10.2 1.8 —39.1 14.4 1
35.18°N, 123.05°E, yd305(November 1), 3d S 11.7 7.0 1.0 406
U 1.3 2.7 e —2.9 5.9 E 13 .60 A1 —.86  2.66 1
v —4.6 9.2 - —19.0 113 N -.71 .83 15 —3.14  0.93 1
S 9.1 5.2 2.1 193 30.88°N, 124.83°E, yd397(February 1), 28d
E 10 .16 - —.08 40 U 0.8 11.8 2.2 —249 37.7 1.5
N —.20 41 e —.93 .35 A% —-7.2 14.2 2.7 —53.0 11.8 1
6971 : 35.18°N, 121.50°E, yd193.5(July 12), 19.5d S 159 11.9 9  55.7
U —-.8 6.0 - =143  10.1 E .28 .65 12 —.8 3.44 1
A% 4.4 2.4 -5 134 N —.71 1.13 21 —4.10  1.60 1
S 7.0 3.5 0 185 29.28°N, 125.04°E, yd425(March 1), 31d
E .01 .09 e =37 19 U 22.0 253 45 —326 123.4 1.5
N .07 17 - — 40 .51 \Y% —-3.4 228 4.1 —49.9 485 1
35.85°N, 121.34°E, yd213(August 1), 31d S 33.0 23.7 2.1 1243
U —.2 5.9 1.1 —22.1  11.7 1 E 18 0.46 .08 —1.20 2.52 1
v -1.7 4.9 0.9 —18.0 6.2 1 N —.42 .66 12 —2.76 1.16 1
S 6.4 4.5 0 233 28.46°N, 131.08°E, yd456(April 1), 17.75d
E .04 .39 07 —1.20 3.24 1 U 17.7  170.0 -+ —86.5 198.0
N —-.31 .86 .16 —4.88 .51 1 A% 11.6  84.1 -+ —185.8  314.0
35.44°N, 121.29°E, yd244(September 1), 30d S 83.1 73.6 6.4 371.2
U 3.4 4.5 0.8 —9.8 13.2 1 E —.19 44 -+ —1.25 1
A% =7.0 4.3 0.8 —18.5 2.6 1 N -.11 .32 e =75 .63
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m sd se min max tde
: 30.32°N, 129.62°E, yd202(July 21), 11d
379 38.4 —34.8 138.2
10.5 40.5 —42.7 129.2
53.4 42.1 0 139.3
.04 .40 e =17 1.06
—.14 .09 e =31 15
31.23°N, 133.45°E, yd213(August 1), 31d
83.4 60.5 1564 —54.5 217.8 2
9.6 60.4 13.3 —110.0 193.1 1.5
108.5 50.4 13.5 217.8
-.19 .97 10 —2.02 2.44 1
—.28 .50 14 —2.20 0.50 2
33.31°N, 157.93°E, yd244(September 1), 30d
5.5 29.1 8.4 —27.6 131.7 2.5
—13.2 29.4 8.5 —96.8 35.2 2.5
33.1 28.4 96  136.3
—.07 44 06 —1.59 .69 1
—.03 .33 .05 —1.13 71 1
30.12°N, 159.20°E, yd274(October 1), 31d
8.1 14.0 40 —254 39.0 2.5
42 121 34 —221 26.8 2.5
17.5 10.8 1.1 39.7
—.02 .34 .05 —1.26 1.09 1
—.16 45 06 —2.63 .76 1
31.13°N, 161.54°E, yd305(November 1), 30d
9.3 8.8 2.0 —11.9 26.8 2.5
6.6 6.8 2.0 —10.8 22.1 2.5
14.6 6.3 1.8 27.0
.06 .33 05 —.58 1.28 1
—.10 .25 04 .78 .98 1
: 32.68°N, 164.13°E, yd335(December 1), 31d
4.4 8.8 2.5 —15.0 22.7 2.5
—11.6 8.8 2.5 —294 6.7 2.5
15.8 7.7 1.1 31.8
.30 .40 07 —.31 1.72 1
—.08 43 08 —1.25 2,12 1
29.87°N, 165.36°E, yd366(January 1), 15.75d
4.2 6.6 -+ —10.3  18.3
—4.3 3.5 - —12.9 2.6
7.9 54 2.1 20.8
44 .58 < —.50 3.50
—.11 .37 - —1.26 15
: 33.12°N, 125.47°E, yd197.5(July 16), 14.75d
4.1 4.3 e —4.3 14.2
4.0 3.3 e —4.1 9.8
7.3 3.0 0 14.2
.10 15 e =14 .99
.05 A7 e =29 49
: 32.96°N, 128.04°E, yd199.25(July 18), 13.5d
10.7 10.2 —15.8 26.9 :
9.6 10.5 —-19.6 27.3
17.4 7.3 0 36.0
.08 .18 e =27 .69
—.00 .19 e =78 70
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m sd se min max tde
34.01°N, 129.55°E, yd226(August 14), 22d
22.7  20.0 —10.6 676
94 16.1 —-27.3  65.9
29.4  19.8 2.2 824
—.09 .36 —1.39 72
.02 48 =70  2.14
: 35.06°N, 125.47°E, yd194.5(July 13), 18.5d
44 7.2 o =146 213 .
8.2 8.8 —-8.8  26.3
12.3 7.9 0 291
.06 10 —.27 34
.06 14 —-.29 .46 .
36.25°N, 126.26°E, yd213(August 1), 6.75d
4 5.7 . —-9.1 13.8
—5.3 9.4 —-21.1 12.4
10.9 5.2 1.3 21.1
.05 .15 —0.07 .59
—.18 .25 —1.00 .10
1 36.84°N, 123.15°E, yd190.25(July 9), 22.75d
3.2 5.7 —16.0 15.7
2.5 6.5 —-8.2 17.0
8.4 4.4 0 18.4
.03 11 —-.37 .35
.04 .20 —.44 .15
37.28°N, 123.88°E, yd213(August 1), 31d
—.6 7.7 1.4 —18.9 18.9 1
6.4 7.1 1.3 —11.8 25.2 1
10.8 5.8 T 255
.09 43 .08 —1.34  3.31 1
—.27 .84 15 —7.58  0.55 1
38.83°N, 123.67°E, yd244(September 1), 30d
.8 5.8 1.0 -8.0 16.4 1
.6 5.3 1.0 —93 154 1
7.0 3.8 1.2 16.4
.01 .09 02 —.33 .26 1
—.08 .15 03 =72 .19 1
: 38.95°N, 123.90°E, yd274(October 1), 28.75d
—2.0 3.5 -9.2 6.8
5 3.9 -9.3 7.7
5.1 2.3 o0 122
.01 .08 -.33 .16
—.17 .28 —1.37 .33
: 31.70°N, 123.03°E, 198.25yd(July 17), 14.75d
1.7 9.5 —11.4 28,5
—-.2 11.1 —-17.5 273
12.9 6.8 0 29.2
—.02 .18 —.32 .71
21 .23 —.19 .83
31.68°N, 123.26°E, yd213(August 1), 31d
7.1 12.5 2.3 —271.3 351 1
11.2 10.8 2.7 —24.2 35.0 2
19.8 8.1 44 424
—.01 .80 13 —2.96  6.08 1
—.21 42 .08 —1.66 .79 1
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m sd se min max tde
34.36°N, 125.50°E, yd244(September 1), 30d
U 14.9 15.2 3.4 —50.5 42,6 1.5
A\ 4.6 12.9 2.4 —35.0 273 1
S 23.4 9.6 3.7 50.5
E —.08 .26 05 —.92 81 1
N —.15 .23 .04 —.95 .61 1
35.46°N, 129.71°E, yd274(October 1), 31d
U 9.8 218 4.8 —304 66.6 1.5
\% 59 19.8 3.6 —43.2 56.1 1.0
S 27.0  16.2 3.9 675
E .05 .26 04 —.59 .76 1
N —.15 .30 .06 —1.80 .62 1
6986 : 36.88°N, 132.67°E, yd305(November 1), 30d
U 2.1 16.7 3.7 —33.1 458 1.5
\' —-3.3 21.1 4,7 —55.1 37.1 1.5
S 24.2 12.4 3.5 659
E .22 48 09 —1.30 1.63 1
N -.10 .29 .05 —1.05 .03 1
36.08°N, 133.29°E, yd335(December1), 11.75d
U 19.8  23.3 —-12.5 70.5
A% -3.5 17.8 —45.8 345
S 28.0 217 0 T71.0
E 21 .30 —.26 1.10
N —.03 .25 —.66 .64
6987 : 33.01°N, 123.01°E, yd196(July 15), 17d
U 11.7 7.1 -39 285
A% —2.8 7.9 —-20.6 15.4
S 14.4 7.0 0 324
E .01 14 —.29 .00
N .10 .22 —.58 .65
32.63°N, 124.87°E, yd213(August 1), 31d
U 2.7 10.3 1.9 —256.3 373 1
\Y% -3 13.6 24 —175 170.5 1
S 12.3  12.0 1.0 718
E -.20 1.19 21 —5.92 2.46 1
N —.36 .82 15 —4.54  1.60 1
32.56°N, 125.60°E, yd244(September 1), 30d
U -2.4 10.6 1.9 —-29.0 14.7 1
\% 2.7 10.8 2.0 —304 29.3 1
S 12.7 9.0 1.3 35.3
E —.03 .25 04 —.82 1.32 1
N —.30 .36 06 —1.70 .30 1
6987 : 33.18°N, 124.94°E, yd274(October 1), 9.75d
U -9.3 194 —53.8 19.9
vV —209 126 —40.7 )

