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Numerical Experiment on the Circulation in the Japan Sea 

Part  II. Influence of  Seasonal Variations in AtmosPheric 

Conditions on the Tsushima Current* 

] o n g - H w a n  YOON** 

Abstract: Seasonal variations in the circulation in the Japan Sea are investigated numerically 
by using a model basin of uniform depth with three openings, one inflow opening corresponding 
to the Tsushima Straits and two outflow openings corresponding to the Tsugaru-and S6ya 
Straits. 

From winter to spring, warm water supplied through the inflow opening flows northward 
along the Korean coast as a western boundary current corresponding to the East Korean 
Warm Current. From summer to autumn, the warm water splits into two branches; one 
flows northward along the Korean coast as from winter to spring and the other flows along 
the Japanese coast as a density-driven boundary current due to the large density difference 
between the inflowing warm and low salinity water and the interior water which was cooled 
during winter. 

The lack of a boundary current along the Japanese coast from winter to spring results 
in a large discrepancy between calculated and observed salinity field distributions. Therefore, 
the nearshore branch of the Tsushima Current can not be explained only as a density-driven 
boundary current. 

The seasonal variation of atmospheric conditions plays an important role in the formation 
of the Proper Water and the Polar Front in the Japan Sea. 

1. Introduction 
According to the  results of numerical  experi- 

ment  by YOON (1982), the  wa rm water  supplied 
through a southern opening in a rectangular  
ocean, does not  split into two branches under  
annual  mean atmospheric  conditions, and only 
a wes tern  boundary  current  exists,  corresponding 
to the :Eas'~ Korean  W a r m  Current .  

In  this paper ,  it is invest igated numerical ly 
whether  seasonal var ia t ions in atmospheric  con- 
ditions are  impor tan t  in the split t ing of the Tsu- 
shima Current  and in forming the Polar  F r o n t  
in the Japan Sea. 

The  numerical  model is designed so as to 
represent  oceanic and atmospheric  conditions as 
realistically as possible with the exception of 
the  bot tom topography (a fiat bot tom is assumed 
in this model). 
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2. Model 
A schematic view of the  model ocean is shown 

in Fig.  1. T h e  ocean basin with a uniform 
depth of 1,500m has three  straits (the Tsushima- ,  
the Tsugaru-  and the Sbya Strai ts)  whose depths 
are  150 m. The  width of the Tsushima Stra i t  
is 198km and those of the  Tsugaru-  and the 
S6ya  Stra i t s  are 66 km. A rectangular  coordi- 
nate sys tem on a fl-plane is used, taking x 
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Fig. 1. Schematic view of the model ocean. 
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south-eastward, y north-eastward, and z upward 
from the mean sea surface level. Let  u, v and 
zv be components of velocity in the x,  y and z 
direction, respectively. The  equations of motion 
(the Navier-Stokes equation) are simplified by 
making the Boussinesq and hydrostatic approxi- 
mations. 

The  Coriolis parameter in this coordinate 
system is f=fo+fl(x sin 4 5 ~  sin 45~ where 
fl is the latitudinal variation o f f .  In  this study, 
the effect of salinity on density is taken into 
account. The conservation equations of temper- 
ature T and salinity S and the equation of 
state are 

T~+ZT=KvTz~+KdT=x+T,jv), ( 1 )  

S,+s ( 2 ) 

p =F(T, S, p ) ,  ( 3 ) 

where K~ and K~ are coefficients of the vertical 
and horizontal eddy diffusion, respectively. The 
convective adjustment mechanism is introduced 
in the model to maintain the stable stratification. 
The  advection operator s is defind by 

,E,a=(u,u)x+(vp)v+(wfz), ( 4 ) 

The functional form of F(T,S,p) is approxi- 
mated by a polynomial, whose coefficients are 
fitted to the standard Knudsen formula. Details 
are given in FRIEDRICH and LEVITUS (1972). 
:At vertical walls each of the velocity components 
and the heat and salt flux are zero. At the 
ocean floor, the momentum, heat and salt flux 
are zero. Motion is forced at the southern 
opening by imposing the mass, thermal and salt 
flux, and at the ocean surface by imposing the 
thermal flux and wi.nd stress. The salt flux 
due tO evaporation and precipitation at the ocean 
surface is not considered. 

