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On  the Cyclonic Eddy  in the Ocean  (II)

Koki  MIDORIKAWA*1  Junji  KUROYAMA*2

The  cyclonic  eddy  is called the  cold  water  mass  by  Japanese  oceanographers  and  the

water  mass  has been  studied  concerning  its growth  and  contraction,  which  are regarded  as

important  on  the account  of its influence  on weather  and  fishery, rather than  its structure

and  characteristics.

The  water  making  up  the oceans  can  be classified into divisions which  are defined  by  a

certain  relationship  between  the  various  independent  parameters  of seawater.  Each  of

these  divisions is described  by  its location, sometimes  also according  to depth  and  its area

of origin.

In  this paper, we  study  the structure  and  the characteristics of cold water  mass,  that is to

say, cyclonic  eddy.  It  is necessary  for inferring the structure, namely,  the interface depth

profiles of the eddy,  to perform  a numerical  formulation  for the distribution of whirl speed

of the  eddy.  An  attempt  for numerical  formulation  of the  whirl  velocity  distribution

which  takes  a parabolic  velocity profile is made  by  authors.  Other  trial estimation  for the

velocity  distributions  of vertical and  radial direction  are reviewed  and  examined  in this

paper.  By  clarifying the whirl  velocity  profile, it will be possible to elucidate the interface

depth  profiles and  vertical water  movements  in the interior of the eddy.

Key  words  : Water  mass, cold eddy, cyclonic eddy, whirl velocity distribution, numerical

formulation

1 Introduction

1.1 Water  mass

The  water  making  up  the oceans  can  be classified

into  divisions which  are defined by a certain relation-

ship  between  the various  independent  parameters  of

seawater.  Each  of these divisions is described  by  its

location  (sometime  also depth) and  its place of origin.

These  water  divisions  are  known  as water  masses.

A  cyclonic  eddy  or  an  anticyclonic  eddy  also  has

been  called cold water  mass  or warm  water  mass.

Cold  water  mass  and  warm  water  mass  are both

important  on  account  of the  influence  on  weather

and  fishery. Then  cold  or  warm  water  mass  has

been  studied  on it's growth  and  decrease  by Japanese

oceanographers  only  the volume  of the water  is im-

portant  for the problem  mentioned  above.

In  this paper,  we  are going  to study  the structure

and  the characteristics of cold water mass, namely,

cyclonic eddy  reviewing  on  general  nature  of

cyclonic eddy  and how  it is brought  up.

1. 2 Origin  of eddies

Cyclonic  and  anticyclonic eddies are generated  by

the Kuroshio  Extension,  and  the  Gulf  Steam,  and

have  diameters  of about  200km.  Early  observations

the temporary  meanders  and  cyclonic  eddies  were

excuted  by  Fuglister  and  Worthington  (1951). In

this explorations, a 500km-long  meander  of the Gulf

Stream  has  begun  to detach  and  form  an  autono-

mous,  cyconic  eddies. The  eddies are approximate-

ly  circular structures, so  called rings, formed  by

pinching  off from  a steam  meander.  The  cyclonic

eddies, formed  south  of the stream  (the Gulf Stream

and  also Kuroshio  Stream), has a central core of cold
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slope  water  surrounded  by  a  cyclonic  current

[Knauss  (1978)°, The  Ring  Group  (1981)R].

The  warm  core  rings, namely  anticyclonic  eddies,

formed  to the north  of the stream, are an isolated lens

of warm  surface  water  lying on  top of the cold slope

water.  In  other  words,  meander  form  loop  to south

and  cold-water  mass  from  the north  of the stream  is

isolated.

In  the  Kuroshio  Stream,  meanders  appear  after it

passes  off Kii Peninsula.  Often  meandrs  grow  large,

and  it become  unstable  and  break  off  from  the

stream  and  form  large  cyclonic  eddies3). These

eddies  appear  to  last from  several  months  to few

years,  and  to be reabsorbed  into the stream.