m sd se min max tde
S 30.1 12.1 6.4 59.2
E .10 .34 —-.35 1.16
N —.36 .30 —-1.35  0.04
6988 : 33.05°N, 125.52°F, yd197(July 16), 16d
U 10.3 8.4 o —6.5 24 .4
A\ 6.1 4.1 —4.1 14.4
S 13.8 6.1 0 24.7
E .09 15 —.15 .96
N .06 .16 —-.28 .46
33.82°N, 127.08°E, yd213(August 1), 31d
U 18.9 16.9 3.7 —26.6 64.9 1.5
Vv 11.0 15.1 3.8 —19.6 93.1 2
S 28.4 13.6 2.4 83.2
E .00 .39 07 —1.76 1.39 1
N .08 46 .08 —.88 2.47 1
36.49°N, 132.65°E, yd244(September 1), 30d
U 18.3 16.2 3.6 —18.2 50.3 1.5
A\ 10.6 28.4 7.8 —=15.7 64.9 2
S 36.2 14.2 8.1 75.7
E .07 .46 .09 —.55 2.45 1
N —.05 .38 07 —.86 3.14 1
6988 : 39.00°N, 138.02°E, yd274(October 1), 31d
U 2.3 8.3 1.5 —19.0  24.7 1
A\ 8.7 10.7 1.9 —12.9 35.0 1
S 13.4 9.2 ) 35.0
E .15 43 .08 —1.20 1.08 1
N —.14 .51 .09 —3.08 1.01 1
41.09°N, 138.77°E, yd305(November 1), 30d
U -.1 7.5 1.4 —14.0 19.9 1
A% 8.1 9.8 1.8 —13.9 355 1
S 12.9 7.1 1.6 355
E .76 .75 A3 —.29 3.64 1
N —.25 .64 A1 —2.48 1.07 1
42.99°N, 138.71°E, yd335(December 1), 31d
U 2.1 9.9 1.8 —14.2 38.1 1
A\ 5.4 7.4 1.3 —10.3 20.6 1
S 11.6 7.3 1.2 41.0
E .99 .70 A3 — .54 3.46 1
N —.54 .78 A4 —5.17 .99 1
44.31°N, 139.41°E, yd366(January 1), 19.25d
18] 1.5 6.6 —15.2 18.4
Vv —2.5 7.1 —19.6 19.0
S 8.7 5.0 1.5 19.7
E 71 .80 —.75 2.67
N —.59 .70 —2.56 1.11

