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A Single Layer Model of the Continental Shelf Circulation
in the East China Sea*

Yaochu YUAN**, Jilan SU** and Jingsan ZHAO**

Abstract: A vertically integrated model including the baroclinic effect is proposed to study
the circulation. Both winter and summer circulations for two areas in the East China Sea
are computed. Numerical computations yield realistic patterns for both circulations. It is
concluded that: 1) the vertically integrated model with constant density gives better results
for the winter circulation than for the summer circulation when the baroclinic effect is not
negligible, 2) the primary driving force of the winter circulation is a prevailing northerly
wind field, and 3) the turning and spreading of the Chang Jiang outflow is due to combined
effects of the wind field, topography, and baroclinicity, whereas the Taiwan current seems
to exert its influence mainly through changing the baroclinic field. In addition, the mecha-
nisms which cause the northward flowing Huang Hai warm current are also analyzed.

1. Introduction

Problems of the current of the East China
Sea have been studied by a number of physical
GUAN (1957) analyzed the
relation between the surface current and the
wind fields and presented the properties of the
surface current in the China Coast. GUAN (1962)
discussed some of the difficulties encountered on
the study of the current structure of the near-
shore area of the China Sea, and further tried
to offer some reasonable explanations to these
questions. The properties of the current of the
near-shore area of the China Sea are reanalyz-
ed on the basis of his previous works. MaoO
et al. (1963) studied the distributions and vari-
ations of the Chang Jiang diluted water and its
mixing processes on the basis of the hydrographic
data of the area off the mouth of the Chang
INOUE (1975) analyzed the general
pattern of the bottom current on the continental
shelf of the East China Sea. The currents in
the East China Sea were analyzed on the basis of
the investigation of the drifting paths of current
bottles and data obtained by the electro-mag-
netic current meter (KONDO and TAaMAI, 1975).

* Received August 31, 1981
Presented at the First JECSS Workshop, June
1981 (cf. La mer 20: 37-40, 1982).

** Second Institute of Oceanography, National
Bureau of Oceanography, Hangzhou, China

oceanographers.

Jiang River.

The aim of this paper is to study the paths by
which the Chang Jiang outflow travels through
the East China Sea. A vertically integrated
model including the baroclinic effect is proposed
to study the circulation. Actual topography is
used. The area considered ranges from 28°N
to 37°30’N or 34°N in the north-south direction.
It is bounded on the west by the Chinese coast
and on the east by either the Korean coast or
the 127°E longitude. Input along the boundary
1) net discharges from both Chang
Jiang and Qiantang Jiang; 2) Korean, Huang
Hai, and Zhejiang nearshore currents; 3) the
Kuroshio, Taiwan warm current and Huang

includes:

Hai warm current. For the summer circulation
the effect of the Huang Hai cold water is also
modeled.

Numerical computations yield realistic patterns
for both summer and winter circulations. In
the winter circulation, the flow pattern is pro-
duced by the combined effect of the topography
and prevailing northerly wind field. In the
summer circulation, the turning and spreading
of the Chang Jiang outflow is due to combined
effect of wind field, topography, and baroclini-
city, whereas the Taiwan current seems to exert
its influence mainly through changing the baro-
clinic field. In addition, the mechanisms which
cause the Huang Hai warm current are also
analyzed for both summer and winter.
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2. Governing Equations

The circulation is asumed to be steady, and
the integrated forms of momentum and continuity
equations are

f7{;>< i}: —QV(C+ Ca‘)“‘ﬁ‘f“—l_‘ (?w—;;)
pH ’

7. (HT)=0, (1)

-
where U is the average velocity vector given by

O=(L0° vaz, L[° a
*(ES“Hu 2, HLH‘U z). 2)

4 a2 o
V is the horizontal gradient operator in a right-
hand Cartesian coordinate system with the 2
axis directed opposite to ¢, g stands for the
gravitational acceleration, f is the Coriolis param-
eter, 7; is the unit vector in the z-direction, p
is the density, H represents the water depth, { is
the free surface elevation, {4 is the atmospheric
pressure divided by pg, Tw stands for the wind
stress vector, and 7 stands for the bottom stress

vector.

—

We assume that 7,
model:

satisfies a quasi-linear

—
7-b:toB(].‘ (4)

in which B=5b6/H, b is a resistance coeflicient.
By (1), we may introduce the stream function
yr:

-

U:—I%l?xﬁ[r, (5)

By the preceding equations, we may obtain

the equation for the stream function r:

b ow\ 0[b oy

(H“‘ ox> y<1? 5y)
| 0H oy 1 0H oy
+f<1?a_x 5y I oy ax)

__a 1 Tuwz __a_ way>
_a_y(H p> 9x(H o )T (6D

in which
_g 1 GHS 90
= H2< oy )on 32"
oH 0p
T oz S _H ayd> (7>

In the right-hand side of (6), the first term
stands for the interaction effect of the topography
and the wind stress, and the second term stands
for the interaction effect of the topography and
baroclinicity. It is clear that if the density
gradient diverts to the right side of the gradient
of the water depth,
which in turn produces positive vorticity in the
flow, and vice versa.

For the boundary conditions, we require that
yYr=const. at the coast and specify the net dis-
charges for Chang Jiang and Qiantang Jiang.
At the open boundaries the values for ¥ may
be determined by referring to some summer and
It should be noted that the mass
flux through all the boundaries satisfies the conti-
nuity condition,

then it produces a torque

winter data.

3. Computational Results and Conclusions

The computational results are shown in Figures
1 to 9.

Numerical computations yield realistic patterns
for both summer and winter circulations. The
following conclusions are obtained.

The vertically integrated model with constant
density gives better results for the winter circu-
lation than for the summer circulation where
baroclinic effect is not negligible.

The primary driving force of the winter circu-
lation is the prevailing northerly wind field and
the flow pattern is produced by the combined
effect of the topography and the wind field.
The Chang Jiang plume flows southward due
to the prevailing northerly wind field. The
northern part of the East China Sea is a semi-
enclosed basin. Therefore, under a northerly
wind a flow pattern similar to that in an en-
closed basin such as a lake is produced, namely,
two opposite gyres separated by flows opposing
the wind in between. Because of the topographic
effect, the western gyre is stronger than the
eastern gyre and the northward flowing current,
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T25° T35
Fig. 1. Winter circulation, NW wind (9 m/sec),
actual topography, no baroclinic effect, k=7.5
(k=b/As, Ay is the vertical kinematic eddy

viscosity coeflicient).
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Fig. 8. Winter circulation, NE wind (9 m/sec),
actual topography, no baroclinic effect, k=7.5.
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Fig. 4.
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120°
Winter circulation, NW wind (9m/sec),

Fig. 2. Winter circulation, N wind (9 m/sec),
actual topography, no baroclinic effect, k=7.5.

the Huang Hai warm current, is located on the
eastern part of the basin. In addition, the baro-
clinic effect also favors the northward penetra-
tion of the Huang Hai warm current. Because
the density gradient diverts to the left side of

actual topography, no baroclinic effect, k=15,

the gradient of the water depth, it produces a
torque which results in a clockwise flow.

In the summer circulation, the turning of the
Chang Jiang outflow is due to combined effects
of the wind field, topography, and baroclinicity.
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Fig. 5. Winter circulation, 74,=0. Others as in Fig. 7. Summer circulation, £=7.5. Others
Fig. 1. as in Fig. 6.

359

120° T35%
Fig. 8. Summer circulation. The baroclinic effect
is considered (T.S. data in June 1977). SE
wind (6 m/sec), actual topography, £=15.
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355 35°
Fig. 6. Summer circulation, SW wind (6m/sec),
actual topography. The Huang Hai cold water
is modeled (modeling area: 34°15’N-36°15'N,
122°45'E~124°45'E). Wind speed (6 m/sec),
no baroclinic effect in other areas, kilfi /@
1555 - 125°

Fig. 9. Summer circulation. No baroclinic effect.
Others as in Fig. 8.
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From actual data, in the near-shore section the
density gradient diverts to the right of the
gradient of the water depth, and produces a
torque generating a counterclockwise flow. The
spreading of the Chang Jiang outflow depends
on four factors, namely; 1) the wind field, 2)
the interaction of the topography and baro-
clinicity, 3) the net discharge of Chang Jiang
and the strength of the Taiwan warm current,
which seem to exert their influence mainly
through changing the baroclinic field, and 4) the
strength of the cyclonic circulation in Huang
Hai. We also find that the mechanisms which
make the Huang Hai warm current flowing
northward in summer are, 1) the existence of
the cold water in the north, which induces a
cyclonic circulation, 2) the combined effect of
the topography and baroclinicity which is also

present in the winter.
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The Calculation of Three-Dimensional Ocean Current
by Finite Element Method*

Yaochu YUAN** and Kulrong HE**

Abstract:

The present method is a development of a paper
method to the calculation of the Kuroshio Current in the eastern area of Taiwan’’.

“Application of finite element
Starting

from equations of motion including the pressure gradients, the Coriolis force and the friction
due to the vertical eddy viscosity, we obtain a solution of the velocity components as well

as the surface elevation.

1. Introduction

In recent years, applications of finite element
method to problems in fluid mechanics and
physical oceanography have been reported (ODEN
et al., 1974; GALLAGHER et al., 1975; PLATZ-
MAN, 1978). We presented a paper (YUAN ez
al., 1980) ‘‘Application of the finite element
method to the calculation of the Kuroshio Cur-
rent in the eastern area of Taiwan’’. The
present method is a development of that paper.
‘We consider the wind stress, frictional force
due to vertical turbulent motion, pressure gradi-
ent, Coriolis force, force. We
obtain an approximate solution of the velocity
components # and v, while the surface ele-
vation { is solved by finite element method.
We have computed the Kuroshio Current in
the eastern area of Taiwan, with A,=1, 10,
100, 300 (g/cm/sec), wind velocity Vw,=5m/
sec. The computational results show that the
current due to the density gradient is predomi-

gravitational

2. Basic Equations and Solution

After the above references to the various
forces, in a right-hand cartesian coordinate
system with the z axis directed opposite to g,

the basic equations can be given by

0%u op
4z 022 +fov= oz’
02 0
A, ~ 7: _‘fP”: ap b
Y S (D
—pg=2 |
az ’ i
:m t?v ow 0,
ox oy 0z

and the boundary conditions:

. ou
— . Az a FI 5
AZ A :T?/ 3 ( ( 2 )
0
Z=H: u=v=0. J
We can obtain the exact solution of the ve-

nant in this computational area. locity components # and v. They are:
_(Ts—Ty) [shazcos a (2H—z)—sh a (2H— =) cos az]
- 2aA.M
n (Tz+Ty) [cha(QH—z2)sinaz—chazsina (2H—2)]
ZCZAzLM
g No—N: g [ _pde ] |
ZA. i cha(H—z)cosa(H—z) e sha(H—z)sina( dz |
g ® h ’ ' ap h "o d=’' 1
—mgc[c a(z—z)cosa(z—z)a—y+s a(z—z)s1na(z~z) :l 2 “ (3)

* Received August 31, 1981
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2AZ(A1+N4>S l:ha (H—2z)cosa (H— z)—+sha(H z) sin ot (H— z)ap]dz

N:— N3 apa oL Hap N1+ Ny 8pa 6C ap
+ atA.M ( ox te Ogax ggo a_xdz)+ aQAzM( oy +‘00g3_y_g8 aydz)

1 0pa oC =dp
~ 3z oy 00, 5%

v_(Tx—Ty) [sha(2H—z)cosaz—sh azcos a(2H—=z)]

a
|

2aA.M

(Tx+Ty) [cha(2H—z)sinaz—chazsina (2H—=2)]
2aA.M

g No—N: [ 20 —2)si e
A i S; cha (H—z2)cos a(H—=z) y—!—sha(H z)sina (H z)ax dz
T A,Y H| a
__g__mg cha(H—@cosa(H—z)—”—sha(H—z>sina(H—z)ﬁ = (D
a’A; M ¢ ox oy ‘

z

b
+_Q_S [cosa(;— Neha(z— z’)——£~sha(z—°’)sma(z z) dz’
2a%A; )¢ ox

(N2—Nj) apa as H 39 ( /1+ N aPa a: SH op

MWy, ( oy TP, S _agd~>" MLAA, < oz TP95Z ), axdz>
l apa 85 0

* 2a2A2<_8'5+p oxr S FE‘ZZ)

”_\/ 24, °

=cos 2aH +ch 2aH ,

M=

N

Ni=cosa H chaH cos azch az, [ (5
Ny=cosaH chaH sinazshaz,
Ns=sinaH shaH cosazchaz,

Ny=sin aH shaH sinazshaz.

In Eqgns. (3) and (4), { is unknown and must be determined. By the preceding equations and
vertically integrated form of continuity equation, we may obtain { equation:

ECE) 08 E0E) (D) |

_ 1 0pa apa) i( aPa)__i( aPa) | R
- Pog[ax(ﬂ )*@(ﬁ oy ) T\ %%y . | (6)
+rot, m T+div(n 1)~ (OD’ + 6@22) ]

1 \
m:m(l—2rchchosaH), i

1 .
n:—;—az—rsmaHshaH,

r:Ma ¢ (7)
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_ pog (sh 2aH +sin 2aH )r B H:l
T A, 4a® 2a® ¥
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4a° A,
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0
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"1 30 (B0 0T (O O (58 O
o o y oy ox oy
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ox po Jo \ 0x2 0y 2a%A,
u
. [(ShQQaH*sinWaH) qH ]S 6p e
oy 9 Az
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0H a
+[sha(H—2) cosa(H—z)sh2aH—cha(H—=z)sina (H—zg) sin 2aH:| aH 02 '
0H dp _gr . dp 0H | dp oH l
i | 95 — 20 2=
3y ax]} IS4 [(sh 2aH —sin 2aH)<ax w3z oy hn 0y ) l
0H  dp o0H r
—(sh 2aH +sin 2aH)( 3y or 7 ~ %z b Oy )} J
The vertical velocity component W is given by _(3_: =F, 9% =G. an
z /0y Ov ” g
=— _— dz'.
W SH< oz + ay) a3 For three-node triangular finite elements, the

3. Finite Element Formulation
Eqn. (6) is equivalent to the following func-
tional relations (Fig. 1):

s =\, (ol

apa>+_§_(ﬂapa>

ox (’8 ox oy \ 0y
0 Opa 0 Opa 7
+ —a—;<a oy )— gz/—<a—a~;)]~rot2 mT
8D1 aD2
—div(n T)—i—( 7z oy )}Ud.@+ SI’¢77dl ,
14)
in which

(( 0L op oL apy
| — £ — et — —— O
a¢ op 9L op =
+559a(@0_x_$@>d9. (15)
On the boundary I":
or lild .
\l,:‘ga_n-}-a—é;:speclﬁc values. (16)

Note that p(x, )= C®,
function classes.