1. 3 Origin  of eddy  and  the Mindanao  Eddy

The  westen  equatorial  Pacific Ocean  is characteri-

zed  by  a vigorous  and  complex  near  surface  circula-

tion. The  North  Equatorial  Current  splits as it en-

counters  the Philippines, separating  into a northwest

flowing  currents  and  southward  Mindanao  Current

(Nitani, 1972)4). The  bulk  of the Mindanao  Currents

is in turn thought  to deflect to the east off the south-

ern  Philippine  coast the supplied  the North  Equatori-
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al countercurrent  (Lukas  R., 1988)6}.

Takahashi  (1959) (see Lukas,  1988) found  out  the

existence  of a cold water  mass  east of Mindanao  by

observations.  Wyrtki  (see Lukas,  1988) showed  that

this quasi-parmanent  Mindanao  eddy  is associated

with  the turning of North  Equatorial Current  Waters

at the Phillippines and  their subsequent  flow to the

east in the North  Equatorial Countercurrent.  In  Fig.

1, Meridional  section of salinity distribution along

130° E shows  Mindanao  eddy  around  7°N.

It is thought  that the eddy  of the cold water  mass

relates to the current surrounding  it and  the upward

advection.  The  oceanographic  testimony  for equa-

torial upwelling  has  been  confirmed  by  many  ocea-

nographers  (Sverdrup  et al., 1942  ; Yoshida,  1958)6).

In  the equatorial area the upwelling  water  balancing

the lateral out  flow  in  the  Ekman  layer  can  be

derived  from  geostrophic  convergence.

From  what  depth is the upwelling  water derived in

the  area off the coast of Mindanao  ? Wyrtki  (1981)7}

mentioned  the current  caused  by  Minadao  eddy  ex-

tends  to a depth  of about  600m  when  the geostrophic

computations  are referenced  to  1250  dbar. In  the

lower  layers, water  motions  are  induced  by  the
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Fig. 1　Meridional section of salinity distribution along １３０°Ｅ shows Mindanao Eddy around 7 °Ｎ.［plotted

from maps by ＪＯＤＣ］



changes in pressure field as a consequence of the 

horizontal divergence in the upper layer. 0百 the

coast of Mindanao， they are thought that southward 

transport are needed to induce upwelling in the sur-

face layer and to close the circulation Mindanao 

Current actually contribute to the large seale circula-

tion of the region. 

Nitani (1972) estimated southward volume trans-

port (relative to 1200 dbar) from the birfurcation of 

the North Equatrial Current. He showed about 15 

Sv recirculating in Mindanao Current of about 40 Sv. 

Wyrtki (1981) mentioned as follows : In the equatrial 

upwelling area of Pacific Ocean， below 50m the geo・

strophic convergence is 46 Sv， all of which is used for 

upwelling. 

1. 4 Characteristics of eddies 

Observation to look for eddies and to investigate 

their characteristics were made in the 1970s (the 

USSR， POL YGON experiment and the USA -UK， Mid 

Ocean Dynamics Experiment; MODE). These ex-

periments were executed in the North Atlantic but 

existence of eddies has been con白rmedin many other 

areas of the world ocean. 

The eddies have characteristics sizes of the order 

of 100 to 500km， time scale of several months to a few 

years. Emery (1982)8) gives results for the North 

Atlantic and North Paci白cof dynamic height varia-

bility， an indication of eddy kinetic， and estimates of 

eddy potential energy based on temerature varia-

tions at 300m depth. 

In strong currents， such as the Gulf Stream， the 

kinetic energy of the eddies and meanders is of the 

same order as the mean kinetic energy. Most of the 

energy associated with the mean fiow is the potential 

energy of the tilted isobaric surfaces9) (Pond and 

Pickard， 1983). Based on observations and on nu-

merical models which contain mesoscale eddies the 

strongest currents but there is evidence of some eddy 

activity virtually everywhere. Since eddy activity 

is hig h in strong curren t regions they are likel y 

source regions. In mid-ocean regions， variations in 

the wind stress may contribute to the eddy activity 

but this contribution is thought to be a small fraction 
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of the total. 

So we think that eddy is an accumulator storing 

the current energy as a tropical cyclone. But an 

eddy's life is much longer than a tropical cyclone 

owing to the di百erenceof speci自cgravity between 

water and air. 