6983 went ashore in the lee of Iki Island in the
eastern channel of the Korea Strait at 33.7°N,
129.8° E about 18 days after launch, was
redeployed about 10 days later nearby to the
north at 34° N, 129.6° E, and went ashore on
Honshu near 35.6°N, 134.3°E about 22 days
after re-launch. Drifters 6986 and 6988 returned

low-pass data for 148 and 188 days, respectively.
The tenth drifter (6974) was deployed in the core
of the Kuroshio with a drogue at 40 m and re-
turned low-pass data for 180 days.

To facilitate comparison over common time
periods, statistics of drifter velocity and wind
stress computed by calendar month are given in
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Fig. 5. Drifter trajectories in Yellow and East China Sea for July (A), August (B), September (C),
and October (D). Drifter number is printed at the end of each trajectory in panel A. Arrows are
placed along each trajectory every five days from first day in each month. The path of typhoon
Vera during August 27-28 {yd 239-240) is shown in panel B; the location of the eye of Vera at 00
GMT August 28 (yd 240) s indicated by the typhoon symbol. The drifter trajectories during the
three-day period yd 239241 surrounding the passage of typhoon Vera are indicated by the dashed
paths in panel B. (See Appendix for maps of the wind field and individual drifter trajectories dur-

ing Vera.)
Table 8. When drifter data is available for a
complete month, crude estimates of

decorrelation time scales for east and north ve-
locity and wind stress components were made
from auto-correlation functions and standard

