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ABSTRACT 

Snowfall associated with the modification of cold air-mess outbreaks by the Sea of 
Japan is simulated with a simple numerical model. The model incorporates the ef- 
fects of momentum, heat, and moisture fluxes acrosa the aipsea interface rn well as 
the effects of orography. The simulated distributions of snowfall, temperature, wind, 
and moisture are compared with observations and reasonable agreement is found. 
Numerical experiments were made in order to determine the dependence of the snow- 
fall distribution on the large scale prevailing conditions. The results indicate that the 
occurrence of snowfall is controlled primarily by orographic lifting. An unexpected 
finding is that the snowfall distribution is not very sensitive to the dryness of the 
prevailing flow. 

1. Introduction 

During the winter monsoon season in the 
Far East, snow frequently falls over the moun- 
tains of Central Japan and the adjacent coastal 
areas of the Japan Sea. An indication of the 
geographical distribution of the snowfall dur- 
ing the season is shown in Fig. 1.1; for com- 
parison, the corresponding distribution over the 
Sea of Japan is presented in Fig. 1.2. It may 
be noted that the largest amounts of precipita- 
tion occur over the Japan Sea coastal regions 
and the mountain regions while smaller amounts 
occur over the sea to the northwest and the 
leeside plains to the southeast. Since the mon- 
soon flow has a predominantly northwesterly 
component and since the Central Japan moun- 
tains are roughly normal to this flow, the pre- 
cipitation distribution appears to be due pri- 
marily to orographic lifting. The cold airmass 
from the Asian continent picks up heat and 
moisture as it flows over the warm sea of Japan 
(e.g. Asai, 1965; Ninomiya, 1968). This addi- 
tion of heat and moisture makes the airmass 
relatively unstable and cumulus clouds develop 
remarkably over the coastal area where the 
warm Tsushima current flows. The condensa- 
tion and precipitation are especially enhanced 
where the airmass is lifted by the mountains. 
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This process appears to be the dominant mech- 
anism for explaining the precipitation distribu- 
tion in Fig. 1.1. According to Fukuda (1965) 
and Matsumoto et al. (1965, 1967), heavy 
snowfall occurs over the Japan Sea coastal 
areas due to the smaller-scale low-level dis- 
turbances. The disturbances usually develop 
within the northwest monsoon airmass over these 
areas when the temperatures in the overlying 
middle troposphere are unusually low. Although 
the amount of precipitation due to these disturb- 
ances is by no means negligible, it is consider- 
ably smaller, in the mountain regions, than 
that due to orogrctphic lifting. 

The snowfall described above, which is as- 
sociated with the Siberian northwest monsoon, 
is somewhat similar to the so called lake-effect 
snowfalls over the Great Lakes of the United 
States; these occur during cold air-mass out- 
breaks. Over both Japanese and United States 
areas, the snowfall occurs after cold airmasses 
are heated and moistened as they flow over the 
warm water surfaces. However, the precipita- 
tion mechanisms are somewhat different. In  
Japan, especially over the mountain regiona, 
the primary mechanism is orographic lifting. 
Over the United States Great Lakes region 
where high mountains do not exist, however, 
the primary mechanism is upward motion due 
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Fig. 1.1. The distribution of the mean daily precipitation over the Japan Islands for January 16-26, 1963, 
January 16-February 5, 1964 and January 16-February 5 ,  1965. 

to lake-induced mesoscale disturbances. These 
disturbances are generally intense when the 
low-level prevailing flow has a long trajectory 
over water and when the temperature in the 
middle troposphere is low. The nature of these 
disturbances could be similar to the small-scale 
disturbances along the Japan Sea coastal areas 
described by Fukuda and Matsumoto et al. 
(op. cit.). The lake-effect snowfalls have been 
simulated rather successfulIy with a simple 
numerical model by Lavoie (1972). The model 
has also been applied to study the trade wind 
weather on Oahu Island (1974). It would be 
interesting to find out whether the same model 
could also simulate the Japan Sea effect snow- 

Fig. 1.2. The distribution of the mean daily pre- 
cipitation for the winter of 1965. 

fall. In  this paper, we present the results of 
such an attempt. 