C‘® being continuous
The above functional relations
are the starting point for the finite element
models. Set

Y

syow

a1
0 X

Fig. 1. The region and the boundary.

interpolation functions are the linear functions.
FOGP 9 can be expressed as follows:

N

FO = leime’ |
= ‘

G = Z GiPp,®, ‘[ )
. |

77(l>: Z 9P ® !
i=1

where ¢;¥ are the linear interpolation func-
tions. Substituting these values into (14), (15)
and the following relationship,

KSQ< oF _ 3G )nd.Q 0, 19)

oY (1.2?

we can obtain F G finite element equations
and can then assemble element equations. The
global system of F, Q equations (matrix form)
are

55, -

for the expressions of elements of submatrices
(4], [M], [Q], [Qe], [¥] and [¥]. The
system of equations (20), though not write down
here, may be solved numerically.

| RED

4. Discussion of Computational Results

We will now proceed the application of our
method to the calculation of three-dimensional
Kuroshio Current in the eastern area of Taiwan.
The area considered ranges from 21°46’N to
25°N in the north-south direction and from 121°E
to 125°E in the west-east direction. Hydro-
graphical data refer to CSK and JMA data in July
1966. For simplicity, we may assume that the
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current is steady and the wind field is steady
and the wind speed is treated as average wind
speed which is V=5 m/sec, the southerly wind
field. Thus, the current obtained by our calcu-
lation can be used to define an average condition.
The coefficient of vertical dynamic eddy viscosity
A.=1, 10, 100, 300 g/cm/sec in our calculation.
If we consider the friction depth to be about
50~60 meters, A, should be taken to be 100 g/
cm/sec.

The horizontal velocity distributions for each
water depth H (H=0, 50, 100, 200, 300 m, ..)
tend to agree with the realistic flow patterns.
The main current is located on the western part
of the area, flowing northeastward. The counter-
current exists in the eastern part of the area.
An anti-
cyclonic gyre is formed in the region which
ranges from 22°20’N to 24°N in the north-south
direction and from 123°10’E to 124°30’E in the
west-east direction. The results show that the
current due to the density gradient is major
(about 90%). Of secondary importance (about
109;) are the current due to wind driving, the
current due to the interaction effect of turbulent

It is weaker than the main current.

friction and density gradient and the current
due to pressure gradient at bottom. The compu-
tational results show also that for the Kuroshio
Current the difference between the horizontal
velocities computed by four different A, values
is of the order of 109, that is also the case
with the horizontal velocities obtained by differ-
ent wind fields and that the effect of wind stress
exerts their influence only in the friction depth.

Our calculation suggests that the finite element

method for solving problems with irregular geo-
metries, unequal grids and mixed boundary
conditions is better than the finite difference
method. Its accuracy is sufficient and its effi-
ciency is acceptable.
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Normal modes of the

Appendix
Symbols are defined as follows;
u, v and w: the components of velocity in the
z, y and z directions, respectively.
the pressure.
the density.
the gravitational acceleration.
the Coriolis parameter.
the free surface elevation.
. the water depth (H<0).
A,: the vertical eddy viscosity coefficients;
T and T,: the components of the wind stress
vector in the x and y directions, respectively.
P.: the atmospheric pressure.
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Ultrastructure of Ciliary Sense Organs of a Pelagic
Chaetognath Sagitfa nagae ALVARINO*

Sachiko NAGASAWA** and Ryuzo MARUMO**

Abstract:

Chaetognaths have a large number of ciliary sense organs on the body. The

function of these organs has been discussed on the analogy of morphological and behavioral
aspects for lack of direct evidence by electrophysiological methods.
This paper deals with the ultrastructure of these organs and the base of a lateral fin in

Sagitta nagae.

On the basis of TEM micrographs of S. nagae schematic drawings of a sensory
cell, a ciliary sense organ and the base of a lateral fin are shown.

A sensory cell is composed

of a large nucleus, a mitochondrion and more than two processes showing the structure of a

cilium.

Ciliary sense organs are oriented longitudinally (L) and transversely (T) to the body

axis. L organs are smaller than T organs and the numbers of their cilia are 50 to 100 and

200 to 300, respectively.

consist of less than 25 to 50 sensory cells while T organs less than 100 to 150.

A sensory cell has more than two cilia.

Therefore, I organs
It was not

determined whether the sensory cell of S. nagae is of primary type or of secondary one.

Many axons are found at the base of a lateral fin of S. nagae.
the existence of many ciliary sense organs on two pairs of lateral fins.

These axons are related to
Such a distribution

of these organs is peculiar to S. nagae because other epipelagic species have just one ciliary

sense organ only on the posterior lateral fin.

1. &

R LOERECAETH SHOMEN» LI B
B, HUDBRECERL WD EEZDR,
30 (tangoreceptor) & &3 bz, LD,
S DWE BB KU D BRZER T
BEBEZLNLE I CEol, 2 D4 E L fan-
shaped tufts, sensory tufts (BIERI, 1966), ciliary
tufts, ciliary sense organs, stiff cilia (HORRIDGE
and BOULTON, 1967), hairs, sensory spots, fine
hair fans (FEIGENBAUM, 1978), ciliary fences
(BONE and PULSFORD, 1978) sensory hair fans

* 19824E 2 B12H 2  Received February 12, 1982
I AR T 1648 A P XA 1-15-1
Ocean Research Institute, University of Tokyo,
Minamidai 1-15-1, Nakano-ku, Tokyo, 164 Japan

(SPERO et al., 1979) sk, ZhFTIFTIZIT
PEERT & P, 2 TR - LR (1978) L
7o T, ZOBREAYMEREIRE (cliary sense
organs, Pl cso LIGERT %) LIES T LT T %,
cso L < B ET ORI T2 T E DMK
ERR S T Tehy, RO T LT oW T
o X B R IR S e GO AR,

1978; FEIGENBAUM, 1978; 7k R, 1978), 7z o~
<4 BTy L Spadella cephaloptera @ cso T
ST L O (HERTWIG, 1880; JOHN,
1933; HORRIDGE and BOULTON, 1967; BONE
and PULSFORD, 1978; FEIGENBAUM, 1978) <
LA DIERD R Tel, E@E T % M HE
(TEM) = L b Nk (HORRIDGE and BOUL-
TON, 1967; REISINGER, 1970; BONE and PULS-
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FORD, 1978) 25, F/E&HTE T HME (SEM) ©
X D4k (BONE and PULSFORD, 1978) 2%
b dnThb, SEM Offiffic X h BONE
and PULSFORD (1978) 1 S. cephaloptera Dk
I, kESh w7 JRED 2BEORK
HRELHLCREL, cso L rnb2E
DIMBI2OWT TEM Iz L 2 NEHEEOBE LT
Teole, ZOX3I, EAEMERCT LD cso o
Tit TEM 5 X O SEM OERI X W50 EA

Tb, 17EL, ZhBOREREEIILFETS
B3, ZhBoOnTIEAR I SITRE A
ABLBENRD D, ZhEexL, LT LIeD

Wik Sagitta nagae O cso DAV REE »Y SEM
DFEC X DAL S NID, T O NIk

Procedure Reagent
anesthetization 0.1% w/v Ms222
. R 3 % glutaraldehyde
fixation 3 % glutaraldehyde
. 0.1 M phosphate buffer
washing 0.1 M phosphate buffer
fixation 1-% osmium tetroxide
washing distilled water
staining 2 % uranyl acetate
50, 90 % ethyl alcohol
dehydration 95, 99, 100 % ethyl
alcohol
propylene oxide
replacement propylene oxide and
Epon
Epon
embedding Epon
sectioning with a glass knife)
V. saturated solution of
staining uranyl acetate
washing distilled water
staining 0.4 % lead citrate
washing distilled water

~$E;m1natlon with (JEM-7)

Fig. 1.

DWTIEZEEBE AM) KL 2BENH 504
Toh b CkR-HTK, 1978), Lins7, S
nagae @ cso 0 PIEEREIC O\ T EMIC BB L,
S. cephaloptera O cso & g3+ % -t TEM
X DR FER SRS LT TH B,
BT, T TCIRIALNC A - 72 cso DALES
BiEd, Zh2DHEHLNCLLS &ELTLDHE
BEOWHE D, cso D & AR % i
ERAE

TEM HREHESR® L CETHHE JEM-7 o
BRI L T, REKRFEEPRITERAYEA
DB FHECRHEETI -7, BBEFFHEME
EEDMIRIC O TR 4 S8R 73T SR
B R R AR BB EUE B X O R B

Duration Temperature
1 min. room temperature
30 min. o
4 - 6 hrs. 0 -4°C
10 - 30 min. °
until the next step 0 - 4%
1 hr. 0 - 4°C
1 min. 0 - 4°C
1 hr. 0 - 4°C
5 min., 5 min., 5 min.
15 min., 15 min., 0 - 4°C

15 min.

3 min., 3 min., 3 min. room temperature

overnight room temperature
8 hrs. room temperature
36 hrs. 60°C

(Sorvall MT2 "Porter Blum" ultramicrotome

room temperature

15 min. room temperature
3 min. room temperature
2 min. room temperature
3 min. room temperature

Procedures to prepare biological specimens for TEM.
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PHEGEIRBHOBETRT %

2. ME&EAEE

19784 1 H18~21 HIT B KF TR O ¥
FATHEZCRWC, KlKKXESS » P T
v bERELE, U LORERETEE
LRFTUVWDT, Fw bDAY o P 2L DFRY
T AFABEE—h—FFEH L, TV 7 PV
LR LEEMNL, BEARE L, S. nagae B
a7 g—NTLFe N, DWTH AT 7 LB
CEEL, ERETHEHE (TEM) HoEk &L
72o TEM H#EIOIER G k% Fig. LR, [E
2 B FK ¥ ToEET SEM HEE O ER G E
kIR - A%, 1978) LizigRUC ThHBH, 7 &

—/1/7/‘1/-7"1:~FU)4_?%E%2‘)§< L, 423w s
L A%EEOEHEEL Lz, TEM AEEOW
D —IE v v A —TREL, LM Xk
HEZED T DI T,

3. & =R

HMERRIME (cso) DHHEE

D IM ik 5AHEEDBIE: cso XX KD L
CREOLS5EE D HND, FLECSEDOMEN
HEZTwh, MPAA Ly FL—TeE LT
i%, cso, fE () EXDOIMRDLEL BHENRZ D
(Fig. 2A), cso & #5 K T 5 LEEMRDFI 5
D, ZOEHFTEMEOMENRL S (Fig. 2B).
FEDDITFED 5 BROEHHILKRT S & (Fig.

Fig. 2. (A) A micrograph of a transverse section through a ciliary sense organ (cso) and a fin
(), cut with a glass knife and stained with toluidine blue. (B) Enlarged view of a ciliary
sense organ numbered ‘1’ in (A). (C) Enlarged view of the base of a fin numbered

27 in (A).
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Fig. 3. TEM micrographs showing a part of ciliary sense organ in Sagitta nagae. (A) There
are large numbers of nuclei (n) of sensory cells above a basement membrane (bm) while
axons (ax) are between basement membranes. (B) Enlarged view of a part numbered
“1” in (A). (C) Enlarged view of a part numbered ‘2"’ in (A). (D) Enlarged view of
a part numbered 3 in (A). Cross sections of the base of cilia are found near the
nucleus in (C) and (D).
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Fig. 4. TEM micrographs of upper parts of a ciliary sense organ in Sagitta nagae. (A) A
mitochondrion (m) is found near the nucleus. (B) Longitudinal sections of cilia are shown.
(C) Transverse sections of cilia are shown.
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Fig. 5. (A) A TEM micrograph of a section parallel with the surface of the body with a
group of cilia cut transversely. This ciliary sense organ is oriented longitudinally on the
basis of a number of cilia. (B) A diagram of a sensory cell of Sagitta nagae based on
TEM micrographs. A sensory cell is composed of a large nucleus (n), a mitochondrion
(m) and more than two processes showing the structure of a cilium.
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20), HE D BWE L ARDOICIZRE R DF - T
Y TILIT V.

2) TEM 1© Xk 5 NG DBIZ: cso DM
D—#H a7 Lic (Fig. 3A,B), AL RBOHIRDE
IHIEER T, LOMCHEMHEORNH 5, B
WEERO M ERE e oK E ek Rz b,
BoEd% s bk 5 & (Fig. 3C, D), #E
Db L OMEKIEI W< O R B, LOHEE
I HINT 4 5 2V FRVEEL, B
EWL O DBUNE DB S, Fig. 3C,D b0 &
DSOS L AT I5<, 2R EOEN
LiehZ EMbots, BREMEOBO AT
I hav P T7ash (Fig. 4A), BRIEHIEL 4L
IZIajs - TG TV 580 B O E» R 2

(Fig. 4A,B), # £ 1B DOF £ TR T,
FEMTE L 2 RO AL/ INE & O O /NG &2
TR LB NEDREY R ET 588, Wb
@5 9+2DfEEA L5 (Fig. 4C), cso @
HMEDF O RMIHE 2R Lz (Fig. 5A), BHHmia
2R EOERY SO, HMEBXEEL W
Ho MEDOE CETHEEDOEGCERRENEEL
Twb, ChlEHEOREETH L LEZ DN D,
S. cephaloptera TiL cso DFEFEIL S. nagae D
I3 BLDIZEFI LTIy, Fiz, cso DJF
BBl LEfE RS D, Fofilaoun-<
OPERERFKROEVE DO E X ALTWS
(HORRIDGE and BOULTON, 1967),

VI ko TEM BEEiH -3\ T, cso ORI

Fig. 6. TEM micrographs of the base of a fin in Sagitta nagae. (A) Large numbers of

axons are found at the base of a fin.