errors computed following KUNDU and ALLEN
(1976). Winds over the East China and Yellow
Seas during late summer 1986 were generally
light and variable in direction with mean wind
speeds of about 4+2 m/s with one major
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exception. On yd 237-238 (August 25-26), ty-
phoon Vera swept west over the Ryukyu Islands
into the East China Sea (DrEANGELIS, 1987).
Vera then started to weaken and curved north
and moved across the East China Sea at an aver-
age speed of 6 m/s before crossing Korea on yd
240 (August 28) as a tropical storm and dying in
the Japan Sea (see Appendix for maps of the
surface wind field). Vera was a major typhoon,
maintaining typhoon intensity from yd 231
through yd 240 and reaching super typhoon in-
tensity on yd 235 with peak wind speed 67 m/s.
The ECMWF/WCRP Level III-A surface analysis
reported that Vera produced maximum 10 m
wind speeds of about 24 m/s in the East China
and Yellow Seas on yd 239. Beginning about yd
280 (October 6), a large-scale “fall transition”
occurred in the wind field over the Yellow Sea
with the onset of winter storms and an increase
in the mean southeastward winds.

1. Yellow Sea

The trajectories of the five drifters deployed
in the Yellow Sea are shown by month for July
—October in Fig. 5. Drifter 6984 was launched in
Yellow Sea surface water (YSsw) (groups 9 and
10 in Fig. 4 of KM et al., 1991) with its drogue
in the base of the surface layer (water depth 78
m) just off the southwest Korean coast and gen-
erally moved north and eastward toward the
Korean coast in July with a mean (vector)
velocity and (scalar) speed of about 9 and 12
cm/s, respectively. In early August, 6984 be-
came stuck near 36°N, 126.3°E. Drifter 6985
was launched in YSsw with its drogue in the
upper pycnocline (water depth 30 m) just east of
the Shangdong peninsula and moved slowly
toward the northeast at a mean velocity of 4
cm/s in July, and then moved more quickly
northward into the Gulf of Bohai with a mean
velocity of 6 cm/s in August. Drifter 6985 then
slowed down and moved east then west during
September and toward the northwest in Octo-
ber. The mean and maximum speeds of 6985 in-
creased from about 8 and 15-18 cm/s in July, to
11 and 20-25 in August, and then decreased to
5-7 and 10-15 cm/s, respectively, in September
and October.

Both 6971 and 6987 were launched in YSsw off
the central Chinese coast, 6971 with its drogue

at the base of the surface layer (water depth 29
m) and 6987 with its drogue in the upper
pycnocline (water depth 35 m). Drifter 6971
first moved northward with a mean velocity of
5 ecm/s in July, then began to move slowly
southward in August with a mean velocity of 2
cm/s. In September, 6971 moved more quickly
toward the south-southeast roughly parallel to
the Chinese coast and local topography with a
mean velocity of 8 cm/s. Drifter 6971 then
slowed and moved more southeastward with a
mean velocity of 3 cm/s in October, ending close
to the launch position of 6987. Drifter 6987
moved quickly eastward following deployment
in July with a mean velocity and speed of 12 and
14 ¢cm/s, then made a large loop to the south in
August with a mean speed of 12 cm/s, resulting
in a mean eastward velocity of only 3 cm/s.
Drifter 6987 then turned and meandered north-
westward with a mean velocity of 4 cm/s in Sep-
tember before turning and moving quickly
toward the south-southwest with a mean veloc-
ity of 23 cm/s in early October.

Drifter 5843 was launched in YSsw in the cen-
tral Yellow Sea with its drogue within the
surface layer (water depth 73 m) and moved
eastward in July with a mean velocity of 5
cm/s and continued to move eastward until mid-
August when 5843 turned to the north and
moved westward, resulting in a monthly mean
velocity and speed for August of 2 and 10 cm/s,
respectively. Drifter 5843 then moved slowly to-
ward the northwest in September with a mean
velocity and speed of 2 and 6 cm/s, before turn-
ing toward the south in October with a mean ve-
locity and speed of 4 and 8 cm/s.