2. The model and the numerical 
experiments 

The model has been described in detail 
previously by Lavoie (1972); it is, therefore, 
sufficient in this paper to present only the im- 
portant aspects of the model. The model is the 
equivalent of a one-layer (well-mixed layer) 
primitive equation model. The primary de- 
pendent variables of the model are those which 
describe the properties of the layer. These are: 
horizontal wind vector (V),  potential tempera- 
ture ( O ) ,  mixing ratio (q) ,  depth of the well- 
mixed layer (h ) ,  vertical velocity (w) and the 
precipitation rate ( M ) .  The first four vari- 
ables are obtained with the aid of the follow- 
ing prediction equations: 

-= - V - VV - fKxV - F, - (h, - h)  f K z  
at 
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C D  %= -V.Vq+--IVI(q0-q) 
at h-2, 

(4) 

where F, =f3/f3h(aVp)h a t  the initial time. In  
the above equations, the quantities are denoted 
by the customary meteorological notation. The 
geostrophic wind shear, aV,,/az, is that which 
corresponds to the region above the well-mixed 
layer; I' is the potential temperature lapse rate 
in the same upper layer. The subscript, h, re- 
fers to values at the top of the well-mixed layer 
and the subscript, i refers to the value at t =O. 
The subscript, 0, indicates values a t  the ground 
while, s indicates value a t  50 m above the 
ground (top of the constant flux layer). The 
overbar means vertical average. The constant, 
/?, is a model parameter which specifies the in- 
tensity of mixing a t  z = h. Finally, the subscript, 
8 -oh,  means that the term is computed only if 

The remaining variables, w and M, are cal- 
culated with the aid of the following diagnostic 
equations. 

8 "8,. 

Here, c is the speed of sound and wcb is the 
vertical velocity at cloud base. The other un- 
defined quantities (a, E ,  D, and k)  are model 
parameters. Eq. (6) is derived from a simpli- 

I 0 '  

A 

'W 
0; , 

1 I I 
130 135 140 

Table 1. Characterietics of the N u m e r i d  Experiments 

Fig. 2.1. The domain of integration is indicetad by 
the large rectangle. The inner rectangle indicates the 
fine mesh region (Az = Ay = 20 km). 

fied form of the equation of continuity while 
eq. (6) is an empirical relationship. 

The model equations were integrated nu- 
merically for the region enclosed by the larger 
rectangle in Fig. 2.1. A reotangular grid was 
used with equally-spamd (20 km) points inside 
the inner rectangle; outside it, the grid distance 
increases geometrically towards the outer rec- 
tangle. Details concerning the formulation of 
the initial and the boundary conditions, as well 
as the method of numerical integration, are 
described in the reference cited and will not be 
repeated here. 

In  order to analyze the performance of the 
model, we made seven numerical experiments. 
For purposes of discussion, the first experiment 

~~ ~~ ~ ~ 

Initial wind Initial wind Initial mixing Land 
Expt. no. speed, m sec-l direction ratio, g/kg R.H., % CD at sea 

1 (Control) 10 NW 1 35 1.5 x 
2 10 WNW 1 35 1.5 x 
3 10 NNW 1 35 1.5 x lo-' 
4 15 NW 1 35 1.5 x lo-' 
5 10 NW 0.5 35 1.5 x lo-' 

1.5 x 10-8 6 10 NW 1 50 
7 10 NW 1 35 3.0 x 
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Fig. 2.2. The lower boundary distribution for tem- 
perature. 

is designated as the control experiment because 
it represents an attempt to simulate an actually- 
observed meteorological situation. Each one of 
the other six experiments differs from the con- 
trol experiment in only one aspect concerning 
either the initial condition, boundary condition, 
or the value of the drag coefficient over the sea. 
By varying the initial condition, one is able to 
simulate different large scale prevailing condi- 
tions (upstream). The characteristics of the dif- 
ferent experiments are summarized in Table 1. 