To obtain fields of wind stress, mean geo- 
strophic wind velocities trg at the ocean surface 
are calculated from maps of monthly mean 
atmospheric pressure (JAPAN METEOROLOGICAL 
AGENCY, 1971: pls. 53-58). Stresses due to 
the wind are computed by using a drag law 

Iv1 = I(r:, rY)l = p A x  1.4 x 10-31 tr~[ 2 ( 5 ) 

where p ~ ( = l . 2 x l 0 - ~ g e m  -8) is the density of 
air, and assuming a turning angle of 20 ~ in the 
atmospheric boundary layer. 

The  boundary conditions for temperature at 
the surface are specified in Section 4 and the 
boundary conditions in the straits for tempera- 
ture, salinity and velocity are specified in 
Section 3. 

The  following values are used for the numerical 
experiment: f 0 = 2  E sin 39 ~ =0.  9153 x 10 .4 s -1, 
f l = l . 8 x  10 -la cm -1 s -1, A~ (horizontal eddy visco- 
city) = 1.5 x 107 cm 2 s -1, K~ = 1 .0xl06  cm ~ s- ' ,  
A v = K ~ = 0 . 5 c m ~ s  -1, where ~9 is the rate of 
rotation of the earth. The  horizontal grid 
interval is 66km.  Since the Munk ' s  width of 

2,z 
the western boundary layer - ~  (A~/fl) 1/3 is 158 

km for the above parameters, this grid interval 
is less than the width of the viscous western 
boundary layer. In  the vertical direction, we 
take eight layers as shown in Table 1. The 
time interval (At) in numerical calculations is 
taken to be two hours. 

The  numerical method in the present study 
is basically the same as that described by BRYAN 
(1969). 

3. Conditions at the openings 
MIYAZAKI (1952) and YI (1966) studied the 

seasonal variation of volume transport  through 
the Tsushima Straits on the basis of geostrophic 
calculations referred to the bottom. MIYAZAKI 
(1952) concluded that  the transport  had a large 
seasonal variation and had a maximum value 
(2.5• cm 3 s -1) in summer and a minimum 
value (0 .2x l0 ' 2cm3s  -1) in winter. YI (1966) 
obtained almost the same results as those of 
MIYAZAKI. But it seems that  they underesti- 
mated the transport  because the Tsushima 
Strait is very shallow and the velocities near 
the bottom might have significant values (MIITA, 
1976) at all seasons, and they overestimated the 
relative difference of transport  between winter 
and summer because the vertical homogeneity 

Table 1. Thickness of each layer. 

Layer 1st 2nd 3rd 4th 5th 6th 7th 8th 

Thickness 30m 30m 40m 50m 80m 160m 320m 790m 
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Table 2. Vertical distribution of velocity normal 
to the transverse section of the Tsushima 
Strait. 

Layer Thickness Normal velocity 
(m) (cm s -l) 

1st 30 15.0 
2nd 30 10. 0 
3rd 40 4.0 
4th 50 2.0 

of  the Tsush ima Current  in winter  would signifi- 
cant ly  reduce the t ranspor t  on the  basis of geo- 
strophic calculation referred to the bottom. 

MIITA (1976) summarized the data on current  
velocity measured by current-meters  in the 
T s u s h i m a  St ra i t  from 1924 to 1974 and con- 
cluded that  the volume t ranspor t  through the 
T s u s h i m a  St ra i t  is 3.3 x 1012N3.7x 10 l~ cm 3 s -1 
in summer.  Because of the very limited data 
in winter ,  he did not est imate the volume 
t r anspor t  in winter.  