While vector correlations computed between
drifter velocity and wind stress over one month
and longer periods suggest that only 5843 and to
a lesser extent, 6971 exhibited clear evidence of
partial wind-driving during the summer, four of
the five drifters deployed in the Yellow Sea
(6984 was not working then) showed short but
clear responses to typhoon Vera (see Appendix
for maps of the individual drifter trajectories
during Vera). The character of the response
varied with drifter. Drifter 5843 in the center of
the Yellow Sea moved rapidly to the right of the
wind stress (angle between wind stress and cur-
rent vectors varying from 50° to 110° as the
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wind stress veered counterclockwise) with a
peak speed of 48 cm/s occurring on yd 240.25
about six hours before a peak wind stress of 10.8
dyne/cm®. Both drifter speed and wind stress de-
creased rapidly on yd 241. Drifter 6987, located
near the main channel into the Yellow Sea west
of Cheju, also initially moved to the right of the
wind stress (angle varying from 100° to 40°)
for more than two days while the wind stress
with a maximum magnitude of 6.0 dyne/cm’
veered slightly clockwise. Current speed during
this period of active wind forcing increased to
about 28 cm/s on yd 238.75, however, as the
wind stress then quickly decreased over the next
several days, 6987 surged northward (to the
north and northeast) for 1.5 days, reaching a
peak speed of 72 cm/s on yd 239.5. After the
drifter speed had decreased to a minimum of 12
cm/s on yd 240.5, 6987 veered clockwise towards
the north with a speed of about 20 cm/s. In the
western Yellow Sea, 6971 moved toward the
southwest and south to the right of the wind
stress (angle varying from 80° to 30° as the
wind veered anti-clockwise) with a peak speed of
23 cm/s occurring on yd 239.75 about six hours
after a peak wind stress of 5 dyne/cm?. The
drifter speed decreased to about 5 cm/s about 12
hours after the wind stress had rapidly de-
creased in magnitude. Drifter 6985 exhibited a
weak response in the Gulf of Bohai despite a
pronounced wind stress event with a maximum
stress of 8.2 dyne/cm? on yd 240.5. Initially
moving northwestward at a mean speed of 15 ¢
m/s, 6985 made a clockwise turning loop over
several days before moving northwestward
again. The drifter velocity, directed from 30 to
70° to the right of the wind stress during the
wind stress event, increased from about 4 to 13
cm/s in magnitude.

2. East China Sea

The initial trajectories of the four drifters de-
ployed in the East China Sea are also shown by
month in Figure 5. Drifter 6986 was launched
with its drogue just in the base of surface
Changjiang dilute water (a mixture of group 9
and 11, water depth 34 m) just northeast of the
mouth of the Changjiang, and moved in a small
anticyclonic loop in July with a mean speed of
13 ecm/s. Drifter 6986 then accelerated and

126 127 128 129 130

\/(ﬁ

7
y

32 L
126 127 128 129

Fig. 6. Drifter trajectories in Korea Strait. Drifter
number is printed at beginning and end of
each trajectory. Arrows are placed along each
trajectory every five days from yd 1, and the
time in year-day of the first arrow on each tra-
jectory is shown in parenthesis. The drifter
trajectory during the three-day period yd 239-
241 bracketing the passage of typhoon Vera is
indicated by the dashed path. (See Appendix
for expanded maps of 6983 and 6988 trajec-
tories during Vera.)

moved quickly to the north and east in August
in the direction of the historical mean surface
plume of the Changjiang (BEARDSLEY et al.,
1985) with a mean velocity and speed of 14 and
20 cm/s. On yd 242, 6986 abruptly turned south
and moved quickly through the western channel
of the Korea Strait in September with a mean
velocity and speed of 16 and 23 cm/s (with a
peak speed of 51 cm/s directed westward in the
small cyclonic loop near 34.4°N, 128.6°E) and
into the Japan Sea in late September (Fig.6).
Drifter 6988 and 6978 were deployed as a pair
with drogues centered at 10 and 40 m to examine
vertical shear in the main channel (water depth
91 m) west of Cheju Island. At launch, the
drogue of 6988 was in the base of the YSsw while
the drogue of 6978 was in a thick layer of cold
saline water representing a mixture of Yellow
Sea Cold Water and Kuroshio water (group 3).
Both 6988 and 6978 entered the western channel
of the Korea Strait and moved northeastward in
July until yd 214 when 6978 was recovered by a



308 La mer 30, 1992

6988

37

37

36

36
8986

6983

35 Le—af - 35
132 133 134 135

Fig. 7. Drifter trajectories in Japan Sea. Drifter
number is printed at beginning and end of
each trajectory. Arrows are placed along each
trajectory every five days from yd 1, and the
time in year-day of the first or second arrow
on each trajectory is shown in parenthesis.
The trajectory of 6983 during the period yd 240
—241 corresponding to the passage of Vera is
indicated by the dashed path. The 200- and 500-
m isobaths are shown as long dashed curves.