Experiments 1, 2, and 3 were designed for 
the purpose of assessing the effect of varying 
the direction of the prevailing flow. Experiment 
4 differs from the control experiment in the 
wind speed. Therefore, by comparing the results 
of the integrations for both experiments, one 

v -- 7- 

/?’ n /-I I 

Pig. 2.3. The distribution of surface elevation. 

can determine the effect of the wind speed. In  
a similar manner, one can assess the effect of 
a drier atmosphere with the aid of Experiment 
5. One of the somewhat arbitrary conditions 
used in the integration is the specification of 
the relative humidity a t  the earth’s surface. 
The specified relative humidity, together with 
the surface temperature, enables one to com- 
pute the boundary value for mixing ratio, qo, 
a t  the ground surface. There is some uncer- 
tainty in the prescription of the relative hu- 
midity. In  order to determine the sensitivity 
of the integration results to the assumed value 
of the relative humidity, we used a larger value 
in Experiment 6. Finally, since there is also 
an uncertainty in the value of the drag coeffi- 
cient, we made Experiment 7 for the purpose 
of determining the sensitivity of the results to a 
larger value of C, a t  sea. 

The integrations require the specification of 
the lower boundary values, OD, and qo. The 
boundary values for 0 are obtained from Fig. 
2.2. The sea surface isotherms in this figure are 
based on climatological values; for simplicity, 
the land surface isotherms were drawn by simply 
connecting with smooth lines the appropriate 
sea surface isotherms ending a t  opposite shore- 
lines. The surface values for mixing ratio are 
obtained by assuming a sea surface relative 
humidity of 100% and a ground surface rela- 
tive humidity of 35% (50% for Experiment 6). 
In  addition to these surface conditions, we 
specified the height of the terrain shown in Fig. 
2.3. The heights were obtained by smoothing 
the heights at individual grid points which 
were obtained from topographic maps. The 
smoother is the 9-point weighting operator used 
by Lavoie (op. eit.); the operator was used suc- 
cessively for two times. For simplicity in the 
integrations, Kyushu Island is replaced by a 
flat ocean surface. 

The geostrophic wind shear above the mixed 
layer was prescribed to be as follows: 

av 

az az 
a_” = 6 m sec-’ b-’ - = 2 m 8ec-l km-’ 

The other model parameters are the same as 
those used by Lavoie (op. cit.).  

The initial conditions were assumed to be 
uniform throughout the region of integration. 
The specific values for V and q are already given 
in Table 1. For 0 and h, the values are 263” A 
and 2 km, respectively. 
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3. Results of numerical experiment 

In  the present section we will discuss the re- 
sults of the numerical experiments described in 
the previous section. The sets of the governing 
equations are integrated for 24 hours. The quasi- 
steady states are found after 8 hours and some 
small-scale noises begin to develop after 16 
hours of integration. We will, therefore, present 
and discuss the calculated fields at 12 hours 
after initial time. 

(1) Result8 of %ontrot experiment” 

The distribution of the precipitation is pre- 
sented in Fig. 3.1. The amount of precipitation 
over the Japan Sea is about 0.01-0.02 cm/hour. 
The high precipitation occur over the very 
narrow area along the Japan Sea coast where 
the maximum amount is about 0.18 cm/hour, 
while precipitation does not occur over the lee- 
side of the mountains and the Pacific coastal 
regions. There is some precipitation (0.02 cm/ 
hour) over the windward side of the mountains 
in Kii Peninsula and Shikoku Island. 

