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Introduction

Numericaling modelling on atmospheric circulations
over the eastern mountainous coastal seas of Korea

Hyo CHor"

Abstract: By one way double-nested non-hydrostatic numerical model, wind fields in the high
mountainous coastal region of Korea were three-dimensionally simulated from March 27 to
March 28, 1994. Strong synoptic scale westerly winds blowing over the large steep mountains
in the coastal region caused localized downslope wind storms and enhanced development of
easterward internal gravity waves in the lee-side of mountain.

During the day a meso scale sea breeze circulation induced by thermal forcing due to
temeprature contrast of air over between land and sea progresses from sea toward inland. But
it is impeded by eastward propagation of internal gravity waves and confines to the offshore
side of the coast. Thus, two kinds of atmospheric circulations consist of an interna gravity
wave circulation (westerly) and a sea breeze circulation (both easterly near the sea surface
and westerly in the upper level). Air in the lowest atmospheric layer at Kangnung coastal site
should be trapped by two opposite circulations and surface winds near the coastal seas are rela-
tively weaker than those in the open sea or the inland sites, even if the upper level wind speeds
were very strong. On the other hand, a nighttime land breeze from the inland toward the
coastal sea could enhance development of existed eastward downslope wind storm and down-
ward transport of momentum from the upper atmosphere toward the coastal surface due to
disappearance of vertical thermal convection also makes a contribution to more intensification
of westerly winds in the coastal region, increasing the surface wind speeds. Consequently,
under the severe downslope wind storms induced by strong synoplic scale winds over the
mountain toward the coastal sea, the surface wind speeds became much higher at night than
in the daytime and caused much unstable sea states generated by the strong surface winds.

the simulation of Galveston Bay in Texas due

In recent years, DURRAN and KrLemp (1987),
KLEMP and DURRAN (1983), PELTIER and CLARK
(1979) made numerical simulations on down-
slope winds, lee-side waves and up-stream
blocking resulted from orographic effects in
the inland mountain region. BoER et al. (1984),
Davis (1987), LILLY et al. (1982), PALMER et al.
(1986), SmrtH (1978, 1989) and WMO (1986) car-
ried out the thoretical and numerical studies on
the surface pressure drag and wave momen-
tum flux in the mountain ranges.

RAYNOR et al. (1979) and SETHURAMAN (1982)
described boundary wind structure near land-
sea interface and McPHERSON (1970) mentioned
distortion of sea breze convergence zone from
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to the effect of irregularly shaped coastlines on
predicted wind fields. SEGAL et al. (1982) identi-
fied calm wind zones in conjunction with sea
breeze convergence front formed between
nearly parallel coastlines through a three-
dimensional simulation of sea breeze circula-
tion. LANGLAND et al. (1987) demonstrated the
result of numerical simulation on a satellite-
observed calm zone over the curved coastline
of Monterey Bay by using a meso scale marine
boundary layer model, which is no-hydrostatic
and anelastic without considering the effects of
complex terrain.

In the mountainous coastal region, it is
known that the patterns of atmospheric
circulations are very complicated and are still
unsolved problem (CHol and CHoi, 1994 ; CHOI
and CHol, 1995 ; FRIEHE and WINANT, 1982 ; Hsy,
1980, 1988; PrLATE, 1971; SATOMURA and
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BOUGEAULT, 1992 ; SETHRAMAN, 1982). Along the
coastal sea with high and steep mountains
atmospheric circulations, which make a great
influence upon waves and circulations, should
be affected by sea-land breeze circulation and
propagation of internal gravity waves in the
lee-side of mountain (CuHor et al., 1996; LEE,
1982; SmiTH, 1989; SMOLARKIEWICZ and
ROTUNNO, 1989)

In spring we often find that synoptic scale
westerly winds with high wind speeds pre-
vailed in north-eastern Asia and become en-
forced localized wind storms by Taegwallyang
mountain near Kangnung city in the eastern
coastal edge of Korea. When internal gravity
waves with hydraulic jump motions, under
downslope wind storms are rapidly developed
in the lee-side of the coastal mountain, unusual
high winds should be generated over coastal
seas and resulted in high sea waves.

The purpose of this study is to explain
atmospheic circulatins by wusing a three-
dimensional numerical model, which will have
a great influence upon the formation of wind
driven currents and wind waves and to find
out mountain effects on forecasting coastal
wind fields and sea states, when both
downslope wind storms and sea breeze process
exist.