(B) Enlarged view of groups of axons.
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DEAR AR L7 (Fig. 5B), EWEHlmiz K70
¥, 1btav 7, B 2ARL Eo%EEY SO,
ZDOREDOEBIMED VW HP D 9+2 DR &
WA LR D2, AMLSLOEME 9+2 o &
HHODT, BWHLEAMELFESZ EXTE 5,
BRAEREID LB ERETHHRETHHDT,
REME A AR EFESZ 035 5,

cso (TAEVERENC ST (longitudinally) 35 &
O#E[E (transversely) RIS % 2B A H b, *
nzEnEy L, T LrEs, Lk T X b/ T
Lh DIy, MEOIEEREANTIZFET
Thote Gk« 7K, 1978), 2bwe L, T o
MEH L SEMEEMND, ThFh 50~100, 200
~300 THAHEHEEEI NI, T, BRE@EETE
HOMEE S22 LN AT L DL
T2 LIcdi» T, S.nagae OEIEHN OEITHE
BoLpPIT, bbb, L, T tFhsFn 25~
50LIF, 100~150 I FTh b, —F, EEMESL:
L S. cephaloptera TiL, cso DIEHNEITFD
fMiEs b 1 AROKIRFEL A ML L, T %
£ TH LK E © (HORRIDGE and BOULTON,
1967), S. nagae LI Eich, S. cephaloptera
cos {%, RIZ 190 DRTEAY 02, BHRFERD
HIAATH S, LIchio T cso Rk 5 KK
MlE OB HE B Ay C7sL s, BONE and PULSFORD
(1978) = X #UuE, S. cephaloptera \IiEHEMERTs
L S. eegans FRILL T, L 2D cso & -
Tuwh, WiZED T 2 L X e%EEL, ToH
BizLrokE<, TRLORLE 2 EDOREH
fanbies,
IEDDITRRD 5 < B ATEEITIE 25D TR
HERR) DR H D (Fig. 6A,B), S. nagae 13l
DR LERLD, 21OMED L ik 28 D
cso b, fELELEFED csoll SEM BEEH
BEEE EoEEI o GRIN - AR, 1978),
S. nagae DEFED OIFTRIZIL, ZDX 5 L OM
BNAETEY, Torbi@Er il bicd s £
Dceso CELTWAHEE 2 b h b (Fig. 7TA),
Fig. 6A & 5, Fig. 7TA % a5 Tl L7z
oA (Fig. 7/B) %, Fic TEMIZ X % 40H
DI FHI TR ORI E ST, S. nagae D

bm—~"
N

s

ax

Fig. 7. Schematic drawings of the nerve fibers
(axons) and ciliary sense organs on the lateral
fin (A), of the base of a fin cut transversely
(B) and of a ciliary sense organ (C) in Sagitta
nagae.
bm, basement membrane; ax, axon; n, nucleus;
neu, neurilemma; sc, sensory cell.

cso DEHXK (Fig. 7C) %/~ L7z, Fig. 7C Tix
AR D RO FRE IR & 2 [H]D & W) T it
PREMECELCREY, BEMREIDENCRL
TR GRiR « F7E, 1978) LRI, —IK B
HHlE LCRESRT W5, FRIEARFR G
F v TARLTRMIE D FEDFETED TE - 1o
CER LB, ABOHECE LT, v Fy FTAD
MEMROEE I TENE, oKX EZHITL
el s bio, RIER & KR ORI s
BETHZ LIARYE T M, » 72 (Fig. 3A,B)
», B, BZOREREMHE D ERT BHE
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DEELTE e ot 2D L5, S. nagae D
cso DREGEICBIT AT T L 28, RE
MEREEYED S, cephaloptera D Y 51—k
H ke (HORRIDGE and BOULTON, 1967; BONE
and PULSFORD, 1978) Th 5 DH, /R
faThrOnBELA TG, LrL, WPhic
¥ X S. nagae D cso (LEEDZABME D e
D, BZBRBMEIEROBEAE T2 Lk E
BT,

4. @w® B

cso DFEHRA WA 5 SEr e ik Ea e
FIRHIE Th D, LHLID X5 gz
PN TODIETT THh H7cdd, BN Exho
THREETHY, 4DE AT T, L
2 - T, cso DEEREIILTr LOITEIR cso D
BT AR SV TiE S h B, cso DK
BICDOWTER D DE 2 BRI %,

T 3&DOF#%, L ko /ehoF b S O IRE
REMIT L » THEL 2 KOBE A RAT 5, KD
REPREELETIWMECEL 68, i
CEI S e R, BE, BENoEERTHE0
L L ORZESMIEEFE T 5, 20 X5 fak
IR A Sl o Rifa e AT A LA T,
DL EEU AZERBEASAEEEAC LEE
MAEOEEL, hPNREIRED DR
A VSV AKRRD, FREEREIE LS LH
FrzF2na b, gt ic i bic@c s T 5,
ZOXSILT, R LSROKOBE DL
% cso TRRL, FDOEALLT e hiREc
Zhbh, EPRHEEDOTFELMETXHD, BHP
KEOTH AT, LU LIIRRCES e s
WD EED cso N AWM aflET XY,
NFRDIERE & D 2 > 2>F L LT S 78
ERCE

cso [T D AR E ORI b 5 & 4% (canal
organs) PR - (epidermal neuromasts) & 4L
HIREIUT D, BanPlElR o E e
LR L TN D ORE X #k T A EMzo
BRAEHZENHITNE, WAWATRAYHWTT
et b (FLOCK, 1967, 1971, L»L, =

& (1

S

JER

7
A
oL
A

L LD cso DREEGICET A9, EAKD S.
cephaloptera I3 X OFWMED S, nagae 122
s IcDATH %, FIFD cso THLIRENIH
HOMRLELTCRGLT LD BT BT ¥
(HORRIDGE and BOULTON, 1967; REISINGER,
1970; BONE and PULSFORD, 1978) 2%, S
T LI DTk S nagae D cso 7ML U & TR
I NT, HHHY L S R E NIz S, cephaloptera
ZonTh, cso B—IK B EHEN S5 205
it (HORRIDGE and BOULTON, 1967; BONE and
PULSFORD, 1978) & Z JURBHMIBEN B 705 &0

5 # (REISINGER, 1970) 234 %, HORRIDGE and
BouLToN (1967) 2R L7z cso % REISINGER
(1970) ok (neuromasts) 1243523, TEM
BEEOMRIIEE TR /v 5, REISINGER (1970)
iL cso IR EIECY, FOfE, Mmoo TEM E
BERL, &b Spadella & 1 Lota DK F-D
MBI %A He#s LT b, REISINGER (1970) 0 E
HYNA R ARY Tk, Spadella 3H D K 13
EHEMETII Y, ARSI A L HIUBE DR
Brd->TH), B MiEch D,
BEEFSONRSEIH L Bbns,

LD LS INETIEBR 7TV 2 by
RFHFIIFE DO R I HHIE 2 L2 au,
Lo, MHER, EmmresBL -, 0
LORFHIGIEZ BRI L X 5 L3558, 2k
DEENBSGTHY, BECTRVELEESH LY
FATir/i 3L T & 72, BONE and PULSFORD
(1978) 1%, L LOKRMOREIREICDTED
s SEM, TEM G-, FHiE D8R
BREGE EHRTH2r2HL LIS L L
too FORER S, cephaloptera Tit cso DIFH
B O 2B HOREIZRRH D E05
>Tre FD—D2i% S. cephaloptera DIRE B IC
D HLFEIE L, enclosed ciliary slit receptors X I
B, (LZERZRABTHHEELDNIE, b5 —
DULREE, B, EHEEEL, BH—DRW#E
ThHbh, cso ODE_OMTHA S LHERIE T,
BONE and PULSFORD (1978) i3, Kiyo K
BIETHHErD, L LORKNE ST
HBCT A LI TE ot Eie, WHIX
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REISINGER (1970) % Bl H L T\~ 72\~ 72 &,
REISINGER (1970) DfERZ E D L 5 EEfH L,
ThEED LD RELED L S CBEEST 5D
AR TH D, Tk b, S. cephaloptera
2T h cso DRHBZENIHIIEE & HICBRT 5
VERD D,

S. cephaloptera DIEFK, HELDOREIRED LM
X ABETE, TRCOBE TR —THY,
TEM <% SEM ¢ # % /- (HORRIDGE and
BOULTON, 1967; BONE and PULSFORD, 1978)
HIE X3 bhiess -7 (FEIGENBAUM, 1978),
Fhur, ZoORBIEAMBGELRSTVIE, FEOD
gl ARI L Bigh, HHEATIEIR
LT\ 5 (BONE and PULSFORD, 1978) = iz
L5, LM THEDHELEUHEELYLTWD L
HMEIn, RREIEEOREDOEEYHALMTL
Pt Thotee EIAHNBREDRLDL IEHED
BEOFEENSEMIc L b fEE S 7z (BONE and
PULSOFRD, 1978), ZTOEZEILKE

S. nagae DIFMCR BT LER O KK 57
#i95 csow SEM TEIZEELcEZ A, WItd
FOINPREGERRL Tho 7z ORR, RBRF), L
ML, S. ferox D& HEERITHERD cso DREEG &
BERAABEAYRHE L, ChXENWREETS
JEEETe DM, S, ferox DX DREEKIZLELETHD
b ioly, B2 LO SO ERIT O
T, EE»LEH T T, HERICERCHC -
T, EAEAHTARE Y e, Tuvhnic
SEM THZETHZLBLETHS, T, TEM
CEABEL LY TS Z itk b, Thb
DRE D RO RENR BN L D @I BRI
5 EBbhb,

{o
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Early Diagenesis of Manganese and Phosphorus in Nearshore

Sediments Collected from Suruga Bay, Japan*

Akio NISHIDA**, Yoshihisa KATO*** and Shiro OKABE***

Abstract: Manganese and phosphate in the interstitial waters of reducing marine sediment
cores collected from Suruga Bay were analyzed. Manganese and phosphate concentration
peaks existed in their vertical distributions, and below the peaks, these concentrations sharply
decreased with depth.

From the application of the diagenetic mass transport equation to the distributions of the
two elements, it could be estimated that authigenic mineral precipitation rate constants for
! and 2.3 yr™!, respectively. Dissolved manganese produced by
the reduction of manganese oxides may be removed from the interstitial waters by the
formation of authigenic minerals in a very short time compared with the results of deep sea
sediments. Dissolved phosphate liberated during the decomposition of organic phosphorus
may be also removed within several months. The upward fluxes of manganese and phosphate
across the sediment-water interface were 8.3 M ecm™ yr™' and 0.28 #M cm™2 yr™*, respectively.

the two elements were 3.1 yr~

1. Introduction

It is well known that interstitial waters are
very sensitive tracers for diagenetic reactions in
marine sediments, and they have been actively
studied in recent years (BERNER, 1964, 1971,
1974, 1980; NISSENBAUM et al., 1972; PRESLEY
et al., 1972; SHOLKOVITZ, 1973; VANDER-
BOUGHT et al., 1977a, b; MURRAY et al., 1978;
EMERSON et al., 1980; KLINKHAMMER, 1980;
OpaA, 1980). Manganese and phosphate are
common elements for the geochemical study of
interstitial water (PRESLEY ez afl., 1967; CAL-
VERT and PRICE, 1972; DUCHART et al., 1973;
HOLDREN et al., 1975; BERNER, 1977; MAR-
TENS et al., 1978; TsuNoGAal, 1980; KRroM
and BERNER, 1981; SuEess, 1981).

LYNN and BONATTI (1965) and BONATTI et
al. (1971) proposed the postdepositional migration
model and indicated that manganese might
reprecipitate from the interstitial water of reduc-
ing sediment as a carbonate mineral. Through
the thermodynamic solubility calculations, LI et

* Received March 17, 1982
** Kurakuen Junior High School, Kurakuen, Nishi-
nomiya, 662 Japan
*** Faculty of Marine Science and Technology, Tokai
University, Orido 1000, Shimizu, Shizuoka, 424
Japan

al. (1969) and KATO (1981) demonstrated that
the interstitial waters of deep sea sediments
were supersaturated with respect to rhodochro-
site. (MnCOg). Also authigenic manganese-
carbonate phases including calcium and magne-
sium have been identified in reducing marine
sediments (MANHEIM, 1961; CALVERT and
PrICE, 1970; SuUEss, 1979; PEDERSEN and
PrICE, 1982).

Phosphate in interstitial waters of reducing
sediments is generally enriched by several orders
of magnitude relative to that in normal sea
waters. SHOLKOVITZ (1973) stoichiometrically
showed that such high concentrations in the
anoxic interstitial waters resulted from the de-
composition of the planktonic organic matter.
Phosphate enrichment, in turn, may be respon-
sible for the phosphatization of fossils of bentho-
nic foraminifera (MANHEIM et al., 1975), and
the thermodynamic calculations also suggested
that iron- and calcium-phosphate could precipi-
tate from the interstitial waters of reducing
marine sediments (BRAY ef al., 1973; TROUP
et al., 1974; BERNER, 1974; MARTENS et al.,
1978; MURRAY et al., 1978; KATO, 1981).

Some of manganese and phosphate released
into interstitial water diffuse and advect into
overlying sea water with the results of sharp
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concentration gradients and sedimentation. The
chemical composition of the overlying sea water
may be greatly affected by these upward fluxes
across the sediment-water interface. SAYLES
(1979) indicated that in pelagic sediments, during
diagenetic processes, several elements were added
or subtracted from sea water at the rates that
were of the same order of magnitude as the rates
at which they were loaded from rivers into oceans.

The purpose of this paper is to elucidate the
early diagenesis of manganese and phosphorus
in the reducing nearshore sediments from Suruga
Bay based on the knowledges obtained by the
application of the diagenetic model (as BERNER,
1971) to their distributions in the interstitial
waters and, at the same time, to estimate their
upward fluxes across the sediment-water inter-
face.

2. Materials and Methods

Three sediment cores used in this study were
collected in Suruga Bay. During the cruise
BO-80-12 by R/V Bosei Maru-II in August
1980, a 113cm core sample was collected at
Stn. 4 (35°03.8’N, 138°45.6’E, water depth
530 m). Two core samples, 93cm and 90cm
length, were obtained at C-3 (34°39.7’N, 138°
23.8’E, water depth 480m) and C-2-2 (34°46.4'N,
138°26.5’E, water depth 857 m) during the cruise
TO-80-21 by R/V Tokai Daigaku Maru-II in
November 1980. All of core samples were
collected by using a gravity corer with a plastic

-
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Fig. 1. Sampling sites of nearshore sediments
from Suruga Bay, Japan.

inner tube (8 cm diameter).
are shown in Fig. 1.

Stn. 4 is located off the estuary of Kano River
and just at the continental slope topographically.
The general color of this sediment core was
olivish gray in the upper 0-5cm layer. C-3 is
located in the basin at the southwest of Seno-
Umi and the general appearence of its sediment
was brownish gray at the upper 0-20 cm layer
and olivish gray throughout the rest of about
70 cm. C-2-2 is also located in West Seno-Umi
Basin and the general appearence of its sediment
was olivish gray throughout the rest of 80 cm.
In these three sediments, there was not the
odor of hydrogen sulfide. MATSUMOTO and
KINOSHITA (1978) reported that the sedimenta-
tion rate at the site of C-3 was 0.17 cm yr™!
by Pb-210 method.

The core sample of Stn. 4 was sectioned to
5cm divisions. Each of them was put into
thin bags filled with nitrogen gas to avoid air
oxidation (ODA et al., 1979) and was stored in
a 0-1°C walk-in incubator and then transported
C-3 and C-2-2 core
samples were sectioned in the same ways as the
case of Stn. 4. Each of them was also stored
in an about 5°C walk-in refrigerator but was
not sealed with nitrogen gas because of the
short voyage.

The sampling sites

to our land laboratory.

Interstitial waters were gently squeezed in a
0-1°C walk-in incubator by using the squeezer
of MANHEIM (1968) slightly modified in our
laboratory (ODA et al., 1979).

Manganese was directly measured by using
an atomic absorption spectrophotometer (Hitachi
Model 170-50A), and phosphate was colori-
metrically analyzed by molybdenum blue method
(GRASSOFF, 1976). The analytical errors for
manganese and phosphate measurements were
+29% and +5%, respectively.

3. Results and Discussion

3-1. Manganese

Manganese distributions in the interstitial
waters at Stn. 4, C-3 and C-2-2 are summarized
in Fig. 2. Manganese concentration at Stn. 4
is approximately constant at 7.9 pM1™!, which
is several hundred times higher than dissolved
manganese concentration of 0.02 @M 17!, reported
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by KIKUYA (private communication), in the deep
sea water of Suruga Bay. A concentration
peak might be observed at the upper 0-15cm
if manganese in the interstitial waters of such
layer had been measured, as mentioned for the
following case of C-3.

In the upper 0-5cm of C-3, manganese
concentration shows the maximum of 57 pM 17,
and it decreases to 8.2 p¢M1I™! at the depth of
20 cm. Below this depth, manganese concen-
tration remains approximately constant. There-
fore, its distribution pattern indicates that the
layer of 0-5cm may be the reducing zone where
manganese oxides are rapidly reduced to Mn(II)
accompanying the bacterial decomposition of
organic matter. The formation of authigenic
manganese carbonate such as rhodochrosite in
greater depths of this core may be responsible
for the decrease in manganese concentration at

Mn pMmiL
0 50 100

20

Depth in Core (CM)
o~
o

D
o

80

100

Fig. 2. Manganese in the interstitial waters
at Stns. 4, C-3 and C-2-2.

the depth of 5-20cm, if the interstitial water
was oversaturated with respect to such a mineral
(L1 et al., 1969).