The horizontal distribution of the height of 
the inversion base is presented in Fig. 3.2. The 
height of the base increases very gradually over 
the Japan Sea from 2 000 m over the Continent 
to 2 400 m over the Japan Sea coastal area. As 
seen in the map, the inversion base is relatively 
low off Sanin District. The map of the vertical 
velocity (not shown in the present paper) sug- 
gests that the low inversion base mentioned 
above may be due to the weak descending 
motion. The inversion base rises rapidly over 

Fig. 3.2. The distribution of the height deviation 
of the inversion base obtained from the control ex- 
periment. Units, m. 

the Japan Sea coastal area to the height of 
2 800 m. It attains the maximum height of 
3 200 m over the southwest side of the moun- 
tains. The height of the base again decreases 
to 2 400 m over the Pacific. This distribution 
of inversion height obtained from the “control 
experiment” indicates strong topographic in- 
fluence on the inversion height. 

Fig. 3.3 presents the distribution of the mean 
wind velocity and the relative vorticity in the 
mixing layer. The topographic influences of the 
Japan Islands on both the wind speed and direc- 
tion are clearly seen in this figure. For example, 
the wind speed is remarkably strong along “the 

I‘ u 
CONTROL EXP d 

- 0 0 2  /a04  4 CONTROL E X P  FQ. 3.3. The distribution of the mean wind veioci- ‘ ty and the vorticity in the mixed layer obtained 
from the control experiment. Vorticity units, 10-5 
,300-1. 

FQ. 3.1. The distribution of the precipitation ob- 
tained from the control experiment. 

Tellus XXVIII (19?6), 3 
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CONTROL EXP 
. ~ ~~ . ~ 

Fig. 3.4.  The distribution of the mean potential 
temperature deviation in the mixed layer obtained 
from the control experiment. Units, "K. 

great valley" (which extends from Wakasa 
Bay to Ise Bay through Lake Biwa) while 
winds are very weak over Kanto Plain which 
is located in the lee side of high mountain 
ranges. These ranges tend to generate anticy- 
clonic vorticity over them and cyclonic vorticity 
downwind. 

Let us next examine the field of potential 
temperature (Fig. 3.4) and that of mixing ratio 
of water vapor (Fig. 3.5). The increase of the 
potential temperature during the air-mass pas- 
sage over the Japan Sea is 6-8 K. Almost uni- 
form distribution of potential temperature is 
found over the lee side of the mountains, the 
Pacific coastal area and over the Pacific. The 
increase of the mixing ratio over the Japan Sea 
is 0.8-1.0 g/kg. The mixing ratio is relatively 
small ( u 1.6 g/kg) over the northeastern part 
of the Japan Islands and relatively large ( - 2.0 
g/kg) over the southwestern part. It increases 
rapidly over the Pacific and attains the value 
of about 3.0 g/kg off Shikoku Island. 

(2) Results of " WN W and N N  W wind 
experiment" 

This experiment would indicate the influence 
of the direction change of the prevailing wind 
on the distribution of the precipitation over the 
Japan Islands. The physical parameters used in 
this experiment are the same as used in the 
control experiment except the wind direction 
at the initial and along the upstream boundary. 

The features of the distribution of the height 

Fig. 3.5.  The distribution of the mean mixing ratio 
of water vapor in the mixed layer obtained from 
the control experiment. Units, g/kg. 

of the inversion base, wind velocity, potential 
temperature and mixing ratio resulting from 
these experiments are quite similar to the fea- 
tures of the corresponding fields obtained from 
the control experiment. Some differences be- 
tween these experiments are, however, found 
on the precipitation maps. The distribution re- 
sulting from WNW wind experiment (Fig. 3.6) 
indicates the increase of the snowfalls along 
the west side of the mountains and that from 
NNW wind experiment (figure is not presented) 
indicates the increase along the north side of 
the mountains. From the nature of the nu- 
merical model of this study, it is natural that 
the area of maximum snowfalls appears over 
the mountains facing to the prevailing winds. 

0.02 R A I N  FALL , CMIHR 

r- W N W  WIND ----GF- 

Fig. 3.6. The distribution of the precipitation ob- 
tained from the WNW wind experiment. 
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Fig. 3.7. The distribution of the precipitation ob- 
tained from the strong wind experiment. 