Because of the insufficiency of information on 
the  seasonal variat ion in volume t ranspor t  
through the Tsush ima Strai t ,  it is taken to be 
constant  (2 .0x 1012cm a s -1) in the present  model. 
T h e  vertical distr ibution of the velocity normal  
to a t ransverse  section in the Tsush ima Stra i t  
is shown in Table  2. These  values are assumed 
not  to vary  horizontal ly in the t ransverse  
section. Though the seasonal variations of 
t empera tu re  and salinity in the Tsush ima St ra i t  
a re  taken  into account,  the velocity values are 
fixed throughout  the  calculation. The  slippery 
condition for the component  of velocity tan- 
gent ia l  to this t ransverse  section is adopted. 
T h e  imposed seasonal changes in vertical distri- 
butions of salinity and reference tempera ture  
T•(z) in the Tsush ima Stra i t  are shown in 
Fig .  2. These  distributions are determined on 
the  basis of the monthly mean vertical sections 
of  tempera ture  and salinity in the east channel 
of  the Tsushima Stra i t  reported by NAN'NITI 
and  FUJIKI (1967). Tempera tu re  and salinity 
in winter  are vert ically uniform. The  minimum 
tempera ture  occurs in Februa ry  and has a value 
of 13.5~ and the maximum salinity occurs in 
Apr i l  and has a value of 34.65 ~o. In  summer,  
vertical stratification develops. Tempera tu re  has 
a maximum value of 25.5~ in September ,  and 
sal ini ty a minimum value of 32.70 ~/oo in August  
in the surface layer.  The  distribution of salinity 
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Fig. 2. Imposed seasonal changes of vertical 

distributions of the reference temperature 
TR(z) (upper) and salinity S (lower) at the 
Tsushima Strait. 

along the t ransverse  section in the Tsushima 
Strai t  is taken to be uniform in the horizontal 
direction. The  distribution of temperature  To 
(x,z) in the t ransverse  section is given by 

T0(x, z) =TR(z)+a(x-b) ( 6 ) 

where  x is the  distance from the south-west 
side of the Tsushima Stra i t  and a and b are 
the constants of (1 /33)~  -1 and 132km 
respectively. 

The  values of outflow volume t ranspor t  
through the Tsugaru  Stra i t  (V~) and the S6ya 
Stra i t  (173) are assumed to be 

V~=0.65 vl 
(7 )  

Va=0.35 Vl, 

where 171 denotes the inflow volume t ranspor t  
through the Tsushima Strai t .  

The  boundary conditions at the outflow open- 
ings are given by 

uy=T~=S~=O, v=v,~+Fl 
for the Tsugaru  Strai t ,  ( 8 ) 

and 
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Table 3. Three experiments carried out in the present study. 

Drag coe~cient Atmospheric conditions Period of time 
integration 

I (1. 0+0.  0007V,~) x 10 -3 

lI (1. 0+0. 0007VA)x 10 -~ 

I (0. 80+0. 00114VA)x 10 -3 

Linear interpolations of monthly mean values 4 years 

Linear interpolations of monthly mean values 7 years 
+short term fluctuations 

Linear interpolations of monthly mean values 9 years 
+short term fluctuations 

v~= T~=S==O, u=u,~+ F2 
for the S6ya Strait, ( 9 )  

where u= and v= are the x and y components 
of velocities on the interior grid points adjacent 
to the outflow openings, respectively. Since 
the outflow openings have just one grid point, 
the constant values F~ and F~ are determined 
so as to equate the volume transports through 
the openings to the values in (7): 

F~= V2 1 I ~ h--i--T _ I  ~ 

F~= Vs 1 [o 
h 

(1o) 

where h and l are the depth (150m) and the 
width (66 km) of the outflow openings. 

4. Thermal  boundary condit ions  at the sea 
surface 
The formulation of thermal 

ditions at the sea surface is 
described by HANEY (1971). 
formulation are given in Part I 

In the present model, the 

boundary con- 
similar to that 
Details of the 
(YOON, 1982). 
ocean surface 

temperature Ts is replaced with the temperature 
T~ at the first level below the ocean surface by 
assuming that the sub-surface layer is always 
well-mixed. 