Manganese concentration of C-2-2 is much
higher than those in the interstitial waters of
other two cores. Manganese gradually increases
with depth and shows the maximum of 81 pM1™*
at the depth of 70-75cm and the mean concen-
tration is 48.8 uM1~t, The authigenic manganese
carbonate may form at greater depths below
80 cm in this core.

3-2. Phosphate

Phosphate distributions in interstitial waters
are shown in Fig. 3. Phosphate concentrations
at the depth of 0-10cm of Stn. 4 are from
6.27 UM 1™t to 6.93uMI1™!, which are about
three times higher than that in the overlying
sea water (2.8pMI1™Y). Below 30cm depth,
phosphate increases from 2.3 pM 17! to 15 pM 1%
In C-3, phosphate concentrations in the upper
30 cm are nearly equal to that in the overlying

P ML
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Fig. 3. Phosphate in the interstitial waters at
Stns. 4, C-3 and C-2-2.
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sea water. Below 40 cm depth, however, phos-
phate linearly increases from 0.37 uM 17! to 9.89
M1t with depth. In these two cores, the
decomposition of the planktonic organic phos-
phorus may be more active in the lower parts
of the sediments.

On the other hand, phosphate in C-2-2 in-
creases to the maximum of 6.81 pM 17! from
the top to 10cm depth. Then, it gradually
decreases to reach the constant value of 0.98
M1~ below 23cm depth. As mentioned
earlier, the increase in the upper 0-10cm may
be due to the decomposition of the organic
phosphorus, and the decrease at the depth of
10-23cm may be caused by the predominant
precipitation of authigenic phosphorous minerals
such as iron- and/or calcium-phosphate.

3-3. Diagenetic Models of Manganese and
Phosphate

We discuss the diagenesis of manganese and
phosphate in the sediments based on the knowl-
edges obtained by the application of the mass
transport models, so-called the diagenetic models.
The diagenetic equations have been developed
by BERNER (1971, 1980) and LERMAN (1979) in
order to interpret the geochemical behaviors of
elements in natural sediments. Then, in this
paper, we estimate the authigenic mineral pre-
cipitation rate constants and the upward fluxes
for dissolved manganese and phosphate, applying
those diagenetic equations to their distributions
in the interstitial waters.
apply to the
diagenetic equations are follows; sedimentary

The basic assumptions to

processes and diagenesis are in steady state,
porosity of sediment is constant and chemical
reactions (reduction, decomposition, precipitation,
etc.) occur via first order kinetics.

Manganese

As described earlier, in the sediment core of
C-3, the upper layer of 0-5cm may be the
reducing zone where manganese oxides are
reduced to manganous ions, and in the lower
the decrease in dissolved manganese may be
caused by the predominant precipitation of
manganese carbonate with the increase in dis-
solved carbon dioxide accompanying the bacterial
decomposition of the sedimentary organic matter.
Therefore, the major processes controlling the

dissolved manganese concentration are diffusion,

advection, manganese oxide

authigenic mineral precipitation.
The appropriate diagenetic equations are;

reduction and

0 s
—w %ﬂ*k& an (Mn); =0, @D
X
Ao v A
D2 14Kyl
ox ox

+ks, Mn(Mn)s_‘km, Mn(c— Ceq) =0 5 ( 2 >

where C is concentration of dissolved manganese
and C. is that at equilibrium with a given
manganese mineral, (Mn); is concenration of
manganese oxide in sediment, Ds is molecular
diffusion coefficient for manganese in interstitial
water, K is equilibrium adsorption constant for
manganese ion (for details; Berner, 1976), ks, u»
and kn, y» are rate constants for manganese
oxide reduction and manganese mineral precipi-
tation, respectively, @ is sedimentation rate and
x is depth in core. Using these equations,
KATO (1981) has already discussed the diagenesis
of manganese in hemi-pelagic deep sea sediments.

Assuming that the initial and boundary con-
ditions are;

(Mn)s=(Mn)s, o and C=Co at =0,

(Mn)s—0 and C—C., as x—c0,

the solutions of Egs. (1) and (2) are follows;

(M= () e Lo x) @
CeC _{ kx,M7z(A7‘/[n}iO o?
c=Leq Dskgs:Mn+(112<l+K>kS°Mn_w2km’ Mn }

X exp< — —————-—ks;)Mn x> + {C0~ Ceq

4 ]C,g, un(Mn)s, o @?
ngz,g: M"+w2<1+K)ks, Mn_CUka; Mn

o[ L K0 w_l_\/{(H—K)w }2+ 4kw]
Pl 7op, T2 Ds D: |
(4)

On the other hand, the empirical expression
with respect to the actual data of manganese in
the interstitial waters of C-3 can be statistically
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obtained, and that is;

C=7.0—-98.5exp(—2.14 x)
+93.1exp (—0.249 ), (5)
where C is in pM 17! and the curve of Eq. (5)
is illustrated in Fig. 4 with the original data of

dissolved manganese.
Identification of Eq. (5) with Eq. (4) yields;

ks, 1
2o 92 14 em, (6)
=~ Mn ML
0 20 40 60
0
20
=
Caf é
v
o]
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Fig. 4. Manganese in the interstitial water at
Stn. C-3. Data are fitted by the expression:
C=7.0-98.5exp (—2.14 2)+93.1 exp (—0.249 z),
where C is in #M 171

(1+Kwo 1 {(H—K)w}z Wom, 1n
2D, 2 Ds D,

=-0.249cm™!, (7
ks, Mn(lwn)s, 0(1)2
Dik?s, s+ (14 Kkes, yn— 0*kom, 310
=93.1 M 171, (8)

Now, the sedimentation rate, », is 0.17 cm yr™*
at this site (MATSUMOTO and KINOSHITA,
1978). The diffusion coefficient and the equilib-
rium adsorption constant for manganese ion
are assumed to be equal to that for calcium ion,
so that we have D;=48.8cm?yr ! and K=1.4
from the experimental data by LI and GREGORY
(1974). Using these values, we can obtain from

Egs. (6), (7) and (8);

ks, an=0.36 yr‘l,
Fm, =31y,
(Mn)s, 0=56 UM cm™ by interstitial water
=11000 ppm by dry sediment
(porosity =0.9).

These results are summarized in Table 1.

The values of km, ux and kg, are about three
and four orders of magnitude larger than that
for the deep sea sediments reported by KATO
(1981), respectively, whereas the ks, y, value is
about one-twentieth of that estimated for the
shallow water sediments by ELDERFIELD (1976).
This suggests that the diagenetic reactions of
manganese (reduction of the oxides and precipi-
tation from interstitial water) may rapidly pro-
ceed at least in nearshore sediments relative to
On the other hand,
such high value of (Mn)s o estimated for dry
sediment might be found in pelagic sediments

in deep sea sediments.

Table 1. Reaction rate constants (yr~!) and surface concentrations (ppm) of manganese
and organic phosphorus in the Suruga Bay sediments.

Manganese (C-3)

Phosphorus (C-2-2)

— References
km  apGp,o

0.040

2.3 400 in this study

ks Km (AMn)s, 0
0.4 3.1 11000
0.0173
8.2-9.6 1.2-5.5%107%
2.9-3.7x107° 1.0-3.3x107*

0.30
0. 006

HOLDREN et al. (1975)"
ELDERFIELD (1976)%

KATO (1981)®

BERNER (1974)%

KROM and BERNER (1981)%

1) Chesapeake Bay, 2) Loch Fyne, 3) Japan Sea Basin, 4) Long Island Sound.
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(GOLDBERG and ARRIENIUS, 1958). Whereas,
total manganese content in the surface sediments
near this site was only about 500 ppm (MATSU-
MOTO and KINOSHITA, 1978). Therefore, this
means that the greater part of sedimentary
manganese is reducible and is dissolved rapidly
in top few centimeters of this core.
Phosphate

Phosphate concentration of C-2-2 increases
to give the maximum and sharply decreases
with depth. The increase in the upper layer is
due to the mineralization of organic phosphorus
and the decrease in the lower part may result
from the precipitation of authigenic phosphorous
minerals. The major processes controlling phos-
phate concentration are similar to that for
but the term of the reduction is
replaced by that of organic matter decomposition.

The appropriate diagenetic equations are;

manganese,

oG .
- axp ﬂk-\‘;P(’FZOJ (9>
A2 a
0.2C 140 il
ox? ox
+C(pks,p(;p_km, o(C— C€q>:Os a0
where G, is concentration of metabolizable

organic matter in terms of carbon in sediment,
ap 1s the atomic ratio of P/C in the organic
matter, ks, p, is rate constant for organic phos-
phorus decomposition, and other symbols are
represented by phosphate as those in Eq. (2) by
manganese,

Under the following conditions;

Gp=Gyp, 0 and C=C,
Gp—0 and C—Ce, as x—o0,
the solutions of Egs. (9) and (10

at =0,

) are follows;

Gr=Gh, o exp<~ k;”’ an

C: C 7{ apk.s', pGp, 0 (02
o Dskzs, p+w2(l+K)ks, p"‘ﬂ)2k7n; »
X exp(— kzp x) + {Co—— Ceq
+ apks: pGp, 0 w?
D k23 p+ﬂ)2<l+K>k3 p—(t)QI{}m P

1+K>(U _ 1 l‘l‘K 2 4km,p
Xex"[ 2D, \/{ } D ]
12)

20, 1982

On the other hand, phosphate concentrations
of C-2-2 are fitted by the following equation;

C=1.0—-32.5exp (—~0.238 z)
+34.3exp (—0.143 2) , 13

where C is in pM 17! and the curve of Eq. (13)
is also illustrated in Fig. 5.
Identification of Eq. (13) with Eq. (12) yields;

k—;—f’- ~0.238 cm™, (14)
1+ K)w ﬁfl_\/{(l—{—K)w }2+ 2hm o
2D 2 Dy D
=—0.143cm™ as
Op k.c, p(;p, 0 w?
Dsk?s, p+0*(14+ K)ks, p— 0%km, p
=34.3 pM 171, (16
aw P pMiL
0 { 5 10
0 ;
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Fig. 5. Phosphate in the interstitial water at
Stn. C-2-2. Data are fitted by the expres-
sion: C=1.0-32.5exp (—0.238 x)+34.3 exp
(—0.143 =), where C is in pM 171,
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Now, the sedimentation rate at this site is
assumed to be equal to that of C-3 and the
other constants for phosphate are selected as
follows; D;=113cm?yr~! and K=1.8 (KROM
and BERNER, 1980), and «p=0.009 (REDFIELD

et al., 1963). Using these values, from Eqgs.
(14), (15) and (16) we can obtain;

ks, »=0.04 yr!,

fm, p=2.3yr7%,

Gp, 0=390 uM cm™? by interstitial water,

and these results are also summarized in Table 1.

The ks, p values estimated in coastal anoxic
marine sediments, Long Island Sound (BERNER,
1974; KrROM and BERNER, 1981), are one order
of magnitude larger and about two orders of
magnitude smaller than this, respectively. Then,
the value of ks, , may be fluctuated by the kind
of sediments.

The term, apGp,o, represents the metabolizable
organic phosphorus content in the top of C-2-2.
Assuming that porosity and average density of
sediment particles are 0.9 and 2.5gcm™, re-
spectively, ap Gp, o becomes 13 pMg™! for dry
sediment. Furthermore, if ap=0.009, the meta-
bolizable organic carbon content in the top of
the core becomes 1.7% by dry weight.

Unfortunately, we do not have the other
information of kn,p, in sediments during early
diagenesis, except for the values in the Deep
Sea Drilling Project sites reported by LERMAN
(1979).

Upward Fluxes

Flux of mass through interstitial water can
be generally described by the following relation-
ship (BERNER, 1980). At the sediment-water
interface, that is;

Table 2. Upward fluxes of dissolved manganese
and phosphate across the sediment-water inter-
face in Suruga Bay (#Mcm™2yr™?).

Manganese Phosphate
(C-3) (C-2-2)
8.3 0.28 in this study
7.3 6.6 Narragansett Bay!
1.0 interior shelf®
8x107+% 0.13®  whole ocean

1) McCAFFREY et al. (1980), 2) MORSE (1979),
3) MANHEIM (1976).

9
Jo= —¢ODS<—8—C;)O+¢MCO . an

where J and ¢ are flux and porosity, respective-
ly, and subscript 0 denotes the sediment-water
interface (x=0).

Here, ¢o is also assumed to be 0.9 and the
other constants are given earlier. The concen-

N

tration gradient, Tz )y of manganese and

phosphate can be obtained from direct differenti-
ations of Egs. (5) and (13). In Egq. (17), how-
ever, the advective term can be almost ignored.
Then, the results of the calculations are listed
in Table 2.

According to Table 2, the upward flux of
manganese in C-3 is nearly equal to that in
coastal reducing sediment. However, this value
is distinctly different from that for the whole
ocean. The diffusive flux of manganese, 8 x 10-*
tMcem=2yr~!) estimated for the whole ocean
corresponds to 409 of its annual flux entering
the ocean from rivers and streams (MANHEIM,
1976). Therefore, it is suggested that manganese
concentrations in the overlying sea waters in
Suruga Bay may be considerably influenced by
its diagenetic upward flux from sediments.

On the other hand, the upward flux of phos-
phate in C-2-2 is estimated to be 0.28 uM cm™2
yr~!. This value falls between 0.13 M cm™2yr~*
for the whole ocean and 6.6 UM cm™2yr™! in the
coastal sediment. It seemed that the concen-
tration gradients in the upper portion of inter-
stitial water is influenced by the activities of
organisms in the sediment.

In these diagenetic model, the effects of bur-
rowing organisms, current stirring and porosity
gradients on the diagenetic processes of elements
in the sediments are not considered. For ex-
ample, VANDERBOUGHT et al. (1977a) empha-
sized that the bulk diffusion coefficients of dis-
solved elements became about 100 times higher
than the molecular diffusion coefficients due to
wave and current stirring. Therefore, the values
of the rate constants and upward fluxes may
be subject to certain limitations. So the upward
fluxes estimated in this study may be the lower
limits.
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The Ocean Characteristics and Their Change
in the Seto Inland Sea*

Tetsuo

Abstract:

Y ANAGI**

The ocean characteristics and their change in the Seto Inland Sea were investi-

gated with use of transparency, water temperature and salinity data at six straits in the Seto
Inland Sea which were obtained every month from 1964 to 1977. The main water temperature
anomaly from the averaged seasonal variation has the same phase in the whole area and has

the period of around 5 years.

of water temperature of the whole North Pacific.
in the whole area and has the period of around 3 years.

precipitation in the said area.