2 Distribution of whirl velocity 

2. 1 Whirl velocities 

We can only recognize a general view of an eddy 

by mean of contour maps of temperature or dynamic 

height. Distribution of whirl velocity is guessed 

from their isotherms. The maximum whirl velocity 

is inferred in the vicinity of the multiplex circles 

where the contour lines (the circled) of dynamic 

height are most dense， and the maximum velocity is 

posited midway presumably between the center and 

the outskirt of an eddy. 

In the plane figures of eddies， there are several 

types of the shape， i.e. round circular， elliptical， semi-

lunate， .... The meridional or longitudinal distribu-

tion of whirl velocity must be both symmetric in 

either case with respect to the origin of the coordi-

nates. Moreover， the curve of the whirl velocity 

distribution have relative maxima， on the both sides 

of the eddy center， between the center and outskirts， 

and then the distribution curve seem to be some-

thing like a normal distribution in those ranges. 

Firstly we take up a cyclonic eddy of parabolic veloc-

ity profile which has a region of maximum whirl 

speed associated with zero velocity at center of the 

eddy and vanishing velocity at some distance. We 

assume that the maximum velocity VOm and the dis-

tance from center to a region of maximum velocity， 

rm are known quantities. ¥町etake paraboric veloci-

ty profile as shown following， 

ちv;，~ (γ¥  
Vn(r)=2 .vIIIrl1一一一一l…….. .・ H ・..…………(1) 
V'  ， γ~ ¥ 2r

m 
/ 

The expression in the bracket means that mentioned 

above. Then V(r) comes to the maximum value V m 

at radius γ=rm， and to zero at center (r=O) and at 

distance of r=2rm・
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2.2 Equation of motion 

The relation of the pressure gradient to the veloc-

ity field will be governed by the following equation. 

V/(ァ)/ァ+jVo(γ)=(1/，ρ)dp/dr….. .・H ・..……(2) 

1n this equation， the first term of the left side is 

outward action force called centrifugal force. 

Excluding this centrifugal term， eq.(2) shows a bal-

ance between the Coriolis force and the pressure 

force in the horizontal plane. The balance is called 

the geostrophic relation， and the major currents in 

the ocean obey this geostrophic relation to a first 

approximation. The currents ftow nearly parallel to 

isotherms or more exactly to dynamic depth con-

tours. 

The cetrifugal force involved in this balance are 

very small， the pressure gradient and Coriolis forces 

are the largest horizontal forces in much of the 

ocean. All the major surface currents are maiル

tained by the slope of the sea surface. 

On a cyclonic eddy motion， the centrifugal acceler-

ation of the whirl velocity and Coriolis force push the 

water out against pressure gradient force. Sub-

stituting the pressure gradient of the right side term 

by the sea surface heigh (dynamic height)， Ep. (2) is ; 

V02(γ)/γ+jVo(γ') =g' dh/dr…-……-・………・・・(3)

where h(r) indicates the upper layer height in the 

reduced gravity model and g' is the reduced gravity 

defined by g' =ムρ/ρ，in which D.ρis the density 

di百erencebetween the layers. 

In eq. (3)， the dimensionless number， the ratio of 

centrifugal force to Coriolis force is significant， 

namely， 

Vo(γ) 0=一一一一日.... .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. ..・・・(4)
fγ 

that is called Rossby Number. Here r and VO (r) 

must be selected as typical values for length and 

whirl velocity respectively. The characteristic 

length is regard as a distance from velocity of an 

eddy is maximal. So r come toγm and necessary 

VO(ァ)to VOm• Then eq. (4) can be rewrite as follow 

Ro=与-… ・・・・ ・(5)
Jrm 

We put jRo for Vom/rm in eq. (1)， get 
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( r ¥ 
%か)= 2 fRo r 11-~. )....…. .. .. .・ H ・..…・……(6)
υ¥-. 2 rm } 

The parabolic velocity distribution of cyclonic eddy 

will be rewrite as above by Rossby Number. The 

formulation of whirl velocity distribution is applica-

ble to describe the eddy structure. 