Three experiments are carried out as shown 
in Table 3, where two different formulae for 
the drag coefficient CD are used. One formula 
which was proposed by DEACON and WEBB 
(1962), 

CD=(1.0+0.0007 V~) x 10 -~, (11) 

~s used in Experiments I and II, and the other 
which was proposed by SHEPPARD (1958) 

CD= (0.8+0.00114 V~) x 10 -3, (12) 
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Fig. 3. Meteorological data at Vladivostok and 
Kimchaek (North Korea) in winter, 1967 (solid 
line: air temperature, broken line: wind speed) 
(after FUKUOKA and MISUMI, 1977). 

is used in Experiment III. 
The instantaneous values of meteorological 

elements such as air temperature T~, relative 
humidity T, cloud amount nc and wind speed 
V~ (cms -t) used in Experiment I are obtained 
by linearly interpolating the monthly mean 
values averaged for 12 years from 1958 to 1969 
(MAIZURU MARINE OBSERVATORY, 1972). The 
monthly mean amount of Qs0 (solar radiation 
in a cloudless atmosphere) is given by BUDYKO 
(1974: pp 1-11). 

The negative correlation between the fluctu- 
ations of wind speed and air temperature will 
cause considerable variation in the sensible and 
the latent heat fluxes due to the products, 
VA(Ts-T,~) in Eq. 10 and VA[qs(T)-q,t(Tc)] irL 
Eq. 11 in Part I (YOON, 1982). Figure 3 shows 
the relation between the wind speed and air 
temperature at Vladivostok and Kimchaek 
(North Korea) in winter in 1967 (FUKUOKA and 
MISUMI, 1977). The fluctuation of wind speed 
has a period of several days and has a strong 
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negative correlation with  air  temperature .  In  
order  to include the effect of the negative cor- 
relat ion be tween  the fluctuations of wind speed 
and air t empera tu re ,  the  following approximate  
formulae for V~ and T~ are  used in Experi -  
ments  I I  and I I I :  

V~= Va0(x, y, t)[l+a(t) sin (2~t/TF)] (13) 

act) 

0.5' 

0.0 : . . . . . . . . . . .  
F M A M d d A S 0 N D d t(month) 

Fig. 4. Seasonal variation of the intensity 
of the short term fluctuation a(t). 

and 

T~= TAo(x, y, t ) -  5.0a(t) sin (2~t/TF) (14) 

where  V~o(x, y, t) and Tao(x, y, t) are the above  
mentioned,  l inearly interpolated values of month-  
ly mean wind speed and air t empera ture  used. 
in Exper iment  I,  respectively, a(t) is t he  
seasonal variat ion in the  intensi ty of the shor t  
period fluctuations. The  intensi ty is large in 
winter  and a(t) is assumed as shown in Fig.  4. 
In  this study, 6 days are taken  as T~-. 

5. Results 
Init ial ly,  the ocean is filled with homogeneous  

wate r  whose t empera tu re  is I~  and salinity is 
34.06 ~/~o, which corresponds to the Proper  W a t e r  
in the Japan Sea. 

In  Exper iment  I,  the lowest surface temper-  

140~ 
"0 m 

130~ 13S"E 

>~ N ' )  
J 

20 

v 

140~ 
lOOm 

130"E 1SS ~ 
4b-r, ~ V  

/ 
140~ 140oE 

1 5 m ,,,,, ~ _ ~ / ~  .~'~ /<,,. 12 5 m 
130~ 13SaE 130OE 135~ 

4S=N 

% % , ~  STR. i ~ ~ TSU( 

~ ' x ~ ' ' ~  ~OTO PEN. 

TSUS|[I~ STR. TSUSHIHA STR. 

Fig. 5. Horizontal distributions of the annual mean observed temperature fields (~ at the 
sea surface and a depth of Z00 m (upper: after Japan Oceanographic Data Center, 1975) 
and the calculated temperature fields at depths of 15 m and 125 m (lower). 
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ature in the model ocean in winter increases 
from year to year and becomes warmer than 
2~  after time integration for four years. No 
formation of the Proper Water  in the Japan Sea 
takes place in winter in this model. The time 
integration of Experiment II  is carried out for 
seven years�9 The lowest surface temperature 
in winter in Experiment II  does not become 
lower than 1~ and the formation of the Proper 
Wate r  in the Japan Sea does not take place in 
Experiment II  either, and so the results of 
Experiments I and II  will not be discussed 
further�9 Other results of Experiments I and II  
.are not very different from those of Experi- 
ment III.  