2. Numerical method and data analysis

As shown in Fig. 1 and 2, the study area is
located in the eastern coastal region of korea
(adjacent to Japan sea) with high and steep
mountains, which lies from south to north par-
allel to coastal lines and consists of a complex
terrain with sand, soil and forest in a high
mountain called Mt. Taegwallyang near Mt.
Whangbyung (1407m) (Chor and Cxol, 1995).
For investigating atmospheric circula-tions
due to the rapid development of violent inter-
nal gravity waves and sea-land breeze
circulation in Kangnung coastal region from
March 26 through 29, 1994, a non-hydrostatic
grid point model was adopted with some modi-
fication and one way double-nesting technique
was used for precise simulation on coastal
wind aspects.

We chose horizontal resolutions of the model
as 20km in the coarse-mesh model and Tkm in
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Fig. 1. Calculated wind sppeds (m/s) at 10m
height over the ground surrounding the
Korean peninsula at 12 LST, march 27, 19954
in the coarse domain by using Global Analy-
sis Data.

the fine-mesh for double nesting with the num-
ber of 34 X 34 grids. This model consists of 15
vertical levels from 10m to 6km over the
ground such as 10, 45, 120, 235, 350, 500, 700, 900,
1100, 1400, 1800, 2400, 3200, 4200 and 5400m in
z* coordinate called a complex terrain-
following coordinate, and the lowest model
level is set at 10m, representing the depth of
the surface layer.

In the coarse-mesh model, 12 hourly G-ANL
(global analysis) data reanalyzed by Japan
Meteorological Agency (JMA) are provided as
initial data for lateral boundary of the model
domain. The coarse-mesh model calculates me-
teorological variables at each grid point and
predicted values on each variable were used
again as lateral boundary data in the fine-mesh
model. Through horizontal and vertical inter-
polations of the same global analysis data such
as winds, potential temperature, specific hu-
midity, modified data are provided as initial
fields for all two models with different resolu-
tions in this work. During the model experi-
ment we found that horizontal gradient of sea
surface temperatures on the coastal sea could
also much affect the generation of coastal ther-
mal winds comparable to horizontal gradient
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Fig. 2. Schematic profiles of air flows over the
eastern mountainous coastal regions for day
and night.

of air temperatures over land and sea surfaces.
In order to consider effects of sea surface tem-
perature on the coastal winds, initial tempera-
tures of sea surface water were obtained from
sea surface temperature data acquired by
NOAA (National Oceanic Atmospheric Ad-
ministration) satellite, which were analyzed by
National Fisheries Research and Development
Agency of Korea (Cxor and CHol, 1995; 1995;
NFRDA, 1994 ; RoLL, 1965).

A 30 hour numerical prediction experiment
was carried out from an initial time, 09 LST
(Local Standard Time=9h + Greenwith Mean
Time), March 27 to the next day at 12 LST,
March 28 by using HITACH super computer
establishied at Meteorological Research Insti-
tute, JMA. After completing our numerical
simulation for forecasting winds fields over the
mountainous coastal seas, the simulated winds
under the strong downslope wind storms were
compared with observation ones measured by
a pival balloon launched from Korean Air
Force Base of Kangnung city at 09 LST, every
day from March 27 through 29, 1994.

3. Numerical model

a. Governing equations
In the model formulae, the governing

equations consist of a terrain-following coordi-
nate system called z* coordinate with the as-
sumption of Boussinesq and anelastic
approximations (KIMURA, 1983 and KIMURA and
TAKAHASHI, 1991). For the generalized vertical
coordinate transformation (z,y,z*) from the
cartesian svstem (z, v, 2), the equations of mo-
tion can be derived as

d;thfthh@)GzH +06 (ZT“Z*) 0z2c0:11

+Z7‘2/haz<Kmazu) (1)
dihu=—fhv—h0O8 yII + 0 (zr—2*) 0yz:0:11
+ZT2haz(KmazU) (2)
dihw*=—2:00:11+gh6/0 (3
and

I1 = (P/Poo) */e»

C) :T(P/PO())RW/C”

z"=z1(z—2zc) /h @
h:ZT_ZG

dt:6t+uax+ﬂay+w*az

hw*=zrw+ (2" —2z1) (8zzcu+ 0y Z6v)

Here, 4, v and w* are velocity compoments in
the x, ¥y and z directions in the z* coordinate
and g is gravity (m/s?). ©, T, z, zr, 2c and Kn
are potential temperature (K), air temperature
at a given height, actual height, height of upper
boundary with its change for time and place in
a model domein, height of topography and ver-
tical diffusion coefficient for momentum (m?
/s), respectively. P, Py, R, Rqa and Cp are atmos-
pheric pressure, atmospheric pressure at refer-
ence level, universal gas constant, gas constant
for dry air and specific heat at constant pres-
sure.