fisherman. During the 15-day period when both
drifters were moving freely, the 10 and 40 m
drifter velocities tracked one another about half
the time, with a mean velocity and speed at 40 m
(6 and 7 cm/s) about half that at 10 m (12 and
14 cm/s). Drifter 6988 then accelerated in
August and moved through the Korea Strait
with a mean velocity and speed of 22 and 28
cm/s. Drifter 6988 reached a peak speed of 83
cm/s in the narrows between Korea and
Tsushima Island before slowing somewhat as it
entered the Japan Sea. Drifter 6983 was
launched into a surface layer of Kuroshio water
mixed with shelf water (group 8)(water depth
166 m) and moved quickly through the eastern
channel of the Korea Strait in July with a mean
velocity and maximum speed of 12 and 28 cm/s
until it went ashore in the lee of Iki Island.
After being redeployed back in the center of the
eastern channel, 6983 continued to move quickly

northeastward through the strait reaching a
peak speed of 53 cm/s on yd 227 before slowly
entering the Japan Sea.

Drifter 6971 moved slowly toward the north-
east in the Yellow Sea with a mean velocity and
speed of 2 and 8 cm/s in November (see Figs. 4
and 5), then turned toward the southeast and
moved into the East China Sea in December with
a mean velocity and speed of 8 and 14 cm/s.
Drifter 6971 continued to move toward the
south and southeast across the East China Sea
with monthly mean velocities and speeds of 5-7
and 12-16 ¢m/s in January and February 1987
until about yd 83 (1987, Fig. 8) when 6971 began
to accelerate sharply and entered the Kuroshio
near 29.3°N, 127.7°E. 6971 then remained in the
Kuroshio until it stopped operating on yd 109
(1987). While in the Kuroshio, 6971 had a mean
and maximum speed of 76164 and 371 cm/s.

Vector correlations computed between drifter
velocity and wind stress over one month and
longer periods suggest that of the three drifters
which remained in the East China Sea for at
least one month, only 6971 exhibited clear evi-
dence of partial wind-driving during the winter
(December—January). Drifter 6986, located off
the southwest tip of Korea (Fig.5), gave a com-
plex response to typhoon Vera (see Appendix).
The eye of the typhoon passed near 6986 so that
the wind stress on yd 239.5 had a peak of 3.4
dyne/cm? toward the southwest and then veered
clockwise to a peak of 6.0 dyne/cm? toward the
east on yd 240.5. On yd 239, 6986 accelerated to
the right of the wind stress (angle varying from
120° to 0°) to a peak speed of 42 cm/s on yd
239.75, then decreased in speed rapidly on yd 240
(moving against and to the left of the wind
stress). Then as the wind stress decreased from
its peak on yd 240.5, 6986 accelerated rapidly to
the north to a peak speed of 36 cm/s on yd
241.75.

3. Japan Sea

Three drifters entered the Japan Sea and fol-
lowed quite different trajectories (Fig. 4).
Drifter 6983 left the eastern channel of the
Korea Strait about yd 236 and moved roughly
parallel to the coast of Honshu with a mean ve-
locity and speed of 41 and 45 cm/s (peak speed
82 cm/s) until about yd 244 when it moved
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Fig. 8. Drifter trajectories in the Kuroshio and Kuroshio Extension. Drifter number is printed at be-
ginning and end of each trajectory. Arrows are placed along each trajectory every five days from
yd 1. The time in year-day of one arrow for 6974 is shown in parenthesis.

quickly close to the coast and became stuck near
35.6°N, 134.3°E four days later. Drifter 6988
left the western channel about yd 230 and began
to move quickly toward the northeast, making a
small cyclonic loop near 36° N, 131° E before
turning east and then northeast and making a
larg meander between 38 and 40° N (Fig. 8).
During this 35-day period (yd 251-286), 6988 had
a mean speed of 32 cm/s, and reached peak
speeds of 67 and 76 cm/s in the first northward
and southward legs of the large meander. After
about yd 286, 6988 slowed on average and
drifted generally northward with mean veloci-
ties and speeds of 6-9 and 12-13 cm/s. Drifter
6986 left the western channel about yd 276 and
moved northeastward, making one cyclonic loop
near 36°N, 130°E. On yd 296, 6986 began to ac-
celerate toward the east and made three large
and one small cyclonic loops centered near
37°N, 133°E during yd 299-330 (Fig.7). During
this period, the mean and maximum speed of
6986 were 26+14 and 68 cm/s, and the average
radius of the three large loops was 35214 km.
Then 6986 slowed, drifted southeast and then ac-
celerated and moved quickly along the coast on
Honshu with a peak speed of 71 c¢cm/s near
35.9°N, 135° E before slowing and moving on-
shore and becoming stuck near 35.8° N, 135.6°E
on yd 346. The mean drifter eddy kinetic energy
in the Japan Sea west of 138°E was 415*91
cm?/s?; only 6988 moved east of 138°E where its
eddy kinetic energy was only 819 cm?/s%