1. Introduction

The Seto Inland Sea is a long channel whose
length is about 500 km and whose depth is about
30m (Fig. 1). It has four mouths, Kanmon
Str., Hayasui Str., Tomogashima Str.
Naruto Str., whose cross-sectional areas are

0.009 km?, 1.13km?, 0.35km? and 0.025 km?,

and

It has its origin in the open sea, particularly in the variation

Salinity anomaly has also the same phase
It has its origin in the variation of

respectively. The main influences from open
ocean are brought through Hayasui Str. and
Tomogashima Str. Tidal currents, residual flows
and other flow system have been already review-
ed (YANAGI and HIGUCHI, 1979, 1981; YANAGI,
1981). The local ocean characteristics have been
shown by the each Prefecture Fisheries Observa-

T T
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T

{_ KURUSHIMA Str.
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Fig. 1. The Seto Inland Sea. Oceanographic data were obtained at the six straits;

Hayasui, Tsurushima, Kurushima, Bisan, Akashi and Tomogashima.

Meteoro-

logical data were obtained at Matsuyama (1), Takamatsu (2) and Osaka (3).
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*#* Department of Ocean Engineering, Faculty of
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tory but the whole ocean characteristics and
their changes in the Seto Inland Sea have not
been shown yet. Moreover the relations be-
tween such current system and the character-
istics of water temperature and salinity variations
have not been made clear. In this paper it is
aimed to try to make clear the ocean character-
istics and their change in the Seto Inland Sea
with use of transparency, water temperature,
salinity data and meteorological data.

2. Data used for analysis

Each Prefecture Fisheries Observatory around
the Seto Inland Sea carried out observations of
water temperature, salinity and transparency at
many fixed stations every month from 1964.
All data have been compiled by the Fisheries
Agency every year. Such data were utilized in
this analysis. An example of such data is shown
in Fig. 2. As this observation station is situated
in Kurushima Str., water temperature and
salinity are uniform from the surface to the
bottom and they change smoothly all through
the year. The data in the straits are suitable
for research of the long-term variability of whole
area ocean condition, because the straits play
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Fig. 2. Vertical distributions of water tempera-
ture and salinity at Kurushima Straits from
January to December 1977,
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Fig. 3. (a) Year-to-year variations of water
temperature (T), salinity (S), water density
(o¢) and transparency (Tr) averaged over the
six straits. (b) Year-to-year variations of
air temperature (AT), wind velocity (W),
total radiation (Ra) and precipitation (Pr)
averaged over the three stations.
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as a sort of low-pass filter. Here transparency,
water temperature and salinity at 10m depth
of the six straits, Hayasui, Tsurushima, Kuru-
shima, Bisan, Akashi and Tomogashima every
month from 1964 to 1977 were used.

Since observation days are not predetermined
and their distribution is random, a midmonth
data are linearly interpolated using pre- and after-
month data. The meteorological data, month-
ly mean wind velocity, monthly mean net
radiation and monthly accumulated precipitation
were collected at the three meteorological ob-
servatory, Matsuyama, Takamatsu and Osaka,
to investigate the relationships between ocean
condition and meteorological one.

3. Year-to-year variability

Variabilities of yearly averaged oceanographic
data over six stations and meteorological ones
over three stations are investigated (Fig. 3).

TEMPERATURE (°C )

H, Ts. K.
18,0

Water temperature falls down around every 5
or 6 years. This period coincides with the year-
to-year valiability of north-Pacific ocean circu-
lation (KORT, 1970). Salinity falls down around
every 3 or 4 years. This variability well coin-
cides with that of precipitation, that is, salinity
falls down in the year of much precipitation:
The variation of water density has more simi-
larity to that of salinity than to that of water
temperature. ‘Transparency continues to fall
down from 1968 to 1972 but it stagnates from
1973 to 1977. This is due to that the sewage
supplement from land rapidly decreased in 1973
as the special law ‘‘Protection of Marine Environ-
ment in the Seto Inland Sea’ was to be effec-
tive this year.

4. Seasonal variation
The data were averaged every month in 14
years in order to investigate the averaged

SALINITY (%o
H. Ts. K. B. A, To.
34.00

TRANSPARENCY { m )
t Ts. K 8 A Ta

Fig. 4. Averaged seasonal variations of water temperature, salinity,
water density ¢; and transparency over 14 years.
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seasonal variation (Fig. 4). Water temperature
has the whole amplitude of about 16°C at Bisan
Str. while it has that of about 10°C at Hayasui
Str. The maximum water temperature occurs
in September and the minimum one in February.
On the other hand, salinity has the whole ampli-
tude of about 1.5 %0 at Bisan Str. while it has that
of 0.8%0 at Hayasui Str.
occurs in February and the minimum one in
September. The variation pattern of water
density is placed between that of water tempera-
ture and that of salinity. Transparency at Bisan
Str. has minimum value in September.

The similar seasonal variation of the meteoro-
logical data is shown in Fig. 5. The data is

The maximum salinity
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Fig. 5. Averaged seasonal variations of air
temperature (AT), wind velocity (W), total
radiation (Ra) and precipitation (Pr) over 14
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197 |
Wl
Wzl
w3

W |

1975 |

w7 |

temperature (Te) from averaged seasonal variations.

precipitation (Pr) and salinity (Sa).

07 1

WA |

st
1971

un3

1972

1975

1876

U7

Sa.(“lﬂﬂ)

(a) Anomaly of air temperature (AT), wind velocity (W), radiation (Ra) and water

(b) Anomaly of wind velocity (W),

Shadow region shows the negative anomaly.



The Ocean Characteristics and Their Change in the Seto Inland Sea 165

averaged over three stations. The vertical line

in the figure shows the yearly averaged value. ()  TEMPERATURE

Air temperature has its minimum value in ost
February and has its maximum value in August. Ist —‘V\_ —
‘Wind blows rather stronger in winter. Net mode
radiation on a horizontal surface has local mini- ot
mum value in June due to much cloud in rainy *of :
season. Precipitation has large values in April, :ﬂ:ge N NN YA W
June, July and September. ’
-0.5¢

5. Anomaly from the averaged seasonal

variation osp

The deviations from the averaged seasonal 3rd
variation obtained in Section 4 are calculated mode \/ \
.each month at each station. Similar procedure -0} ;'
on meteorological data is also carried out (Fig. osh 3
6). The deviation of water temperature has its he /’
maximum value at Tomogashima Str. This mode  ° :
fact shows that the water temperature anomaly \/
is mainly brought through Xii Channel from oSy 5
the Pacific Ocean. The same anomaly from the N
Pacific Ocean is thought to be brought through H Ts. K. B. A To.ATW. Ra. Pr
Bungo Channel. However, water temperature
anomaly at Bungo Channel is not so large as (b)  SALINITY
that at Kii Channel, because the heat capacity osf
of the former is larger than that of the latter. Ist /\’\
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the water temperature anomaly and the radiation
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one have the negative sense from 1968 to 1973.
The radiation anomaly has the anti-phase to the
wind velocity one but it has not the distinct
relationship to the air temperature one. On the
other hand, the salinity anomaly has its maxi-
mum value at Bisan Str. The precipitation
anomaly shows the similar pattern to the salinity
one, that is, the negative anomalies of precipi-
tation in 1964-1965, 1968-1969 and 1973-1974
coincide with the positive anomalies of salinity.
This fact shows that the salinity anomaly is

(a) WATER

103 Ist mode

S

N
T T TR T T T T

mainly due to the precipitation. We may con-
sider that water temperature anomaly has its
origin in the open sea and the salinity anomaly
has its origin in the inland sea.

6. Principal component analysis

The principal component analysis is carried
out in .order to investigate the characteristic
variabilities of water temperature and salinity
and their relations to the meteorological condi-

tions. The cross-correlation coefficient matrix
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Fig. 9. Power spectra of temporal modes of water temperature and salinity.
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R is calculated with use of oceanographic and
meteorological data.

7’11' Tin
R= . Qo)
Tnt Tnn
R Rl 0-7,] P et l A7£ . .
9= oy T T TNL BT 2>

Here 77 denotes the normalized cross-correlation
coefficient, 0i; cross-correlation coefficient, i,j
observational stations or meteorological factor,
¢t time (month), Nz number of observation 168,
that is 12 months times 14 years, x:, xj; the
anomaly from the averaged seasonal variation
obtained in Section 5. Eigen values and eigen
vectors are obtained by Yacobi Method to satisfy
the following eigen equation.

|R—AII=0 (3

Here 2 is the eigen value and I eigen vector
matrix. We call the spatial mode as each eigen
vector. We can obtain ten spatial modes because
R is calculated with use of six water temperature
or salinity data and four meteorological data.
The contribution ratio of each mode to the total
variation is estimated by the following formula:

Cn:—mﬁL“ %100 .
2 A
n=1
Each contribution ratio C, and accumulated C,
from 1st to 7th mode in order of larger eigen
value are shown in Fig. 7. C, of lst mode of
water temperature and salinity exceeds 30 %} and
accumulated C, to 4th mode exceeds 70% in
water temperature and 74 95 in salinity, respec-
tively. FEigen vectors of 1st, 2nd, 3rd and 4th
spatial mode are shown in Fig. 8. First mode
of water temperature has the positive correlation
in the whole area of the Inland Sea and has the
negative correlation to the wind velocity. Second
mode has the positive correlation in the both
ends of the Seto Inland Sea and has the negative
correlation in the central part. Third and 4th
modes are as shown in Fig. 8a). First mode
of salinity has the positive correlation in the
whole area of the Seto Inland Sea and has the
negative correlation to air temperature and pre-

cipitation. Second mode shows the anti-phase
cross-correlation between the eastern part and
the weastern part of the Seto Inland Sea.

The temporal variability of each spatial mode

is calculated by the following formula;

10
[ Z Zit €ni .

i=1
Here we call the temporal mode as an. en:
shows the eigen vector of zn-th mode at i-th
station. After all the deviation from the aver-
aged seasonal variation x;; is expressed by the
linear combination of each mode;

10
Xyt =2, Qn¢ €ni .

n=1

Here both as: and e, are linear independent.
‘We estimate the predominant period of temporal
variation of each spatial mode by calculation of
power spectrum an: with use of the maximum
entropy method. The result is shown in Fig,
9. First mode of water temperature has the
spectrum peak at the period of 4.6 years and
2nd mode has that at 2.0 years. On the other
hand, 1st mode of salinity has the spectrum
peak at the period of 2.8 years and 2nd mode
has that at 5.5 months. Third and 4th modes
have their spectrum peaks at higher frequencies
and do not have any special dominant peak.

7. Discussion

‘Wide range variabilities of sea condition of
the Seto Inland Sea, from their period of 5 or
6 years to several months are studied in detail.
The variability of water temperature has the
main period of 4.6 years and has the same phase
in the whole inland sea. As it has its origin
in the open sea, it may be possible to monitor
the variability of open sea condition by the
continuous observation of water temperature in
the coastal area. On the other hand, salinity
variability has the main period of 2.8 years and
this period coincides with that of precipitation.
Salinity variability has its origin in meteorological
condition, especially in precipitation of the said
area. The time duration of negative salinity
anomaly induced by precipitation depends in the
water exchange ability in the sea. The residence
time of water in the Seto Inland Sea is about
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1 year after TAKEOKA (1981). This fact shows
that the impact of decreasing salinity every
around 3 years lasts about 1 year.
Year-to-year variation pattern of water density
well coincides with that of salinity as shown in
Fig. 3(a). The averaged seasonal variation
pattern of water density is placed between that
of water temperature and that of salinity as
shown in Fig. 4. These facts show that the
basic seasonal variation of water density depends
on those of water temperature and salinity but
the variation of density anomaly from the seasonal
variation mainly depends on that of salinity.
As the maximum salinity anomaly reaches about
1% and the maximum water temperature
anomaly reaches about 1°C as shown in Fig. 6(a)
and (b), o; changes are expected about 0.8 and
0.2 by these maximum anomalies, respectively.
After all we may consider that the variation
of density current in the Seto Inland Sea due
to density anomaly has more dependency to
Salinity anomaly than to water temperature

anomaly.
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Continental Shelf Waves off the Eastern Coast of Korea®

Jae Hak LEE** and Jong Yul CHUNG**

Abstract: Spectral analysis has been made to investigate the effect of the atmospheric pres-
sure on 12-hourly mean sea level at three stations off the eastern coast of Korea.

Our estimated barometric factor indicates that the response of sea level to atmospheric
pressure fluctuations is non-barometric in most of the frequency range 0-0.5 cycles per day.
In addition, the weighted barometric factor shows seasonal variation. The computed phase
shift and the time lag between adjusted sea levels at different stations suggest a trend of a
wave propagation at 0.24-0.26 cpd from the north to the south, which is found in summer
season only. The predicted phase speed from the nondivergent shelf wave theory, which is
based on our bottom profile, i.e., exponential depth profile, well agrees with our observed

values. Therefore, through this investigation, it was found that this phenomenon might be

interpreted as a continental shelf wave.

1. Introduction

In theory, the sea level reacts as an inverse
barometer to the atmospheric pressure change.
However it does not always respond barometri-
Continental shelf
waves, namely topographic Rossby waves trapped

cally in the coastal region.

over the continental margin, are one of the
essential ingradients of understanding the coastal
region phenomena. The continental shelf waves
have frequencies less than the local inertial
frequency and wavelength much greater than
the shelf width. The waves progress parallel
to the coast in one direction only, like the
classical Kelvin waves. In the northern hemi-
sphere, they travel with their right shoulder
against the coast.

SHOJI (1961) observed similar waves with a
period of several days, moving along the Japanese
shelf. Since HAMON (1962, 1963) first detected
continental shelf waves along the Australian
coast, the evidence for the existence of conti-
nental shelf waves has been accumulated through
a series of analyses made from the tide gage
records and meteorological records; i.e., the
Australian coast (HAMON, 1966, 1967; MYSAK,

* Received April 17. 1982
Presented at the First JECSS Workshop, June
1981 (cf. La mer, 20: 37-40, 1982).

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

1967), the Oregon coast (MOOERS and SMITH,
1968), the North Carolina coast (MYSAK and
HaMoON, 1969), the Japanese coast (ISOZAKI,
1969), and the Bay of Biscay (LIE, 1979). These
waves also have been found in current meter
records, of the west coast of Scotland (CART-
WRIGHT, 1969), Lake Ontario (CSANADY, 1976),
the Florida Strait (SCHOTT and DUING, 1976;
BROOKS and MOOERS, 1977), and the Ghana
coast (HOUGHTON, 1979). CUTCHIN and SMITH
(1973) also have detected the shelf waves in
their spectral analysis of tidal and meteoro-
logical records along with the current meter
records.

ROBINSON (1964) proposed that the non-
equilibrium response observed by HAMON (1962,
1963) was caused by the propagation of baro-
tropic waves, termed continental shelf waves,
along the coast. MYSAK (1967) developed a
more comprehensive model of shelf waves by
including the effect of a continental slope region,
deep stratification, and longshore current.
ApAMS and BUCHWALD (1969) have shown that
the wind stress is the principal driving force,
and that the correlation between sea level and
pressure change is due to the correlation existing
between the changes in wind stress and in
pressure. A more general treatment of the
problem on the generation mechanism by the
wind stress was given by GILL and SCHUMANN
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(1974).

The purpose of this study is to investigate
the effect of the atmospheric pressure on the
sea level along the eastern coast of Korea. The
standard techniques of time series analysis have
been employed to determine (1) energy peaks
at periods of several days, (2) responses of the
sea level to the atmospheric pressure fluctua-
tions, and (3) existence of any time lags between
the sea levels at pairs of adjacent stations. And
also a theoretical analysis has been employed to
explain our observed results.