5 - 1 .  A n n u a l  mean 

The time integration in Experiment I I I  is 
.carried out for 9 years, to get a quasi-stationary 
state in the upper layer (>400 m) of the model 
ocean. Figure 5 shows the horizontal distribu- 
tions of the annual mean temperature fields at 
depths of 15m and 125m in Experiment III.  
The corresponding observed temperatures at the 
ocean surface and at a depth of 100 m are also 
shown in Fig. 5 after JAPAN OCEANOGRAPHI- 
CAL DATA CENTER (JODC: 1975). Figure 6 
shows the annual mean of the calculated velocity 
field at a depth of 15m. The annual means of 
the oceanographical elements in Experiment I I I  
are obtained by taking the average for the last 
365 days of the calculation period. Though 
~-he calculated temperature field at a depth of 
15 m is a few degrees colder than that observed 
at  the surface except in the region near the 
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Fig. 6. Annual mean of tile calculated velocity 
field at a depth of 15m. 

Tsushima Strait, the synoptic patterns at the 
surface and 15 m are similar. 

The isotherms of the observed temperature 
field at a depth of 100 m indicate the existence 
of two currents which branch near the Tsushima 
Strait�9 One of them which is called the East 
Korean Warm Current, flows northward along 
the Korean coast. The other flows along the 
Japanese coast and is called the nearshore branch 
current of the Tsushima Current�9 The calcu- 
lated temperature field at a depth of 125m 
indicates the existence of a strong current cor- 
responding to the East Korean Warm Current 
and a weak boundary current along the Japanese 
coast�9 The calculated velocity field indicates a 
strong western boundary current along the 
Korean coast which corresponds to the large 
east-west temperature gradient. The maximum 
speed of the boundary current is 20.9cms -1. 
The main part of the current flows north-east- 
ward after separating from the Korean coast 
and diverges in the central region of the model 
ocean�9 

A weak boundary current, which is not so 
strong as the western boundary current along 
the Korean coast, flows along the Japanese 
coast�9 It  is shown in Section 5-2 that this 
boundary current along the Japanese coast is 
conspicuous in summer and autumn. It should 
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Fig. 7�9 Vertical section of the temperature field 
(~ along the dashed line shown in Fig. 5. 
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be noted that the clear splitting into two branches 
near the Tsushima Strait as seen in the ob- 
served temperature field in Fig. 5 is not obtained 
in this Experiment III.  

Figure 7 shows the vertical section of the tem- 
perature field along the dashed line shown in 
Fig. 5. The dashed line shown in Fig. 7 indicates 
the isotherm of I~ which is the temperature 
of the initially pre-existing water. The existence 
of the water with a temperature below 1~ 
indicates that formation of deep water takes 
place. Since the formation of subarctic water 
also takes place in the surface layer in the 
northern part of the model ocean in winter, a 
pronounced thermal front forms at a distance 
of about 450km from the Japanese coast. This 
corresponds to the Polar Front in the Japan 
Sea, which is a boundary surface between the 
Subarctic Water and the Tsushima Warm 
Water. It roughly corresponds to the 6~ 

]4(IoI: 

" J 
2.10~ 

250~  135~163 ~%r /N~ 
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,.,-:;tili [ 
TSUSIII,~IA STR. 

Fig. 8. Horizontal distributions of the annual 

mean observed salinity fields (~m) at a depth 
of 100m (upper) and the calculated salinity 

fields at a depth of 125m (lower). 

isotherm at a depth of 100m in Fig. 7. Another 
shallow front exists near the Japanese coast 
which indicates the existence of a boundary 
current along the Japanese coast. 

Figure 8 shows the horizontal distributions of 
the annual means of the calculated salinity field 
at a depth of 125 m and the observed salinity 
field at a depth of 100m. There are many 
discrepancies between the calculated and observed 
salinity fields, though the gross features of the 
calculated temperature fields (Fig. 5) are similar 
to those observed. High salinity water (~34.1 
%o) occupies the region along the Japanese coast 
in the observed salinity field at a depth of 100m 
(Fig. 8: upper), while in the model low salinity 
water (<34.1%o) occurs in this region. In the 
model high salinity water (~34.1%o) occupies a 
tongue-like region (the shaded area in Fig. 8: 
lower) corresponding to regions of the strong 
western boundary current and its extension (see 
Fig. 6). 