The two drifters in the Japan Sea during
tropical storm Vera both exhibited a clear re-
sponse (see Appendix) but otherwise showed no
consistent response to wind forcing based on
vector correlations between drifter velocity and

wind stress computed over monthly intervals.
Drifter 6983 accelerated rapidly toward the
northeast to the right of the wind stress (angle
varying from about 80° to 30°), reaching a peak
speed of 82 cm/s on yd 240.5 even though the
wind stress maximum was only 2.4 dyne/cm® on
yd 240. Drifter 6988 also accelerated rapidly to
the northeast to the right of the wind stress
(angle varying from about 75° to 30°), reaching
a peak speed of 51 cm/s on yd 240.5 about 12
hours after the wind stress reached its maxi-
mum of 2.6 dyne/cm? For both drifters, the in-
crease in speed over one day from pre-storm
speeds was roughly 50 cm/s. Since this accelera-
tion does not seem locally wind-driven, we
speculate that the moving wind stress pattern of
typhoon Vera forced a strong eastward current
pulse through the Korea Strait during yd 240-
242,

4. Kuroshio

Drifter 6974 was deployed in Kuroshio surface
water (group 7, water depth 1060 m) and moved
northeastward at speeds of 20-30 cm/s for sev-
eral days in July before turning southeastward
in the Ohsumi branch of the Kuroshio and con-
tinuing eastward (Fig. 8). Drifter 6974 began
to accelerate rapidly after passing 130.8°E and
joined the core of the Kuroshio by 132° E.
Drifter 6974 then moved quickly eastward in the
Kuroshio and Kuroshio Extension until about yd
250 when 6974 passed 160° E and slowed dramati-
cally, moving southward on average in the
Kuroshio recirculation. Between yd 211-250
when 6974 moved from 132°E to 160°E, 6974 had
a mean east velocity and mean speed of 76 and
105 cm/s, reaching a peak speed of 218 cm/s on
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yd 217 near 33.3°N, 137°E. The initial path of
6974 in the Kuroshio Extension between 140-—
152°E illustrates the two quasi-stationary me-
anders described by QIU et al. (1991). While in
the Kuroshio and Kuroshio Extension, 6974 had
a mean and eddy kinetic energy of 0.29 and 0.38
m?/s? after leaving the Kuroshio Extension at
160°E, its mean and eddy kinetic energy dropped
to 13 and 148 cm?®/s%. This variation of drifter
eddy kinetic energy with longitude is generally
consistent with the analysis of altimeter data
by QIU et al. (1991). Neither 6974 nor 6971 after
entering the Kuroshio appeared to be wind-
driven.

4. Discussion

The trajectories of the five drifters deployed
in the Yellow Sea support the historical concept
of a large-scale cyclonic gyre in the surface wa-
ters of the Yellow Sea during late summer. The
center of the gyre was located in 1986 near
35.6°N, 123.8°E based on 5843, and the mean
velocities along the Korean and Chinese coasts
varied from 2 to 6 cm/s. Within the Yellow Sea,
the distribution of eddy kinetic energy was rela-
tively uniform spatially at 30-50 cm?/s? except
with an increase to about 80 cm?/s® near the
Korean coast and higher near the southeast en-
trance of the Yellow Sea.

The trajectories of drifters deployed in the
East China Sea contradict the historical concept
of the Tsushima Current as a simple branch of
the Kuroshio (as shown in Fig. 1). Instead, the
drifter trajectories clearly demonstrate east-
ward flow into the Korea Strait through both
western and eastern channels in late summer and
suggest that shelf water (perhaps including
some dilute Changjiang discharge) may be
drawn directly into the Tsushima Current
through the Cheju Strait so that the Tsushima
Current may represent a mixture of varying
amounts of Kuroshio and shelf water. This idea
is supported by direct current measurements
made in Cheju Strait by CHANG (1984) which in-
dicate eastward flow with mean speeds of 5-10
cm/s. CHo (1988) argues that this eastward
flow through Cheju Strait may contribute as
much as one-third of the total Tsushima Cur-
rent. Although we cannot rule out the possibil-
ity that subsurface currents in the western

channel of the Korea Strait may originate from
the Kuroshio, it is unlikely that the surface cur-
rent in the western channel comes from the
Kuroshio exclusively as indicated by Upa (1934)
and N1tant (1972). These drifter trajectories
also question the existence of the Yellow Sea
Warm Current as a coherent and continuous cur-
rent in summer, since such a current would have
to cross the near-surface currents flowing east-
ward into Cheju Strait. In winter, the continued
drift of 6987 and 6971 toward the south and
southeast along the Chinese coast supports the
idea of a weak flow of shelf water across the
shelf break into the Kuroshio in the East China
Sea.