( 3 )  Results of “strong wind experiment” 
The object of this experiment is to know the 

influence of the wind speed increase on the air- 
mass transformation and the snowfalls. The 
initial and upstream boundary value of U and 
V of this experiment are 10 m/sec (cf., 7 m/sec 
in the control experiment) and other para- 
meters are exactly the same as these used in 
the control experiment. From the nature of the 
equation system of the model, we expect two 
effects of the wind speed increase. One effect 
is the increases of evaporation and sensible 
heat supply because these amounts are pro- 
portional to the wind speed. The second effect 
would be the increase of topographic upward 
motion because it is also proportional to the 
wind speed. 

As seen in Fig. 3.7, the amount of the pre- 
cipitation obtained from strong wind experi- 
ment is about twice as large as these from the 
control experiment although the pattern of 
precipitation of these experiments indicates 
similar characteristics. 

The distribution of the height of the inver- 
sion base of this experiment is almost similar 
to that of control experiment although it rises 
more rapidly over the coastal area of Hokuriku 
District for the former experiment. 

In  spite of the increase in sensible heat supply 
and evaporation, the distribution of potential 
temperature and the mixing ratio of the strong 
wind experiment is not notably different from 
these of control experiment. This would be due 
to the fact that the magnitudes of thermal 

Tellus X X W I  (1976), 3 

and moisture advection are also proportional 
to the wind speed and therefore the increase 
of the heat and moisture supply would be 
balanced by the advection. 

(4) Reeults of “small initial mixing 
ratio experiment” 

The “small initial mixing ratio experiment” 
would represent the case of cold air outbreak 
of a very dry airmass. The initial and upstream 
boundary value of mixing ratio of this experi- 
ment is 0.5 g/kg (cf. 1.0 g/kg for the control 
experiment). 

We cannot find any significant differences 
between the computed fields (not shown) from 
this model and those from the control experi- 
ment. The amount of the precipitation is slightly 
small as compared with that of control experi- 
ment. 

If the air-mass is very dry, we expect much 
evaporation from the Japan Sea because the 
amount of evaporation is proportional to the 
air-sea moisture difference. It could be said, 
therefore, that the initial and upstream bound- 
ary value of the mixing ratio is not the import- 
ant controlling factor for the air-mass modi- 
fication and the snowfall over the Japan Sea 
and the Japan Islands. 

( 5 )  Results of “wetter ground experiment” 
In  the “wetter ground experiment”, the rela- 

tive humidity a t  the ground surface is chosen 
to be 50 % (cf. 35 % in the control experiment). 
Due to the change of this parameter, some in- 
creases in the precipitation amount over the 

.--, 

, - _ _ I  

RAINFALL .CM/HR - Ox)4  WETTER GROUND 

Fig. 3.8. The distribution of the precipitation ob- 
tained from the wetter ground experiment. 
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Fig. 3.9. The distribution of the precipitation ob- 
tained from the large drag coefficient experiment. 

mountains in Kii Peninsula and Shikoku Is- 
Iand (Fig. 3.8), while the precipitation over the 
Japan Sea coastal area does not change. 

(6) Results of “large drag coefficient 
experiment” 

In  the large drag coefficient experiment we 
use large values of the drag coefficient over the 
sea, w-hich is twice as large as these adopted in 
the control experiment. The increase in the 
drag coefficient would produce large frictional 
force, evaporation and sensible heat supply. 

The obtained field of various quantities from 
this experiment are considerably different from 
those obtained from the control experiment. 
The amount of precipitation (Fig. 3.9) is about 
twice as large as that of the control experi- 
ment. This increase would be due to the in- 
crease in the evaporation. 

The increases in potential temperature and 
mixing ratio during the air-mass passage over 
the Japan Sea are about 12 K and 2.4 gfkg 
respectively, which are fairly larger than these 
resulting from the control experiment. It is 
found that both potential temperature and 
mixing ratio increase rapidly over the Pacific 
to the south of Shikoku Island and Kii Penin- 
sula. 