2. Data and its reduction procedure

The locations of tidal stations in this analysis
are shown in Fig. 1. Tidal data were obtained
by the Hydrographic Office of Korea. For all
stations, the hourly data covered the period
from April 1, 1978 to April 30, 1979. The
tide gage records were read to 1cm.

The locations of weather stations selected for
the present study are also shown in Fig. 1.
The data were obtained by the Central Meteoro-
logical Office of Korea, covering a period from
April 1, 1978 to April 30, 1979 for all the
stations. The data ccnsisted of four observations
per day at 0600, 1200, 1800 and 2400 UT
(Universal Time) and were read to 0.1 mb.

1) Data Reduction Procedure

Sea Levels: The tidal data were fully checked

EEERY

137°

136°

!

i28°

Fig. 1. Location of tidal stations (O)
and weather stations ([]).

by an error detection technique which uses a
low pass numerical filter. The error detection
formula is the form;

X'i=0.75(X;-1+ Xi11)—0.30(X; o+ Xi19)
+0.05(X;_s+ Xs43) ,

where X; and X’; are the ith original and esti-
When the difference
X;—X’; exceeds 12 cm (predetermined standard
deviation), they are replaced by the estimated
values.

Tidal effects were eliminated from hourly tide
data by using two kinds of numerical filters.
The first one is a Cosine-Lanczos filter, as used
by MOOERS and SMITH (1968). The filter has
the following form;

mated values, respectively.

Yz:(Xz+ %Oiif(m) (XL—m+Xz+m))/G,

where f(m)= (l+cos 7m/60) (sin 0.7 7m/12)/(0.7
am/6), G=1+42 Zf(m) and X; is the hourly
tidal data. Thls ﬁlter acts as a low pass filter

with a half-power at 40 hrs (i.e., 0.6 cpd).

The second one is an ideal low pass filter as
used by CHUNG (1979). The filter function is
given by

jlelele] T T ——

——the Cosine-Lanczos filter
—-—-ar ideal low pass filter with weight 75
————— an i(dea: Tow poss filter with weight 12C

RAL DENSITY (cm*/cpd)
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Fig. 2. Spectral density of the adjusted mean
sea level at Sogcho in summer.
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M
H()=Cy+2 5 Cn cos (m{wdt))
m=1

where w=2rnf and Cpn are smoothed weights.
For the comparison with the Cosine-Lanczos
filter, the smoothed weights for various M are
chosen, giving the results in Fig. 2 along with
the results of the Cosine-Lanczos filter.

After filtering, mean sea levels were obtained
for every 12 hour centered on 0600 and 1800 UT.
Atmospheric Pressure: The atmospheric pres-
sure data were also fully checked by the error
detection formula as used in sea level data.
Values deviating from the predetermined amounts
(i.e., standard deviation), 1.6 mb, were rejected
and they were replaced by the estimated values.
For the purpose of estimating 12-hourly mean
value, raw data were filtered by a symmetric
filter, as used by HAMON (1976); .232 (central
weight), .186, .126, .060, and .012. These
filter values were chosen to form a low pass
filter having approximately a half power point
at 54 hrs (i.e., 0.43cpd) (HAMON, 1976). The
mean values were also obtained for every 12
hour centred on 0600 and 1800 UT.

2) Adjusted Sea Level and Final Data Set

According to the hydrostatic hypothesis, the
mean sea level responds as an inverse barometer
That is,
an increase of 1mb in atmospheric pressure
amounts to a decrease in the sea level by 1.01
cm. The adjusted mean sea levels were obtained
by adding the atmospheric pressure minus 1015
mb (the approximate average atmospheric pres-

to the atmospheric pressure change.

sure) to the corresponding mean sea levels.
Finally, the data sets of sea level and atmo-
spheric pressure were stored in the 180 days
record arrays (April 15, 1978 to October 10,
1978 and October 11, 1978 to April 8, 1979 as
the summer and winter seasons respectively).

3. Spectral analysis and result
1) Methods of Spectral Estimation

a) The Blackman and Turkey method

This method first involves the calculation of
which is then
smoothed and Fourier transformed to yield the
spectrum.

the auto-covariance function,

In this study, the spectra comprised
360 data points from 180 days records for each
season with a maximum lag of 50 data points.

The sampling interval is a half day, so the
Nyquist frequency is 1.0cpd. According to
HaMoN and HANNAN (1963) and JENKINS and
WATTS (1968), the degree of freedom and the
bandwidth are given by 8N/3M and 1.333/M
(N, data points; M, maximum lags), respectively.
Hence the degree of freedom is 19 and the
bandwidth is 0.26 cpd in this analysis.

b) FFT method

FEFT (Fast Fourier Transformation) technique
allows direct calculation of Fourier coefficients
of time series data without intermediate esti-
mation of the auto-covariance function. The
calculation of the spectra from the raw tidal
data has been made by NEWFFT program
written by GROSCH and CHUNG (1980). In
analyzing 8640 data points taken from 360 days
records, we set the number of segment (M) to
be 8. Then the number of data points in each
segment (N) becomes 1024 and the resolution
frequency yields 0.27x107¢ Hz with the error
bound ((3/8 M)!/?) of 21.79%;. When we analyse
4320 data points from the 180 days records,
the number of segment is 8, the number of
data in each segment is 512, the resolution
frequency is 0.54x 1076 Hz, and the error bound
is 21.8%.
2) Autospectrum

Figure 3 through Fig. 8 show the spectral
density of the observed sea level, the adjusted
sea level, and the atmospheric pressure at the
stations observed both for the summer and the
winter, respectively.
significance, the 95 9% confidence limits and the
corresponding bandwidth are indicated in the
figures.

As a measure of statistical

In all the summer spectra (Fig. 3 through
Fig. 5), peaks are present in the frequency band
we examined. The peaks are significant at
0.24-0.26 cpd for Sogcho and Mugho, at 0.24
cpd for Pohang. These peaks are all found in
the observed sea level, the adjusted sea level,
and the atmospheric pressure. The spectral
frequency band possessing significant peaks of
Sogcho and Mugho records implies that the
energy density of the adjusted sea level is larger
than that of the observed sea level and the
atmospheric pressure. The spectral density of
zero frequency is found to be extremely high.
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It might occur from the fact that the annual
term, amplitude about 20cm, was not removed.
So, they might be explained more clearly by
analyses of monthly or annual sea level changes.
In the winter spectra (Fig. 6 through Fig. 8),
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Fig. 3. Spectral density at Sogcho in the

summer season.
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Fig. 4. Spectral density at Mugho, Gangreung
in the summer season.

small peaks are present. However these peaks
are not significant, because they are within the
confidence limits. The adjusted sea level spectra
show considerable energy peaks, indicating that
the isostatic adjustment (1.01 c¢cm/mb) was not

1cco T T

&--~4 OBSERVED SEMIDAILY SEA LEVEL
Bt @ ADJUSTED SEMIDAILY SEA LEVEL
°——° SEMIDAILY ATMOSPHERIC PRESSURE

BANDWIDTH
—

SPECTRAL DENSITY (cm® or mb*/cpd)

0.1 L i L
0.2 c.3 G.4 .5

FREQUENCY (cyclessdey)

o
©

Fig. 5. Spectral density at Pohang in the
summer season.
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Fig. 6. Spectral density at Sogcho in the
winter season.
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effective.

Figures 9 and 10 show the spectral density
of the raw tidal data processed by FFT. Peaks
are found near 0.26 cpd in the summer records
except for the part showing tidal periodicities.
However, there is no peak at low frequencies
for the winter record (Fig. 10).
are consistent with those shown in Fig. 3 through

These results
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Fig. 7. Spectral density at Mugho, Gangreung

in the winter season.
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Fig. 8, which were computed by the Blackman
and Turkey method.
3) Barometric Factor

The barometric factor can be determined as
a function of frequency. The barometric factor
b(f), (i.e., the co-spectrum between the ob-
served sea level and the atmospheric pressure to
the autospectrum of the atmospheric pressure),
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Fig. 8. Spectral density at Pohang in the

winter season.

SPECTRAL DENSITY {em?/cpd)

ot L

— RAW DATA
FILTERED DATA

Q

1.0
FREQUENCY

2.0
cpd

3

0o 20

[}

60

)
80 100

(172.7x10°%) Hz

Fig. 9. Spectra of the raw tide data and the filtered data at Sogcho in summer.
Filtering function is an ideal low pass filter with weight 120.
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Fig. 11. Barometric factor versus frequency

for Sogcho, Mugho-Gangreung, and Pohang
in the summer season.

was computed. The computed barometric factors
for all the stations both for the summer and
the winter records are shown in Figs. 11 and
12.  Generally, the barometric factor is greater
than 1.0l cm/mb, and also it varies with the
frequency . The higher values of the barometric
factor appear in the range of 0.22-0.32cpd for
all the stations for the summer records. In the
case of winter records, they appear at two
subranges, 0.22-0.24 cpd and 0.30-0.32 cpd, for
Sogcho and Mugho, in 0.28-0.30 cpd for Pohang.
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Fig. 10. Spectra of the raw tide data and the filtered data at Sogcho in winter.
Filtering function is an ideal low pass filter with weight 120.
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Fig. 12. Barometric factor versus frequency for
Sogcho, Mugho-Gangreung, and Pohang in the
winter season.

The weighted barometric factor was obtained
by taking a weighted average of &(f) over
frequency. Table 1 shows the weighted baro-
metric factor. Our computed barometric factors
indicate that the isostatic hypothesis does not
hold for all frequencies and that an abnormal
phenomenon exists.
4) Cross Correlation

The cross correlations between the adjusted
sea level at different stations for each season
are shown in Figs. 13 and 14. In case of the
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Table 1. The weighted barometer factor.

. Summer Winter
Stations (cm/mb) (cm/mb)
Sogcho 1.28-0.18 1.20=0.16
Mugho-Gangreung 1.27=£0. 18 1.23£0.17
Pohang 1.20£0.12 1.11+0.12
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Fig. 13. Lagged cross correlation between the
adjusted sea levels in the summer season.
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Fig. 14. Lagged cross correlation between the
adjusted sea levels in the winter season.

summer, the maximum correlation between
Sogcho and Mugho appears at time lag of half
day, and one day for Mugho and Pohang, while
in the winter it is located near zero time lag.
The time lag at the maximum correlation re-
presents a weighted mean of the phases at

SQUARED COHERENCY

~— MUGHO-POHANG
=-— S0GCHO-MUGHO

180

PHASE (degree)

FREQUENCY (cpd)
Fig. 15. Squared coherency and phase
spectra in the summer season.
different frequencies. According to our cross
correlation analysis, it implies that a certain
phenomenon such as a southward travelling
signal existed. The direction of propagation in
this phenomenon is consistent with that of the
continental shelf waves.
5) Cross-spectrum
The squared coherency and the phase spectrum
obtained from the cross spectra of the sea levels
give the correlation and the time displacement
of one record with respect to the other as a
function of frequency, using the adjusted sea
level data. Computations were made for Sogcho
versus Mugho and for Mugho versus Pohang,
for the summer season. Figure 15 shows the
squared coherency and the phase spectrum. As
a test of statistical significance, the 959 con-
fidence levels for the squared coherency and for
the phase spectrum are indicated in the figure.
The squared coherency for the Sogcho versus
Mugho is greater than the 959 confidence level
at 0-0.18 cpd and 0.24-0.32 cpd. For the Mugho
versus Pohang, the squared coherency is signifi-
cant at the 959 confidence level at frequencies
0-0.18 cpd and 0.24-0.34 cpd. Except 0-0.18 cpd,
the maximum of the squared coherency occurs
at 0.26 cpd for the both station pairs. The phase:
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differences of the frequency at the squared co-
herency maximum between the station pairs, the
Sogcho versus Mugho and the Mugho versus
Pohang, are 60° and 70° respectively. The phase
differences are interpreted as the lag time, be-
cause the observed phase shift seems to be caused
by the propagation of the signal from north to
south, which is in the same direction as that
of the continental shelf waves at northern hemi-
sphere. This result is also consistent with the
interpretation of the cross correlation analysis.

The observed phase velocity at any given
frequency f can be obtained from the phase
shift by the following expression;

c=L/=(f)=2zfL/6(f),

where 7(f) is the time lag, 8(f) is the phase
shift and L is the distance between two stations.
‘Our computed phase speed between Sogcho and
Mugho, where L is 90km, is 140km/day and
for Mugho and Pohang, where L is 190 km, is
250 km/day at frequency of 0.26 cpd.

4. Theoretical considerations

Some of theories on continental shelf waves
were analyzed in order to find out a theory,
which could properly explain our findings than
others along with the boundary conditions of
our bottom topography.

1) Robinson and Mysak’s Shelf Wave Theory

According to ROBINSON (1964), the sea level
would be the result of the isostatic response
plus the elevations due to travelling waves
initiated by the pressure variations or wind stress
correlated with pressure. The sea level would
be then regarded as containing the sum of the
isostatic responses to the atmospheric pressure
and the elevation due to the continental shelf
waves. So, the continental shelf waves could
either increase or decrease according to the
apparent barometric factor.

In general, the continental shelf waves in
mid-latitude have long wavelengths (1>, A:
wavelength, /: shelf width), low frequencies
(w<f, w: wave frequency, f: inertial frequen-
¢y), and small amplitude (a few centimeters).

Robinson’s model implies that it could have
infinite number of modes, i.e., the first mode
has an antinode at the coast, decaying expo-

nentially seawards from the shelf edge, while
higher modes have nodes and antinodes in shelf
region. And also the shelf waves travel in one
direction only and they are nondispersive.
ROBINSON (1964) has proposed that the phase
speed, C=w/k, is

C=—A4f1/7%;,

where f is the Coriolis parameter, [ is the shelf
width and 7o; (j=1, 2, ...) is defined as the roots
of the zeroth order Bessel function of the first
kind. For the fundamental mode, C= —f1/1.44.

To apply the Robinson’s model on this analysis,
the 200 m contour line was taken to be the edge
of the continental shelf (Fig. 1). The averaged
shelf width between Sogcho and Mugho is about
10 km, and that between Mugho and Pohang is
about 25km. The distance from Sogcho to Mugho
is 90km, and the distance between Mugho and
Pohang is 190km. The Coriolis parameters
were taken from the mean latitude between the
two pairs of stations. The Robinson’s model
predicts that the continental shelf waves have
a phase speed of 50 km/day between Sogcho and
Mugho, and 130km/day between Mugho and
Pohang. These predicted values are much lower
than our observed phase speeds.

MysAK (1967) presented a more comprehen-
sive model which include effects of a linear
slope at the edge of the shelf, a mean current
and a deep sea stratification. It was found that
the predicted phase speeds of the Mysak’s model
are about twice as that of the Robinson’s model.

It should be noted that the both models are
based on the assumption, i.e. the bottom profile
has a linear slope at the shelf, and it drops
off towards a flat deep sea region. But our
bottom topography looks more like an expo-
nential depth profile.

2) Exponential Depth Profile Model

The fluid is assumed to be inviscid, incompres-
sible and homogeneous. A right-handed Car-
tesian coordinate system (z,7,2) is introduced,
with the positive z-axis vertically upwards. Let
{(x,vy,=) and h(x,y) denote the elevation of the
free surface above the equilibrium level and the
depth respectively. Then, a set of the linearized
equations of motion in the case of uniformly
rotating shallow water is given by
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with the equation of continuity,

dhu) | d(hv) | §C
Tor "oy Tt (P

where # and v are components of the velocity
in the x,7y directions, ¢ is the acceleration of
gravity and f is the Coriolis parameter.