The first terms on the right hand side of egs.
(1) and (2) are Coriolis forces (f; Coriolis pa-
rameter, f=2Qsin ¢, Q ; angular velocity of the
earth rotation, ¢ ; latitude), and the second,
third and fourth terms are pressure gradient
forces, adjusted terms on topography and verti-
cal diffusion. The second and third terms of eq.
(3) present vertical pressure gradient force and
buoyancy.

Considering the thermodynamic equation
and conservation of water vapor following
equations are given by

dih© :ZTZ/h az(&az@) +hQr (5)
dthq:ZTz/h (%(K;: azq> (6)
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where @, and ¢ are Newtonian cooling due to
long wave radiation and specific humidity of
water vapor. Thus, the second term of eq. (5)
implies radiative heating process. For the sim-
plicity of our model, condensation processes
such as microphysics of water are not consid-
ered. The continuity equation yields to

Ozhu+ ayhU+ 0zhw* =0 (7)

Euler-backward scheme is adopted for the
time integration of egs. (1), (2), (5), and (6)
and for the vertical direction Crank-Nicholson
scheme, respectively. zc; and zr mean the
ground surface level and top boundary level
with a material surface in the model atmos-
phere (6000m), which can absorb gravity-wave
energy generated in the lower layers and the
radiation condition suggested by KLEMP and
DuURREN (1983) was adopted for upper bound-
ary condition.

In general, horizontal scale of the phenomena
is one order greater than vertical scale, and eq.
(3) can be converted into the following equa-
tion for hydrostatic equilibrium as

0:ll=h/zr+g/0%+ 0 (®

Considering that the hydrostatic equilibrium
can not exist, the pressure equation for non-
hydrostatic state can be given by

Ozz 1l + ayyH + {<ZT/(ZT’“ZG))2
+ (" —z7) /h)*((0z26)°+ (0y2e) )} 0= 1
+2<Z* _Zr/harZGasz +2<Z* —ZT>/hayZGayzH
+ {(Z* _ZT) /h(6m25+ aych)
+2(z* ~21) /R*((8r26)*+ (8y20) D} 0-11

=r(zyz")/(Oh) )
where r is the residual term and

D=7z —7xn am

O:mu=gh 8 /(©%1) an

r(zyz*)=0:ADVX+0,ADVY
+21/h0ADVZ+1/h 0:260:(z* —2r)ADVX
+1/h 0yz2c0:(z2* —z21)ADVY 12)

and

ADVX=— 0zhuu— 0yhuv— 0zhuw”
+/hv—Ohdzme— O (2* —2r) 8z2c02 71
+ZT2/h az(Kmazu)

ADVY=—0zhuv— 0yhvv— 0 hvw* —fhu
—Ohdyrn— O @* —z7) 0y260. TH

+ZT2/h az(Kmaz U) (13)
ADVZ=— 0z huw — 0yhvw — 0 hww*

In the simulation processes of the model, the
open boundary condition developed by
ORLANSKI (1976) for 4, v, 8 and ¢ was modified
for the lateral boundary condition of the model
domain.

b. Model formula in turbulent process

As suggested by Yamapa (1983) in the sur-
face boundary layer the turbulent closure
level-2 model is adopted for calculating turbu-
lent diffusion coeficients, K» and K» for mo-
mentum and heat of eq.(1) through eq. (6) by

Kn=Smee-*/{
Kn=Sn+e-? (14)

where ¢ and e?imply turbulent length deter-
mined by diagnostic approaches and turbulent
kinetic energy (m?/s? as

2 =kz/(1+ fo/kz)
£0=0.1/ ez dz// edz (15)

and the semi-empirical formulae between Sm
Sk and flux Richardson number, R, in the sur-
face boundary layer can be also evaluated by