The distribution of the height of the inver- 
sion base in this experiment (Fig. 3.10) is also 
remarkably different from the previous experi- 
ments. The inversion base rises rapidly to 2 800 
m soon after the airmass leaves the Continent. 
The height of inversion base is 2 80CL3 200 m 

over the Japan Sea. The maximum height of 
about 3 700 m is found over Hokuriku District. 
The inversion base becomes gradually lower 
toward the Pacific side of the Japan Islands 
and indicates the minimum height (2 800 m) 
over the Pacific coastal area. Due to the large 
heat energy supply, the inversion base again 
rises over the Pacific and attains its maximum 
height (4  400 m) off the Japan Islands. 

4. Comparison of results of experiment 
with observation 

In  the present section we will compare the 
results of the experiments described in the 
previous section with observations. 

( 1) Climatological and synoptic distribution 
of the snowfall 

I n  order to  compare the results of the nu- 
merical experiment with the actual features of 
air-mass transformation and the snowfall, we 
select the period between 16 January and 5 
February 1965 as the period of a typical winter 
monsoon and the case of snowfall in 20 January 
1964 as a typical example of the moderately 
strong cold air outbreak. 

Fig. 1.2 shows the distribution of the mean 
amount of precipitation over the Japan Sea 
during the period. The amount could be esti- 
mated from this figure to be about 2 mmfday 
(0.01 cm/hour). The climatological and synop- 
tic distribution of the precipitation over the 

f -.oo 

Fig. 3.10. The distribution of the height of the in- 
version baae obtained from the large drag coeffi- 
cient experiment. Units, rn. 
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/ 
/ 

/ PREC I PI TAT I Oh 
20 JAN 1964 

/ ‘”./ 
Fig. 4.1. Synoptic distribution of precipitation amount over the Japan Islands on 20 January 1964. Units, 
mm/day. 

Japan Islands are presented in Fig. 1.1 and 
Fig. 4.1 respectively. By and large, the patterns 
of precipitation obtained from the experiments 
coincide well with that of observation. 

As for the amount of precipitation, the re- 
sults of control, “W and WNW wind experi- 
ment coincide well with the observation. The 
amount of precipitation over the mountain 
areas in Shikoku Island and Kii Peninsula of 
the wetter ground experiment is much larger 
than observed one. This would be due to the 

Fig. 4.2. The 900 mb wind and the height of the 
inversion at 1200 GST, 20 January 1964. One full 
barb of wind symbol equals 10 knots; inversion 
height, mb. 

Tellus XXVIII (1976), 3 

overestimation of the evaporation from the 
ground surface. The amount of precipitation of 
both the strong wind and the large drag coef- 
ficient is about twice as large as the observed 
amount. 

The largest disagreement between the results 
of experiment and observation is the location 
of the area of maximum snowfall. The results 
of experiments indicate that the strongest 
snowfall occurred along the coastal line, while 
the observed maximum snowfall areas are lo- 
cated over the inland areas 50-70 km far from 
the coaatal line. This disagreement could be 
explained by the drift of the snowflake. Since 
the falling speed of snowflakes is 0.3-0.5 m/ 
sec, it takes about 4000 sec to fall a vertical 
distance of 2 000 m. This means that the snow- 
flakes are drifted about 40 km providing that 
the wind speed is 10 m/sec. 

(2) wind velocity 
Fig. 4.2 shows the observed 900-mb winds 

at 1200 GST 20 January 1965. It will be found 
that the wind speed is relatively strong along 
the “great valley” and weak over the Kanto 
Plain. There is also an indication of a trough 
over the Pacific Coastal region. These features 
of wind speed are also well simulated by the 
experiment. 