5-2.  Seasonal variations 
Figures 9 and 10 show the seasonal variations 

of the calculated temperature field at a depth of 
125 m and the horizontal velocity field at a depth 
of 15m, respectively, in the last year of the 
time integration. From January to March the 
formation of deep water takes place in the region 
along the Siberian coast. The synoptic pattern 
of the isotherms does not vary much during the 
period from January to June, though the iso- 
therms have a tendency to shift southward from 
January to March as a result of cooling at the 
sea surface. From January to June, a large 
horizontal temperature gradient exists along the 
Korean coast which corresponds to the East 
Korean Warm Current. During the period from 
July to December, another pronounced horizontal 
temperature gradient appears along the Japanese 
coast, which corresponds to a narrow boundary 
current along the Japanese coast in Fig. 10. 
A density-driven boundary current also develops 
along the Primorsk in summer and autumn. 
This originates from the Tsushima Current. 

Figure 11 shows the corresponding monthly 
variations of the calculated salinity fields at a 
depth of 80m. The high salinity water (the 
shaded area>34.1%o), which flows into the 
model ocean through the Tsushima Strait in 
winter and spring, travels northward along the 
Korean coast due to advection by the western 
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Fig. 9. Monthly variations of the calculated temperature field (~ at a depth 
os 125 m in the last year of the time integration. 

boundary current (the East Korean W a r m  
Current) and continues to travel north-eastward 
forming a tongue-like saline region in the central 
portion of the ocean. It reaches the Tsugaru 
Strait within a year. The low salinity water 
(<34.1~/~) ,  which flows into the ocean through 

the Tsushima Strait in summer and autumn, 
splits into two  branches as is clearly shown in 
the distribution in September.  One of the two 
branches of low salinity water travels along the 
Korean coast due to advection by the western 
boundary current (the East Korean W a r m  Cur- 
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Fig. 10. Monthly variations of the calculated horizontal velocity field at a depth 
of 15 m in the last year of the time integration. 

rent) ,  and the other travels along the Japanese 
coast. 

The  width of the current which appears along 
the Japanese coast in summer and au tumn is 
very  narrow and comparable with the grid 

interval in this calculation, which is taken to 
be a little larger than the 'Rossby 's  internal 
radius of deformation. In  summer and autumn,  
the density difference between the interior water 
and the inflowing water becomes large as a 
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Fig. 11. Monthly variations of the calculated salinity field (f~o) at a depth 
of 80 m in the last year of the time integration. 

result of severe cooling of the interior water 
in winter and the warming and lowering os the 
salinity of the inflowing water in summer and 
autumn. From the narrowness and the direction 
of the current along the Japanese coast and the 
density difference between the interior and in- 

flowing waters,  this branch may be understood 
as a density-driven boundary current (YOON 
and SUGINOHARA, 1977). 

By comparing the behaviour of the calculated 
salinity field with the monthly  variations of the 
observed salinity field at a depth of 50 m reported 
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Fig. 12. Monthly variations of the components of the heat flux across 
the ocean surface; (A) is calculated in Experiment III and (B) was 
reported by Maizuru Marine Observatory. 

by JODC (1978), great discrepancies can be 
seen between the calculated and observed salinity 
fields. The behavior of the high salinity water 
in particular differs greatly. The main part of 
the high salinity water which flows into the 
Japan Sea in winter and spring in the real ocean 
travels along the Japanese coast, while that in 
the model ocean travels along the Korean coast 
and the Polar Front. 

As clearly seen from the calculated horizontal 
distribution of the salinity, the characteristics 
of the boundary current along the Japanese 
coast in tl~e model, which appears from July to 
December, differs greatly from that of the near- 
shore branch of the Tsushima Current. So, 
it is concluded that Experiment I I I  did not 
reproduce the real nearshore branch of the 
Tsushima Current. 