Sm=1.76 (0.1912—Ry) (0.2341—Rp/
{(1—Ry (0.2231—Ry} =0.085

for Ry > 0.16
Sr=1.318 (0.2231—Ry)/(0.2341 —Rs)Sm
=0.095 for Ry > 0.16 (16)

Ry can be derived by the function of bulk
Richardson number, R; at each grid point
(KiMURA, 1983; MELLOR and YAMADA, 1974;
YAMADA and MELLOR, 1973) as

Rr=0.6588{R:+0.1776 — (R*—0.3221R,
+0.03156) 2} for Ri<0.19
Ri=g/0. A 6. Az/AU? an

From the balance between production of tur-
bulent energy due to both shear and buoancy
and dissipation of turbulent energy, turbulent
velocity, e= (e?)"/? can be evaluated by

62:31 Ez{Sm(ZT/h«>2 {(azu>2+(azv>2}
—g/ ©Sk(zr/h) 0.0}
B.=16.6 18
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¢. Radiation process

Long wave radiations are absorbed by water
vapor and carbon dioxide in the lower atmos-
phere. Considering that flux from the ground
surface toward the upper levels is regarded as
positive, total net flux of long wave radiation,
R, yields to

Rg: ag Tc‘4 T 1:+ g (Tooé_Tf) Tf(Uoo)
+2X0 (T14-T1+14> TfﬂUiD
T.=220K (19

In the above, o is Stefan-Boltzman’s constant,
and T., Ts and T; are critical temperature, tem-
perature at the top of model atmosphere and
temperature at the i-th level, respectively. Here,
transmission function, zris derived asfollows :

Tr= T uz®* T co2

T 20— (]. + 1.746U*0'423) B

7 00:=0.93—0.066LOG 10(U + co2) (20)
T.=(1+3.0U.2") "' T con
U.=1/9/q@p/po " dp

Uicor= (pozqu/poz

where 7wz, T co» and 7. are the transmission
functions for H:0, CO; and critical temperature
(=220K). U., q, po and p are effective vapour
amount, specific humidity (g/cm?), pressure
(mb) at the surface and at the arbitary levels.

In this model, considering the absorption of
solar radiation by water vapor due to Rayleigh
scattering and the solar radiation toward the
earth surface as a positive flux, total net solar
radiation at the ground is given by

Se=U—as) Ses(l—a/(l—asas)
+Sos(1—-A (X))}

Sos=0.651 Sy cos é’ (21)

S0a=0.349 S() COSC

and

cos{ =cos ¢ cos § cosh+sin ¢ sin &
a,=0.085—0.247LOG (p/po sec ¢ ) (22)
A(z) =0.273x%%

rz=U.rsec

where So, Sos and Sea are solar constant, scatter-
ing part of solar radiation (wave length; 2 <C
0.9 #) and absorption one (A1 >09 ). ¢ is
solar zenth angle, which is a function of latitu
de(¢), declination(d) and time angle(s). A (x)
is an absorbing function of solar radiation, and

asand aa are albedos of atmosphere and earth
surface, respectively.

@, which is the heating rate of atmosphere
can be approximated by the following Newto-
nian cooling due to long wave radiation as

Q.=107°(T,—T) for T>T, (23)
Q.=0 for T<T, (24)

where T and 7, are air temperature and soil
temperature at the ground level.

d. Similarity theory in the surface layer

Assuming that the lowest level of the model
set at 10m in the surfece layer is a constant flux
layer and similarity theory can be applied to
parameterize vertical turbulence. Considering
energy balance near the surface momentum
flux, 7, sensible heat flux H and latent heat
flux, £ are

t/o=—W)"=—ku/¢ .

H/(Cop)=— 0=~k ul(0:— 6,)/(dunr)
(25)

E/Lp)=—qu.=—kul(gi—gd/(dndpn)

0,4q+, u« and k are the air density, the water
vapor scale, friction velocity, @ . the potential
temperature scale and the Von Karman con-
stant. The subscription 1 and g mean the low-
est and ground level of the model domain.