3 Distributions of radial and vertical velocities 

It has been thought there are an upwelling and a 

sinking in the interior of a cyclonic eddy and anti-

cyclonic eddy respectively. ln both the eddies， there 

must be a radial water movement according to mass 

conservation law， because a vertical fiow exists 

whatever it is a slight ftow. It is not easy to measure 

radial and vertical mass movements for their slight-

ness. However， we may estimate the velocities of 

radial and vertical ftows using methods attemted by 

Tomosada (1984) or Chu (1991)11). 

Tomosada (1984)10) inferred the velocity distribu-

tions of vertical and radial fiows in a warm eddy by 

solving a thermal equation and a equation of mor“ 

tion simultaneously and using the observational 

data of whirl velocity (Vo) and temperature distribu-

tions(T) of the warm eddy. 

The velocity distributions of vertical and radial 

ftows estimated by equations (7) and (8) are shown in 

figures 2-(a) and (b) respectively. His result shows 

that there is the convergence， which makes a rich 

fishery， around the outskirt of the warm eddy. 

where 

/δT ，，¥ /(δTθVn fJT¥ 
に=¥L'ß~ 一川/(--4-η 'ß;)……(7) ¥ -sr .， ... J / ¥ sr θzθz J 

/δvn ~ fJT¥ /( fJTδvn fJT¥ 
V: =1 M . ~ V L ~ . I / 1一一一ーニ-η一一l…(8) 

\..~ fJz -fJz J/ ¥ fJr fJz リ δzJ 

θV" 1之、
η=ーご土十ーニキf
ar γ 

/がに 1 fJVn ~ζ\ δ2Vn 
L=A~ト一千+一ーァニ一一一.J+A..一一千
¥ aγ r aγγ I . az 

(fJ2T 1 fJT¥ __ fJ2T 
MごK~{ ー-~+一一一 i十Kω一一「
“¥fJγιγ fJ

1' 
) V fJz" 

Chu (1991) estimated the velocity distributions of 

vertical and radial ftows in a cold eddy， setting the 

whirl velocity distribution as Gaussian and using 

some simultaneous equations. The calculations 
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(a) Meridional section along 1450E of temperature (solid line) and gradient current (broken line) 

from the data of July 27-19 in 1970 and radial velocity estimated by eq. (8). Here， Ah=Kh=IXI07(cm2/ 

4惨

Fig.2 

43 

s)， Av=Kv=O. 

(b) Meridional section along 1450E of temperature (solid line) and gradient current (broken line) 
from the data of July 27-19 in 1970 and vertical velocity estimated by eq. (7). Here， Ah=Kh=lxI07 

(cm2/s)， A，，=Kv=O. 
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must solve a nondimentional partial differential V=O， at F=O，F=l，Z=O，Z=l…………ω 
Some examples of the estimations are shown in 

figure 3 with four parameters (Ro， Bu， mr， mz). The 

clockwise circulation and a anticlockwise circulation 

are both seen in the figure of a cyclonic eddy. 

equation (9) for Stokes stream-function 1.jI under 

boundary condition (10). 

~ δ2長 ~δ2多 ~δ2歩
(Bu+RoD)一τ;;--+2RoBーごて+Cー す7。γt fJifJi fJi ~ 

::-'. 1 fJ 1f/' 
一(Bu+RoD)でーで

r ar 

• • • • • I • .…・・・(9)

4 Conclusion 

To understand the structure of a cold eddy， 

perfoming the numerical formulation of the whirl 
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[Chu (1991)]11) 

The streamfunction in radial-vertical section for the the Burger number Bu=l， the Rossby number 
Ro=0.2 and the twe parameters mr mz in Gaussian distribution : 

(a) mr=O， mz=o， (b) mr=4， mz=O， (c) mr=O， mz=4， (d) mァ=4，mz=4
Here， r=O， 1 and z=O， 1 indicate the center， the edge， the bottom and the top of the eddy. 
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velocity distribution is essential. Trial for numeri-

cal formulation of the whirl velocity distribution 

which takes paraboric velocity profile is performed 

byauthors. Another trial estimations for the veloc-

ity distribution of vertical and radial directions are 

examined in this paper. 