To perform the scale analyses of the topo-
graphy and the motion, two assumptions are
introduced: 1) f-plane approximation in which
the slope of the bottom topography is sufficiently
large so as to dominate the S-effect, i.e. [FA|>
h/Retan . For our study region, the depth
h=0(2x102—10°m), R tan §=0(6%x10°m) (R.:
radius of Earth, €; latitude), and /=0 (10*m)
{l: shelf width). Hence, |Fh|=~0(10"%), h/R.
tan #~0(10%). These values satisfy the con-
dition of jf-plane approximation. 2) Rigid-lid
approximation, in which e¢«€1. The parameter
e=f%2/gh is square of the ratio of the geo-
metric length scale () to the Rossby deformation
radius R=(gh)'?/f. If e=(/R)*K]1, from the
point of view of the vorticity balance, the free
surface appears to be a rigid (PEDLOSKY, 1979).
For the studied region, € is smaller than 2x 1073,

which certainly satisfies e<1, The assumption

Fig. 16.

Shelf profile model.

e=0 implies the motion is horizontally non-

divergent. Consequently, in this case the ver-

tical displacement can be neglected in the equa-

tion of continuity, so that the equation becomes
ohu)  0(hv)

e +W=0, (4)

This allows us to use a mass-transport stream
function ¢

=28 =20 (5)
ox oy

Subtracting equation (1) from equation (2) after
partially differentiating them with respect to x, ¥y
respectively and then, using equations (4) and
(5), one finds the vorticity equation

DETEoRIeE)
HH-REE ©

Let assume that the depth profile has the form
of

—bx <z
h(x):{hoe , 0<a<! 7

h , <z

where h;=hee "’ so that A is continuous at x=1.
Appropriate values for the shelf near Mugho are
found to be hy=10m, A;~1000 m, I~6x10*m
and b/~4.6, respectively. Figure 16 shows the
resulting model of the shelf profile.

For the waves travelling parallel to the coast,
we assume that

@z, y, 1) =0(x) e kv=ot, (8)

In the shelf region, equation (6) becomes, after
some manipulation,

29 dd AV
7&?4—2;—(——&} —Hc)cDAO (9

and in the deep ocean (6=0),

>0

Nl /Y 7¢) P

Tat kE9=0. ao
For trapped waves, the boundary condition is
given by Au=0 for all y at the coast, hence
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?(0)=0. In the deep ocean, the amplitude of
the trapped waves decays, hence ®—0 as x—oo.
The solutions of equations (9) and (10) are

b
O;=Ae2” sin mx, an
Qo= Be Ikl a2

where A and B are arbitrary constants and m is
determined from

2 .
ik (B g
2 ®

At z=I, the elevation of sea level { and the
normal transport Au are continuous, so

O(1)=0o(D)
a0, do, (14)
dx lz=1  dx|e=1’

From the equations (11), (12) and (14), we obtain
tan m=— be”- . a5
5T k|

Equations (13) and (15) give the theoretical
properties of the shelf waves. Equation (13) can
be rewritten in the form of

o\ _ b
<7€—>i4 md+kE+(b/22° 16)

where subscript ¢ denotes the mode number of
the waves and m; is the 7th solution of equation
(15). In the northern hemisphere, >0, so (w/k);
is negative and waves propagate with the phase
velocity in the negative ¢-direction only. But
the group velocity has opposite sign for the wave
number k.

(k—0),

In the case of very long waves,

<%>i: - mﬁ(O)&J{’(bE)‘?'

an

This indicates that w; is approximately linear in
k. Consequently, the phase and group velocities
are equal and nearly constant.

For near Mugho, &/ and m:(0) are found to
be b/=4.6, and 7m:1(0)=2.3, being computed by
the method of BUCHWALD and ADAMS (1968)
using our local value of f=8.88x107%rad/sec.

Hence the southward velocity of long shelf waves
is computed as 230 cm/sec or 200 km/day, which
agree with our observed values, 140km/day-

250 km/day.

5. Discussion of results

The spectral analysis of sea level and atmos-
pheric pressure shows that the adjusted sea levels
have energy peaks in the frequency band 0-0.5
cpd. This result indicates that the isostatic
hypothesis does not account for sea level varia-
tions. Another significant peak which appeared
near 0.26 cpd in summer records for all stations,
indicates the existence of a phenomenon with
period of 0.26 cpd. The barometric factor in
the region having significant spectral peaks
shows an apparent increase in the response of
sea level to atmospheric pressure. It is difficult
to explain higher peaks occurred at zero frequen-
cy. However, they might be associated with
monthly or annual sea level changes.

The cross correlations between the adjusted sea
level at different stations, the squared coherency,
and phase spectra for our summer records indi-
cate that a southward travelling signal exists,
which is consistent with the propagation direc-
tion of the continental shelf waves. According
to LE BLOND and MYSAK (1978) and PEDLOSKY
(1979), there is an exact dynamical equivalence
between the variation of the Coriolis parameter
with latitude, and variations of topography in
the presence of constant f. Topographic Rossby
waves occur when topographic S-effect is greater
than planetary S-effect.
region of the eastern coast of Korea, the slope
of bottom topography, 0(107%-1072%), is greater
than that of equivalent topographic gS-effect,
0(107%. Therefore, the topographic pg-effect
dominates the planetary g-effect at the region

In the continental shelf

we examined and the topographic Rossby waves,
namely continental shelf waves in this case, can
occur at the continental margin. The travelling
signal has properties that > and A>I (0=
0(107%), f=0(10"%), =0(10%), and A=0(107-10%)),
which satisfy the characteristics of continental
Hence, the travelling signal may
be interpreted as continental shelf waves.
Continental shelf waves are essentially caused
by changes in potential vorticity when fluid

shelf waves.
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elements are displaced up or down the slope by
some driving force. ADAMS and BUCHWALD
(1869), and GILL and SCHUMANN (1974) insist
that as one of the characteristics of the shelf
waves the vortex stretches over the shelf due
to an oscillating vorticies. In the present study,
we found a similar phenomenon in the relation-
ship between the spectra of sea level and those
of atmospheric pressure, suggesting that the
travelling disturbance might have been generated
by the atmospheric pressure fluctuations. How-
ever, it could be possible that the wind stress
also acts on shelf waves as a driving force, in
view of the fact that pressure fluctuations tend
to be highly correlated to the changes in the
wind stress. At any rate the driving mechanism
of the shelf waves is worthy of further investi-
gations.

Our observed phase speed appears to be in
better agreement with the theory of nondiver-
gent shelf waves. DBased on our findings, it may
be concluded that stratifications, longshore cur-
rents (branches of the Tsushima current), .and
topographic irregularities all seem to be respon-
sible for the generation of the continental shelf
waves, at least in the regions we investigated.

6. Conclusions

1. The result of the autospectral analysis
shows that the adjusted sea levels have energy
peaks near 0.26 cpd for all stations during the
summer. This result indicates that the isostatic
hypothesis does not account for sea level vari-
ations. Any statistically significant periodicities
don’t exist for the adjusted sea level data in
winter.

2. The barometric factor indicates that the
response of sea level to atmospheric pressure
The weighted
barometric factor shows seasonal variation.

3. The cross correlations between the adjusted
sea level at different stations, the squared co-
herency, and phase spectra for summer records
indicate existence of a southward travelling
signal.

4. The predicted phase speeds of the non-
divergent shelf wave theory, based on exponential
depth profile model, well agree with the observed
The phenomenon of wavelike motion,

fluctuations is non-barometric.

values.

which we found through this investigation, might
be interpreted as a continental shelf wave.

5. The driving mechanism of the shelf waves
And also the
detailed investigations on the effects of stratifi-
cations, current, and topography will be left
future.

is worthy of further investigations.
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Dynamic Response of a Savonius-like Rotor to
Unsteady Flows*

Hideki NAGASHIMA** and Moriyoshi OKAZAKI**

Abstract: Response of a rotor type current meter to a stepwise or a sinusoidal change of
current speed is studied by a simple two rotor-vane model. The characteristics of the rotor
are described by two nondimensional parameters; one is the ratio 7 of the normal drag co-
efficients of both sides of a rotor vane, and the other is the nondimensional moment of inertia.
The model is applied to a unidirectional flow, whose magnitude fluctuates sinusoidally, and
the positive errors in current measurements are estimated and are well in agreement with
those in laboratory experiments by KARWEIT (1974). The response of the rotor to a pure
oscillatory flow is also examined by the model and the results are favourably compared with
those of laboratory experiment for the Savonius-like rotor. The results shows that the
“‘apparent’ current is erroneously recorded by the rotor type current meter. The magnitude
of the ‘“‘apparent’ current is 80~90 % of the maximum velocity of the oscillatory current.

1. Introduction

The rotor type current meter is frequently
used as a current sensing device in ocean re-
search. For steady flows, the averaged rotational
frequency of the rotor is almost linearly related
to the speed of the surrounding fluid. How-
ever, the real flows are at least unsteady and
fluctuated, especially much in the surface layer
due to wind waves, turbulence and so on. It
is well known that such unsteadiness of the
flow produces errors in current observation.
SAUNDERS (1976) reports that the Aanderaa
current meter with a savonius-like rotor gives
mean currents two or three times as strong as
those by VACM (vector averaged current meter)
in the JASIN °72 experiment. A systematic
current meter intercomparison experiment
(CMICE 76) is conducted by BEARDSLEY et al.
(1977) and shows that the Aanderaa current
meter overestimates current speeds. The cause
of the overestimation is considered to be due to
the equal sensitivity of the rotor for any current
directions, the fluctuation of mooring systems
and so on, in connection with sampling intervals.

The estimation of the error for the Savonius
rotor is already reported by KARWEIT (1974)

* Received December 25, 1981
** Institute of Physical and Chemical Research,
Hirosawa, Wakoh-shi, Saitama-ken, 351 Japan

based on the laboratory experiment for sinu-
soidally fluctuating unidirectional flows. It is
found that the error E is apparently positive
and any unsteadiness in the flow produces a
systematic bias in readings.

Dynamical considerations for meteorological
anemometers, such as cup anemometers and
rotation vane anemometers are investigated by
many workers (MACCREADY, 1966; RAMA-
CHANDRAN, 1969; KONDO et al., 1971; KANA-
NOV and YAGLOM 1976). They solve similar
dynamical equations and evaluate the so-called
U-error for rotation anemometers. These works
are for the case in which fluctuations are much
smaller than mean wind speeds. In the ocean,
however, fluctuations are rather large and some-
times an oscillatory current with a zero mean
velocity is found such as orbital motions due to
wind waves. Therefore, it is necessary to in-
vestigate a response of a rotor under such

conditions.
The equation of rotor rotation is written by
do )
I =N 1
=N, (1)

where o, I and N are an angular frequency of
the rotor, its moment of inertia and the torque.
N is mainly due to the hydrodynamical torque
which depends on the positions of rotation vanes
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in relation to the direction of the current. Itis
very difficult to evaluate the torque exactly
because of the complexity of the flow around
the rotor.

In this paper a simple 2-vane model is pro-
posed and the response of the rotor is investi-
gated by solving the equation of the rotor
rotation. This model is applied to a unidirec-
tional flow, the magnitude of which fluctuates
sinusoidally. The results are favourably com-
pared with the Karweit’s experimental data.
Numerical calculations are extended for the case
of a sinusoidal fluctuation with a zero mean
velocity and compared with the results of labo-
ratory experiments.

2. Equation of rotor rotation

A rotor type current meter has several rotation
vanes. As shown in Fig. 1, the hydrodynamical
torque N; acting on the z-th rotation vane at
the angle & may be written by

Ti

Fig. 1. Schematic view of rotation of a vane.
Water flows upward with its speed of U, a
vane rotates counterclockwise in this plane
with the angle #. Hydrodynamical torque is
supposed to act on the point, whose distance
from the axis of rotation is denoted by re.
X_;and Ue denote tangential velocity of the
point and the fluid velocity relative to it, re-

spectively, and « the angle between these two
vectors, ¢ the angle between current direction
—

and the direction of the vector Ue.

]\‘?Z%pSCn(a) UA0)r.

dU

U,
~+ osdr,Cula) P 2>

where p is the water density, Cp(a) the normal
drag coefficient for a rotation vane at angle a,
a the angle between the tangential direction of
rotation and the direction of a relative velocity
Z}e of the vane, s the area of the vane, d the
thickness, and 7, the effective distance between
the axis of rotation and the vane (FUJINAWA,
1977). The second term in (2) is the torque
due to the virtual mass, where Cx(a) is the
added mass coefficient. U,(f) (=|U.|) is con-
nected with the current velocity U and the
angular frequency o of the counterclockwise
rotation by the following relation:

Ue=(U?+rl0?—2Urem cos )12, (3)
and

a=0+¢, (4>

gb:sin“( rgf-l) sin t9>. (5)
L"e
The evaluation of the torque N; is difficult be-
cause of unknown parameters, Cpla), Cx(a)
and r.. Even if these values are given, it is
very complicated to sum up the torque N; for
all vanes and to solve the equation (1). Then,

<
— O
o Co

ie

Ml

Fig. 2. Schematic view of the two rotor-vane
model. Hydrodynamical torques acting on a
rotor shown in left-hand side are simplified to
be torques acting on virtual two vanes, one of
which has a position with its concave side
against flow direction, and the other with its
convex side. Normal drag coefficient of each
side is denoted by Cp* and Cp~, respectively.
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we simplify the torque Y N; by considering two
virtual rotation vanes as shown in Fig. 2 instead
of taking real all vanes into consideration. One
has the position of §=0 with the drag coefficient
Cp*, the other #=n with the coefficient Cp~,
where Cp™ is greater than Cp~. As the second
term of (2) is negligibly small (detailed order
estimation is given in §4), the torque N in (1)
acting on the two vanes is given by

- %psre[cnww)? — o (U],
| (Ue20)
N¢ (6)
{ =— %PSTeCD“[(Ue”)Z+(Ue')2],
(U0,

where Ut =U—rw, U =U+r.w. This is a
simple expression of the torque which rotates a
rotor. The basic characteristics of the torque,
‘however, seem to be well modeled. Now, let
us consider that the current U changes sinu-
soidally with its amplitude #max around the
averaged velocity U, hence, U is given by

[]:Uo‘}‘umaxSin,Bt, (7>

where B denotes the angular frequency of the
sinusoidal fluctuation of the current.
With the following characteristic scales

max

u
o= and 8§,

€ [4

[Ohed

the nondimensional form of (1) is derived:

A% =p(l+4fsint’—Y)?
—7(1+fsint’—Y)?, (8)
where
Y=w/wo, y=Cp/Cp",
f=o1/0(=umux/Us), t'=0¢,
A=2I8/psr’Cp*w,,
{-——1; (1+fsint/—Y=0)
=—7: (14+fsint/— Y<0)

and the prime in #’ is hereafter neglected for
simplicity.

3. Results

Constant flow: In the case of a constant

flow U,, the equation (8) becomes

pA=YP=y(1+Y). (9
Since the value of p in this case is 1, the solu-
tion of the equation (9) is given by

— 1f \/T —
Y= 14 vy =g(1). 10

The solution (10) can be expressed by

rews=Uog(r) , an

where w; denotes the angular frequency of the
rotor in the steady state.