( 3 )  Distribution of the height of inverhn baae 
The distribution of the height of the inver- 

sion base at 2100 GST 20 January is presented 
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Fig. 4.3. The mean potential temperature and the 
mixing ratio in the layer below the inversion base 
at 1200 GST, 20 January 1964. 

in Fig. 4.2. The inversion base indicates the 
maximum height of 730 mb over the Japan 
Sea coastal area and minimum height of 850 
mb along the Pacific coastal area. The height 
again increases to 750 mb over the Pacific to 
the south of the Japan Islands. 

As described in section 3, the results of all 
the experiments (except the large drag coeffi- 
cient experiment) do not agree well with the 
observations; these results show the maximum 
height over the lee side of the mountains. The 
results of only the large drag coefficient ex- 
periment simulate well the characteristic fea- 
tures of the observations. 

(4) Distributions of the potential temperature 
and the mixing ratio 

The distributions of the mean potential tem- 
perature and mixing ratio in the layer below 
the inversion base at 1200 GST 20 January are 
presented in Fig. 4.3. 

The observed horizontal gradient of the po- 
tential temperature and the mixing ratio are 
considerably stronger than those of the control 
and the strong wind experiment. The results of 
only the large drag coefficient experiment agree 
fairly well with the observations. 

We also find important disagreements be- 
tween the observed vertical gradient of 0 and 
q and those of the model atmosphere. It is as- 
sumed that 0 and q are uniform in the mixed 
layer in the model atmosphere of the experi- 

ment. In the actual atmosphere over Hokuriku 
District, 0 increases a t  the rate of 3'K/1 000 
m and q decreases a t  the rate of 1 g kg-l/l 000 
m. 

( 5 )  Remarks 
The comparisons described above suggest that 

the results of the large drag coefficient experi- 
ment agree, on the whole, fairly well with the 
observations, although the amount of the pre- 
cipitation is too much as compared with the 
observation. 

One may be critical of the value of 3 x 10-3 
for the drag coefficient which is too large. By 
comparing the amount of the evaporation or 
sensible heat supply evaluated from the at-  
mospheric budget analysis with those evaluated 
from the bulk method, Ninomiya (1968) sug- 
gested that the value of the drag coefficient 
should be 2 x over the Japan Sea in the 
winter season. It should be noted, however, 
that the sensible heat supply in the present 
model is not proportional to the temperature 
difference between the sea water and the lowest 
atmospheric layer but to the difference between 
the sea water and the mean temperature in the 
mixed layer. If this is taken into account, the 
value used in this numerical experiment would 
not be unreasonably large. The unreasonably 
large amount of the precipitation of the large 
drag coefficient experiment could be due to the 
overestimation of the topographic upward mo- 
tion, because the upward motion in this model 
is not proportional to the V, . VZ but rather to 
VSVZ. 

It is also suggested in the discussion in (4) 
that the one-layer model for the mixed layer 
would not represent accurately the structure 
of actual atmosphere because there are large 
vertical gradients of q in the very thick neutral 
layer developed over the Japan Sea coastal 
region. 

5 .  Concluding remarks 

The results of the numerical integrations in- 
dicate that the model is able to reproduce many 
of the important features of the winter mon- 
soon circulation over Japan and the surround- 
ing sea. The accuracy of the predicted precipita- 
tion is rather remarkable if one considers the 
fact that the model is extremely simple. This is 
primarily an indication that the model is able 
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to predict snowfall induced by orography rea- 
sonably well. However, examination of the re- 
sults indicate that it may not be able to pre- 
dict snowfall associated with the minor disturb- 
ances described by Matsumoto et  al. (1967) 
and Fukuda (1965) for no such disturbances 
apparently developed during the integration. 
The absence of the disturbances may be due 
simply to inappropriate initial conditions or in- 
correct model parameters. Or, it could be due 
to the lack of vertical resolution of the model. 
It is interesting to speculate whether this 
weakness of the model, and other deficiencies 
which are not mentioned here, can be remedied 
by minor changes in the model equations. If 
this can be done without unduly complicating 
the model, one may be able to forecast Japan 
Sea effect and lake effect snowfalls on an opera- 
tional basis. 
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