5-3. Heat budget 
Now, let us consider the heat budget in the 

model ocean by using the results of Experiment 
III .  The total heat flux into the model ocean 
is given by the sum of the net downward heat 
flux across the ocean surface and the heat flux 
by advection through the three straits, If the 
total heat flux into the model ocean is denoted 
by Q, we have 

Q= I.[rQ~dI" +Q~,+Q~+Q.a (15) 

where Q~r is the net downward heat flux per 
unit area of the sea surface and T '  is the model 
ocean surface. The heat fluxes through the 
Tsushima Strait (Qvl), Tsugaru Strait (Qva) 
and S6ya Strait (Q~a) are defined by 

Q~, = Cpwpog TtvMA (16) 

where Cpw (=0.934 calg -1) is the specific heat 
of the sea water at constant pressure, p0(1.0 
g cm -3) the mean density of the sea water of 
the whole ocean, T the temperatures in the 
straits, A the transverse cross-sectional area of 
the straits, and v the velocity* normal to the 
transversal section of the straits respectively. 
The subscripts i(1, 2, 3) refer to the Tsushima-, 
Tsugaru- and S6ya Straits, respectively. 

If we divide (15) by the sea surface area / ' ,  
we have 

Q=Q~+Q,,+Q,,+Q.s (17) 

where an overbar indicates the areal average 

* Inflow direction is taken to be positive. 
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of the property. 

Frst, we estimate the value of ~2-, It is 
divided into each component as 

f2. = Qs- Q~- 62,, - Q,, (183 

where Q ,  is the solar radion, 62B the back 
radiation, QH the sensible heat flux, and QE the 
latent heat flux from the ocean surface, respec- 
tively. Figure 12 shows the monthly variations 

of the components of the heat flux 62, across 
the ocean surface; (A) is calculated from the 
results in the last year of the time integration 
of Experiment I I I  and (B) was reported by 
1VIAIZURU MARINE OBSERVATORY (MMO) 

(1972). The solar radiation Qs and the hack 

radiation QB in (A)are  almost the same as 
their respective values in (B). The latent heat 

flux 62E and the sensible heat flux 62H in (A), 
which are upward in winter, have maxima in 
January. The maxima are almost twice those 
in (B). The directions of the latent heat flux 
and the sensible heat flux in (A)are downward 
from June to August and from April to Sep- 
tember, respectively. In contrast, the directions 
of the latent heat flux in (B) are always upward 
and~those of the sensible heat flux in (B) are 
upward except in May. 

Next, each term of Eq. (17) is investigated 

except QN. Figure 13 shows the monthly 
variations of the heat flux through the three 

straits. Q~,I, -62,~ and -Q,,3 have their 
maxima in September or October and minima 
in March or April. 

The annually averaged components of heat 
flux into the model ocean are shown in Table 
4, where an asterisk indicates the annual mean 
of each component. Since the annual means of 

net heat flux per unit area 62N* across the modeI 

ocean surface and the total heat flux Q~I*+ Qv~* 

+62,8" through the three straits into the model 
ocean are - 181.5 eal cm -~ d -1 and 176.8 cal cm -~ 

d-*, respectively, the total heat flux Q* into the 
model ocean is calculated to be - 4 . 7  cal cm -~ d-*. 

This value of Q* indicates that the cooling of 
the ocean is still taking place at a rate on the 
order of one degree per 100 years if the entire 
water column from the bottom to the surface 
is cooled. This value is very small and as a 
result the temperature fields become almost 
steady at the end of the time integration. The 
time scale for attaining the steady state in Part 
I (YOON, 1982) is determined by the diffusion 
time (H~/Kv--3,000 years, where H is the depth 
of the ocean). In this model, the formation of 
the deep water takes place and cold water is 

Heot flux through the strait 
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Monthly variations of the heat fluxes 
through the three straits. 

Table 4. Annually averaged components of heat flux. An asterisk (*) indicates 
the annual mean of each component. For indices see text. 

Heat flux across the ocean surface (cal cm -2 d -l) Heat flux (cal cm -2 d -l) 
_ _ - X -  _ _ . x .  