The trajectories of drifters entering the Japan
Sea do not support the simple model of branch-
ing of the Tsushima Current originally intro-
duced by Supa and Hipaka (1932) and Upa
(1934). They proposed that the Tsushima Cur-
rent splits into several branches as it leaves the
Korea Strait, and Upa (1934) named the branch
along Honshu the Tsushima Warm Current
(TWC) and the branch along the east coast of
Korea the East Korean Warm Current (EKWC).
The concept of branching of the Tsushima Cur-
rent has been widely accepted, motivating YooN
(1982a,b,c) and KawaBe (1982) to simulate it
numerically in a model of the Japan Sea with in-
flow and outflow. In particular, KAWABE
(1982) concluded that three branches develop;
two branches corresponding to the EKWC and
TWC are permanent due to the planetary beta-
effect and stratification on the continental
shelf, and a third branch located between the
two permanent branches is transient, occurring
only when the inflow through the Korea Strait
increases in summer as shown by MIYAZAKI
(1952) and Y1 (1966).

However, Kim and CHUNG (1984) conducted
an intensive hydrographic survey in an area of
the Korea Strait where the incipient stage of
branching was anticipated, and found that
branching did not occur in September 1981.
Later Kim and LEGECKIs (1986) analyzed satel-
lite infrared and additional hydrographic data
for the period 1981-83 and confirmed that the
EKWC did not develop at all in 1981. Instead,
abnormally cold water prevailed in the south-
western part of the Japan Sea in 1981, and the
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entire Tsushima Current flowed along Honshu In summer 1986, we may consider 6983 to be in
with no branching. In 1982 and 1983, the EKWC the TWC but neither drifter exiting the western
formed in April but was much weaker in 1983. channel (6986 and 6988) followed the proposed
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Fig. A2. Drifter trajectories during the five-day period yd 237-242 bracketing the passage of typhoon
Vera. Each panel shows the raw drifter positions (crosses), the six-hour interpolated positions
(dotted line), and the low-pass filtered trajectory (solid line). The wind stress is superimposed on
the low-pass drifter position every six hours. The wind stress vector in the lower right of each

panel corresponds to 5 dynes/cm?.

path of the EKWC. These direct current meas-
urements, plus the recent examination of sea
surface temperature variability using synoptic
satellite infrared imagery by KiM and
LEGECKIS (1986), demonstrate that the behav-
ior of the Tsushima Current in the Japan Sea is
quite complex both spatially and temporally.
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Appendix

Typhoon Vera passed across the East China
Sea on August 28, 1986 (yd 240). While the pri-
mary focus of this paper is on the long-term be-
havior of each drifter, a brief description of the
response of individual drifters to typhoon Vera
1s given in the text. In this appendix we com-
plete this description by presenting maps of the
surface wind field during the passage of Vera
(Fig. A1) and maps of the individual drifter
trajectories during the five day period August 25
30 (yd 237-242) bracketing the passage of Vera
(Fig.A2). The wind field maps show the 10 m
gridded winds produced by the ECMWF/WCRP
Level III-A surface analysis. The drifter trajec-
tory maps show the raw dirfter positions
(which are irregularly spaced in time), the six-
hour interpolated positions and the six-hour
low-pass filtered positions, in part to illustrate
the density of raw position data and how well
the interpolation and filtering procedure works
to create a smoothed drifter trajectory without
tidal and inertial variability. A close look at
the raw position data from drifter 6985 in the
Gulf of Bohai indicates a significant north-
south semidiurnal excursion which is eliminated
in the low-pass drifter path. In general, how-
ever, the temporal spacing of the raw drifter po-
sition data were inadequate to clearly identify
significant tidal or inertial motion. Superim-
posed on the low-pass drifter trajectories is the
surface wind stress, computed from the 10 m
winds interpolated in space and time to the
drifter position from the ECMWF/WCRP Level
III-A surface analysis wind field. A wind stress
of 5 dyne/cm? directed eastward is shown in each
map to provide a common scale for the drifter
wind stress time series. The speed of a drifter is
indicated by the relative length of the trajectory
or spacing between the six hourly wind stress
vectors.
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