We will be able to make clear the interface depth 

profile and vertical water movement in the in terior 

of the eddy， based on clarifying the whirl velocity 

profile. 

Acknowledgements 

The authors should like to thank Dr. K. Okuda of 

National Research Institute of Fisheries Science. for 

his 0百eringdata and kind discussions through the 

present work. 

References 

1) Knauss， J.A.:“Major ocean currents." p 137-

165， In : Introduction to physical oceanography. 

Prentice-Hall， Inc.， Englewood Cli百s， New 

Jersey. 388 pp. (1978). 

2) The Ring Group吋:Gulf Stream Cold-Core 

Rings ; Their physics. chemistry， and biology. 

Science. 212 (4499)， 5 June. (1981). 

3) Okuda， K.， et al.:黒潮続流域の冷水塊， Pro-

ceeding of the spring meeting in The Oceanogr. 

Soc. of Japan， 150-151， (1992). 

4) Nitani， H. :“Beginning of the K uroshio，" p 129-

163，In : Kuroshio ; Physical aspects of the Japan 

Current， Edited by H. Stommel and K. Yoshida， 

University of Washington Press， Seattle. (1972). 

JAMSTECR. 32 (1995) 

5) 'Lukas. R.: Interannual ftuctuations of 

Mindanao Current inferred from sea level. J. Ge-

ophysical Res.， 93， 6744-6748. (1988). 

6) Yoshida， K. : A study on upwelling. Records of 

oceanographic works in Japan 4， 166-172. (1958). 

7) Wytki， K. : An estimate of Eguatorial Upwell-

ing in the Pacific. J. Phy. Oceanogr.， 11， 1205-1214. 

(1981). 

8) Pickard， G.L. and W.J. Emerry: Descriptive 

physical oceanography. Pergamon Press， 4th edi-

tion， pp 249， An introduction to descriptive (syn-

optic) physical oceanography for science under-

graduates and graduates. (1982). 

9) Pond， S. and G.L. Pickard:“Models with 

mesoscale eddies." p 198-206， In: Introductory 

dynamical oceanography. Pergamon Press， 

Oxford， New York， Beijing， Frankfurt. (1989). 

10)友定 彰:黒潮と暖水塊に伴うフロントと漁業，

沿岸海洋研究ノート， 21 (2)， 129-138. (1984). 

11) Chu， P.C. :“Vertical cells driven by vortices -a 

possible mechanism for the preconditioning of 

open-ocean deep convection." p 267-281. In: 

Deep convection and deep water formulation in 

the oceans， Edited by P.C. Chu and J.C. Gascard， 

Elsevier Science Publishers， 382 pp. (1991). 

*) Members of the Ring Group include : R.H. Backus， 

G.R. Frierl， D.R. Kester， D.B. Olson， A.C. Vastano， P. 

L. Richardson and J.H. Wormuth 

(Received : 12 April 1995) 

45 



46 

海洋における冷水渦についての研究 (11)

緑川弘毅*3 黒山順二本4

黒潮沖合の発生する低気圧性の渦は冷水渦と呼ばれ，渦の機構や特性としての研究

よりも気象や漁業に影響する水質や水塊の消長に重点が置かれていた。

大洋を構成する水は種々の独立要素聞の関係によって規定された区分に分けられ

る。それらの海水は，それの存在する場所あるいは深さそしてその生成の海域によっ

て，それぞれ呼び名が決まっている。

本論では冷水塊すなわち冷水渦の形とその』性質について調べようとした。渦の構

造，すなわち渦の内部の姿を理解するには渦の旋回速度分布を数式化する必要があ

る。著者らによる一つの試みとして放物線型の旋回速度分布が採用された。他の研究

者による同様の試みの例についても検討を行った。渦の旋回速度を明確にすること

は，渦の姿や渦内部の水の鉛直運動の理解を可能にすると考えられるo

キーワード:水塊，冷水渦，低気圧性、渦，旋回速度分布，数式化

*3 海洋観測研究部

*4 海域開発・利用研究部
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