Response to abrupt changes of flow: Next we
calculate the equation (8) for the stepwise change
of current speed as follows:

(a) U=0, t=0 and U=U,, t>0
(acceleration) , (12)
and
() U=Us, t<0 and U=0, 1>0
(deceleration) . (13)

In these two cases the equation (8) becomes

a2l pu-yy-atyy, A

where 8 in A is replaced by wo,. In the case
(a), since U.* (=U—rew) in (6) has a positive
value for £>0, the torque N is given by 1/2 -
osrel Cpt(Ue")?—Cp~(Ue™)*]. Thus, we can put
2=1in (14) and the solution for £>>0 becomes

y— 00 —exp (447/A0)

PN —exp dy/Aw) O

where Y=0 (at t=0) is used as an initial con-
dition. The non-dimensional time constant 74
can be expressed by

R
Y
On the other hand, in the case (b), since U.*
in (6) has a negative value for ¢>0, the torque
N is given by —1/2 - psreCp [(Ue*)24(Ue)2].
Moreover, as the constant flow is absent for
positive ¢, the relation (Ue™)?=(Ue*)?=(rew)? is
derived. Thus, the |right-hand side of the
equation (14) is reduced to —2rY? The solu-

16)
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tion for ¢>0 becomes

11 2
_— =t —1, 17

Y o0 A an
where the relation (10) is used at #=0. The
solution (17) is rewritten by

Y=¢() A+¢/mp)7", as)

where 7p=A/27¢(y). Inspecting (15), we see
that Y shows exponential growth, but from (18)
Y does not decay exponentially. Furthermore,
the ratio, denoted by 74p, of the above two
time constants is given by

Tap=7p/Ta=27"" 2 g(1) ™!
=21+ V(Vr=n"" )
Note that 74p is a function of y only and does
not depend on any other parameters. GAUL et

al. (1963) investigated dynamical properties of
the Savonius rotor, e.g., response of the rotor

o oretotions! freg,

@yt rotational frea, for steacy speec

- -0.084 KTS

33 b ~
1
Feb \ N TTER
3 L .
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- \ - 1
~
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.01 T S | 1 | ! 1 |
= 510 15 20 25 30 % 4 &
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Fig. 3. Rotor response to abrupt change between

zero and steady speed. This figure is quoted
from GAUL et al. (1963) and is rewritten in a
semi-logarithmic space. A positive sign denotes
change from zero to steady speed; negative
vice versa. Abscissa represents the time after
the step change of towed speed. Ordinate
represents ®/ws for negative change, and
1—w/ws for a positive change. The time
constant tp* is estimated from the dotted line.

to abrupt change of a flow speed between zero
and non-zero costants. Their results shown in
Fig. 3 indicate that the rotor decays towards
zero much more slowly than it accelerates and
the decay rate is a function of step change
magnitude. In the present model, the dimen-
sional time constant Tp* is given by

I L
79(7)esre’Cp* U Us

(Il

. @

As L is almost independent on fluid speed Ub,
7p* is inversely proportional to Us. The differ-
ence of the decay rates in the all cases is much
conspicuous just after the abrupt change of a
flow speed occurs. This might be caused by
the wake induced in the wave tank as they
described. So, it is difficult to estimate the value
of zp*, though the dimensional time constant
4% is easily estimated. If we estimate 7p* from
the decay curve for large ¢, 74p is calculated to
be 15.2 approximately. The corresponding value

0.60 0.80

ANGULAR FREQ.

\

—— T e
200 4.0 8.90 12i0e | i6.00  20.00  24.00 2890 32.00  35.60  45.00

TIME
Fig. 4. Time history of normalized rotational
frequency for a unidirectional flow, the magni-
tude of which fluctuates sinusoidally (f=0.2).
For comparison, a case of nonfluctuation (f=0)
is also shown. (a) for the case of y=0.2 and
A=1.0. (b) for the case of y=0.1 and A=5.0.
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of 7 is derived from (19) to be 0.038 approxi-
mately.

Response to an oscillatory flow

Case a (Up>umax): As it is difficult to obtain
a general solution of the equation (8) analytically,
(8) is reduced to a difference equation. Forward
difference scheme is adopted and (8) is inte-
grated numerically with the nondimensional time
interval of 0.01. This means that the equation
is integrated about 600 steps within an oscillation
of current. Typical two examples are shown
in Fig. 4. One is the case in which the values
of v and A are 0.2 and 1.0, respectively. The
time history of the normalized rotational fre-
quency Y for f=0.2 is compared with that for
the constant flow (f=0). No significant differ-
ence is found between the value for f=0 and
the averaged value Y for the oscillatory current.
Each value is 0.382 approximately and is in good
agreement with that of the analytical solution
(10) for a steady flow. When the flows are
stopped at £=20, Y decreases gradually. The
time constants of deceleration are larger than
those of acceleration as the equation- (20) indi-
cates. The other example illustrated in Fig. 4b
is the case in which the values of 7 and A are
0.1 and 5.0, respectively. The averaged ro-
tational frequency for the oscillatory flow is
clearly larger than that for the constant flow.
This evidence suggests that unsteadiness of the

1.0

a0 0 b x & %«

0.5

E(=( =Y /Y

Fig. 5. Normalized error E in measurement of
unidirectional current. Abscissa represents the
magnitude of fluctuation of current relative to
the constant flow. Three lines indicate for
various values of y. Iere, the value of A is
fixed to be 5.0. Symbols indicate experimental
values quoted from KARWEIT (1974).

flow sometimes produces positive errors in cur-
rent observation.
The normalized error E is defined by

Y—-Y,

E=
Y,

@D

where Y, is the solution for constant flow, and
Y is for the flow oscillating around the same
constant flow and is estimated from the average
of the last ten of 100 oscillations. As is readily
seen from the equation (8), E is a function of
¥, A and f. Three curves in Fig. 5 show the
estimated error E as a function of f for three
different values of y with A=5.0. The results
indicate that the smaller the value of 7y is and
the larger the amplitude of oscillation is, the
larger the error E is. The dependence of E on
A for a constant value of y (=0.04) is shown
in Fig. 6. This figure indicates that E increases
with A and becomes almost constant for large
A. From (16), the dimensional time constant
4% is given by

T T T A
ket 2 =, —
T4 5= A= oo iy 22)
Hence, the ratio 74*/T is A/8z+ 7. When 7=

0.04, the relation 74*/T =1 corresponds approxi-
mately to A=5.0. Thus, it could be concluded
that if a period of oscillation is shorter than or
equal to the response time of the rotor, E does
not depend on A (or t4*/T), on the other hand,
if it becomes much longer, E decreases and tends
to be zero.

1.0
¥=0.04
o £=1.0
~
~ 0.5
> i
R 0.7 '
= i
I H
- 0.5
! |
N ;0.2
.5 10

A

Fig. 6. Dependence of the normalized error E
upon the parameter A. Here, 7 is taken to
be 0.04.
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KARWEIT (1974) studied response of the Savo-
nius rotor experimentally. His experimental
values are plotted also in Fig. 5 and show that
the error E increases with f. The numerical
curves are in agreement with his experimental
data qualitatively and the value y=0.04 derived
already from the Gaul’s data is also recognized.

Case b (Up=0):
latory flow, U, in (7) is neglected and a non-
dimensional form of the rotation equation similar
to (8) is obtained by using the characteristic
scales w1 (=umax/7e) and B as follows:

For the case of pure oscil-

L = psin ]~ Y —r(sin el + Y%, (28)

A’
where A’=2I3/psre® Cptwr and Y =w/w:. A
numerical solution of (23) for y=0.04 and A=5.0
is shown in Fig. 7. Although the averaged
current speed is zero, the rotational frequency
becomes to have a positive mean value Y
(=ww/®1). Thus, the current meter will errone-
ously record a mean current denoted by U,
(or rewy). With the aid of the relation (11),
the ratio of Uy to #max is given by

Uw 1 <r¢w> Yo

- W) 9

@49

Umax TeW1

In this case, since ¢(7)=0.667 and Y, =0.557,
the ratio Uw/#tmax is 0.835 approximately.
Dependence of Uw/#max upon y and A’ is illus-
trated in Fig. 8. The value of Uw/tmax de-
creases when 7 increases, and has almost con-
stant values for large y. On the other hand,
the value increases with A’, and for the value

T=0.04  A<5.0

1.00

.80
S

0.60

40
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».00  10.00  20.00  30.00  40.00  §0.00  §0.00 ~ 70.00  80.00  90.00  100.00
t TIHE

Fig. 7. Time history of normalized rotational
- frequency for a pure oscillatory flow. Although
the averaged current speed is zero, the rotation-
al frequency shows a positive mean value Y.

of A’ larger than 5.0, the value Uw/#max does
not increase significantly. When A’ decreases,
the value decreases and tends to be 2/x, which
reveals the value of the ratio #/umax, where

- lST 2r
a=:)

Umax Sin—t‘dt.
Laboratory experiments similar to Karweit’s

T

are also conducted in our laboratory for the
Aanderaa’s rotor under zero mean currents.
The results are summarized as follows: (i) in
any case, Uy/# is greater than 1, (ii) as shown
in Fig. 9, the ratio Uw/#max is 0.94£0.04 for
&=10cm, and is almost independent upon the
frequency of oscillations, where &; is the orbital
diameter of the oscillatory flow, (iii) for £ <5 cm,

1.0

Y R Ry 0.

UW / umax

1 L 1 1 i
0.1 0.2 0.3 0.4 0.5
r
Fig. 8. Dependence of the ‘“‘apparent’ current
Uw upon the parameter 7 and A’. 2/z in
ordinate represents the ratio #/umax, where

1 T
”_TSO

. 2m
Umax SIN T Idt .

2.0
o T =0.991 sec
. 1.384
H s 2.050
- v 3,108
a 4.767
. N 1
F o i, 10,160
E X .
N L0 ——3 x
= [ R % ) [

10 20 30
g Cem)
0

Fig. 9. Experimental results of the ‘‘apparent’’
current Uy for pure oscillatory flow. Abscissa
represents orbital diameter &o.
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Uw/tumax is rather large and sometimes greater
than 1. The results (i) and (ii) are in agree-
ment with those of numerical computations.
The meaning of the result (iii), however, is not
clearly understood yet. Further investigation
under such conditions is desired in connection
with the structure of induced secondary flow
and/or an oscillatory turbulent flow around the
rotor.

4. Discussion

The order estimation of the torque N: A
hydrodynamical torque acting of a rotor vane
is already expressed by (2). The ratio R of the
second term in right side of (2) to the first term
is given by

R= os7.Cula) » dU,/dt
- 1/2 pCD(O!)Ue25re

Cu(a) d dU,

"Col@) U2

(25)

Let T denote the period of oscillatory flow, the
order of dU,/dt is 2zU./T. Since the order of

Cx/Cp might be unity, R~0( d_. dbe)~o

(7)) ks

When the thickness of the

rotor vane d is negligibly smaller than the orbital
diameter &p, the second term in (2) can be
neglected.

The torque acting on rotational disks: It is
well-known that a rotor has two (Aanderaa
rotor) or three (Savonius rotor) rotational disks.
A negative torque Ny caused by relative motion
of fluid acts on disks. FuUJINAWA (1978) gives
such a torque as follows:

—Na=1/2 p0?Ry°Cr
dw
+1/2 7]PR05CR7t' , (265

where R, denotes a radius of a disk, Cg a con-
stant related to Reynolds number and 7 a non-
dimensional constant of order O (0.1). The
negative torque Ny has two terms, one of which
is a frictional term and is proportional to w?,
and the other originates from virtual mass and has
an effect to increase apparently the moment of
inertia of a rotor from I to I’ (=I+1/270R°Cgr).

Frictional effect: Based on the above dis-

cussion, a nondimensional form of a rototion
equation including the torque acting on disks is
derived as follows:

ay o
A—‘E —p(l+fsmt Y)

—r(l+fsinz+ YY) —a'Y2, @7
where o’ =R¢°Cr/sre®Cp* and the moment of

inertia I in A is modified to I’. The analytical
solution similar to (10) is given by

v Ay — T !
y= 1HT= JArmalibel _ g on, (28
l—7—«a
and the ratio, denoted by ’4p, of two time
constants is

o A—r—a) Vir+U-na’
Qr+a1+r— Var+1-1ea’)’
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Fig. 10. Frictional effect on rotor response. Ordi-
nate represents the ratio of a time constant of
negative change of the flow speed to positive
one.

i

A=5.0,1=0.1

0.5

E(=0-Y) 7Y

Fig. 11. Frictional effect on the error E.
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For small values of 7, say y<1 and r<a’,

a’ «/d’+3qg’—4./)

201—a’) ya' '
30)

1
ga)= " ",<1+
+

NV

and
o ap=214+a"%+ O(y). 3D

The relation (31) shows that 7’4p decreases with
o’. This tendency is found also for larger 7 as
shown in Fig. 10. Numerical solution for uni-
directional oscillatory flow shows that the fric-
tional effect reduces the error E slightly as

shown in Fig. 11.

5. Concluding remarks
Dynamic response of a rotor to unsteady flows
is studied. A simple two rotor-vane model is
proposed, in which the rotation of a rotor is
described by only two parameters. One is the
ratio y of the normal drag coefficients of both
sides of a rotor-vane, and the other A is the
nondimensional moment of inertia of a rotor.
By the present model, response times of the
rotation to negative and positive stepwise changes
of a flow are estimated. The ratio of these
two time constants is found to be a function of
y only. Therefore, 7 can be evaluated from the
experimental values of response times for step-
wise changes of a flow; for example, 7 is esti-
mated to be 0.038 for the Savonius rotor based
on the experimental data by GAUL ez al. (1963).
The model is applied to a unidirectional flow,
the magnitude of which fluctuates sinusoidally,
and positive errors in current measurements are
estimated. The dependence of the error upon
the two prameters, y and A, is as follows: the
smaller the value of 7 is, the larger the error
is. For a fixed value of 7, the error increases
with A and becomes a constant value for fairly
large value of A. If the values of y and A are
taken to be 0.04 and 5.0, respectively, the esti-
mated errors are fairly in agreement with those
of a laboratory experiment by KARWEIT (1974).
The present model is also applied to the case
of a pure oscillatory flow. The estimated ‘‘ap-
parent’” current speeds are 0.8~0.9 times as
large as the maximum speeds of the oscillatory
flows. These values are favourably compared

with those of the experimental results for the
Aanderaa’s rotor.

Frictional effect is taken into consideration
and it is concluded that those errors are reduced
slightly.

In this paper, the error in current measure-
ments is estimated only in connection with the
response of a rotor. In the actual field, how-
ever, other errors in current measurements
must be caused by the motion of a direction
sensing vane, fluctuation of a mooring system
and so on, in conjunction with the sampling
interval. Even if our interest is focused on a
response of a rotor, several problems have not
been solved yet; how does the rotor respond
to non-monotonic or two dimensional fluctuations
such as wind waves and so on? It is desired
to solve above problems and estimate errors
more precisely for refinement of a large number
of recent current data obtained by the rotor
type current meter near the sea surface. The
simple model presented here might give a clue
to such problems.
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