Components Q8 (solar radiation) 249.7 Q~l (Tsashima Straits) 269.7 
_ _ - X -  _ _ - X -  

O~ (back radiation) 123.3 Q~2 (Tsugaru Straits) -72.4 

QE (sensible heat) 108.0 Qva (S6ya Straits) -20. 5 

Q~ (latent heat) 199.9 

Total O .  = t 2 .  = 

Qs- Qn- Qu- QE - 181.5 Q~i+ Q~.+ Q~, 176. 8 
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~dvected horizontally in a deep layer and balances 
the downward heat flux in warm water regions. 
The time scale of formation of the deep water 

is determined by C~ where Ca (cal cm-~d -1 
C~,,,.H' 

deg -l) is the heat flux coefficient at the ocean 
.surface, and has a value of 2,000days when 
.C~100  cal cm -~ d -1 deg -1. The advection time 
scale in the deep layer is L/v (L is the hori- 
-zontal scale of the ocean and v is the horizontal 
advection velocity in the deep layer). This has 
a value of 103--104 days with 1,000km for L 
and 1N10 mm s -1 for v. These time scales are 
Jn a good agreement with the integration time 
<~f the present experiment. 

According to MIYAZAKI (1952), the heat flux 
through the Tsushima Strait corresponding to 

Q~l* is 289.8calcm -~ d -1 and the sum of the 

heat fluxes through the Tsugaru-and the S6ya 

Straits is 206.0 cal cm -~ d -~. The latter value 

Js almost twice as much as the sum of - Q ~ *  

and -Q~3* in the present study. It seems that 

we underestimate the heat flux -~ ,~*  and 

- ~ 3 "  are underestimated in this study because 

the temperatures at the outflow openings are a 
few degrees lower than those observed, as shown 
in Fig. 5. If the temperatures at the outflow 
.openings are a few degrees warmer, the heat 
flux through the two outflow openings will 
Jncrease by about 50 % of it in the present study. 
I f  we can reproduce a confined boundary current 
.along the Japanese coast, the difference in 
temperature between the Tsushima-and the 
Tsugaru Straits may diminish and the heat flux 
.across the ocean surface will be close to the 
value calculated from observed data. 

~. Summary and conclusions 
In winter and spring, the water supplied into 

the model ocean through the inflow opening 
flows northward along the Korean coast as a 
western boundary current corresponding to the 
East Korean Warm Current in the Japan Sea. 
In summer and autumn, the warm water splits 
into two branches (although this is not clear 
near the Tsushima Strait): one flows northward 
.along the Korean coast from winter to spring 
and the other flows along the Japanese coast 
as a density-driven boundary current due to the 
inflow of the warm and low salinity water in 

summer and autumn, which shows a large den- 
sity contrast with the interior water which 
has been cooled during winter. The lack of a 
boundary current along the Japanese coast from 
winter to spring results in a large discrepancy 
between the calculated and observed salinity 
field distributions. 

Seasonal variations of atmospheric conditions 
are essential to the formation of the deep water 
corresponding to the Proper Water in the Japan 
Sea. 

Analysis of the heat budget, indicates that 
the flux through the outflow openings seems to 
be underestimated because the temperatures at 
the outflow openings are a few degrees lower 
than those observed. If a confined boundary 
current along the Japanese coast can be re- 
produced in the model, the difference in temper- 
ature between the Tsushima-and Tsugaru 
Straits may diminish and the heat fluxes across 
the ocean surface will have values close to those 
calculated from the observed data. 

In this study, we neglected the effect of 
bottom topography. The offshore scale of the 
continental shelf and slope is on the order of 
100km. This corresponds to the scale of each 
branch of the Tsushima Current System. There 
is a strong possibility that the water flowing 
out of the Tsushima Strait is significantly con- 
trolled by the continental shelf and slope. That 
is, the flow will tend to follow the isopleths of 
bottom topography and will exist at all seasons 
as long as water is supplied to the ocean. This 
bottom controlled current existing at all seasons 
could advect the high salinity water along the 
Japanese coast. In the next paper of the pre- 
sent study (Part I I I :  YOON, MS), the effect of 
bottom topography on the Tsushima Current 
will be examined. 
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