BusiNGger (1973), Hsu (1988), MonIin (1970),
PANOFsSKY and DUTTON (1984), PauLsoN (1970)
and WiLLIAMS (1980) describe various kinds of
formulae on the integrated universal functions,
¢ » for momentum and ¢, for heat and we use
the following formula suggested by KIMURA
and TAKAHASHI (1991)

=SS0,/ Al
(bh:f@h/f af (26)

here { =z/L, { v=2.L and L is Monin-Obukhov
length scale defined as

L=0C,0u.*/kgH @27
Under unstable condition

On=01-16¢)
Q,=0-16¢) for ¢ <0 (28)
Under stable condition, two classifications
for momentum and heat are given by

O.=1+7¢
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Z=147¢ for 0<<¢ < ¢ (29)
and
Or=14+7¢, for ¢ (30)
where
Co=20/L=0.714
{=Ridpw’/ dn 3D

Ri:g/®(91— Qg) Az / lul?

For the prediction of earth surface tempera-
ture in the case of bare ground condition, a
force restore method suggested by Deardorff
(1978) are derived as

0 t Qg: (Sg*RngfE)/le ( egf 9 0)/CZ
(32)

where 64 and 6, are ground surface potential
temperature and underground temperature. C,
and C; can be evaluated by diurnal period, 74
(=24"), heat capacity of underground soil, Cy
(cal/cm?/K) and heat conductivity, k¢(cal/cm
/k/sec) as

C1:O5( TngKg/z YA ) vz
C.=14/27 (33)

and 7 is pi.

If evaporation coefficient, By at the ground is
treated as constant, specific humidity at the
ground surface, gg yields to

qo=hBy QS(TQ) +A _BQ)Q1
a9=as(Ty)

for gs(Ty) >q:
for gs(Ty)<<g:
(34)

wetness of bare ground, wyg(=0.2cal/cm?®/k),
which is defined as the ratio of available water
content to maximum available water content
has different value depending upon season. In
this study wy is treated as 0.2 for the spring
time as Cuor and CHor (1995) and can be pre-
dicted as

ko= (0.386+0.15w4)10 2 (35)
By=min(1, 2wg)

4. Result of numerical simulation

a. Horizontal surface winds
The model forecasting of the wind in the

mountainous coastal region is of primary inter-
est in explaining atmospheric circulations over
the eastern coastal seas of Korea. In the case of
prevailing strong synoptic scale westerly
winds blowing over the north-eastern Asian
counties such as China, Korea and Japan from
March 26 through 28, 1994. we three-
dimensionally simulated coastal wind fields by
using a non-hydrostatic numerical model. On
March 26, that is, one day before carring out
numerical simulation the surface winds were
generally moderate and the wind fields had
typical wind patterns like sea and land breeze
in the Kangnung coastal region.

At 12 LST on March 27, 1994 strong westerly
winds penetrate into Korean peninsula and
pass by eastern coastal mountain regions (Fig.
1). At the same time strongly enforced local
winds are detected near Kangnung coastal re-
gions (Fig. 3-a). In Fig. 3a the surface winds at
12 LST, March 27, 1994 in the eastern mountain-
ous coastal region of Kangnung city, adjacent
to East Sea (The Sea of Japan) consist of two
different kinds of coastal winds such as synop-
tic scale westerly and meso scale easterly.
Along the coastal line, which lies from south to
north-west, strong westerly winds with a speed
more than 18m/s blow over the inland high
mountains (Mt. Taegwallyang) toward East
Sea, but easterly winds with a speed of 7Tm/s in
the coastal sea also approach to inland of the
coast. Since these two different kinds of winds
in the opposite directions are in the confront
each other, and the surface winds at 10m
height are very weak, especially 2m/s near the
surface at the edge of lee side of Taegwallyang
mountain, but the surface wind speeds with
easterly in the Kangnung city are in the range
of 3m/s to 5m/s. These westerly winds were
modified from orginal synoptic scale winds,
which were enforced by flowing over the large
steep mountains (Mt. Taegwallyang or Mt.
Whangbang) like a wind storm. On the other
hands, the easterly winds are caused by a sea-
breeze due to the meso-scale thermal forcing
from the difference between the air tempera-
ture over the ground and that over the sea sur-
face in the daytime.

At 15 LST, as daytime goes on, the sea breeze
was more intensified and the easterly wind
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Fig. 3. Suface winds (m/s) at 10m height over topography near Kangnung coastal regions of
Korea (——means coast line) at 12 (a), 15 (b), 18 (¢) and 21 (d) LST, March 27, 1994.

speeds became slightly higher than that of 12
LST (Fig. 3b). At the same time, as the synop-
tic scale inland westerly winds in front of the
mountains became stronger and stronger, they
could be downslope wind storms along the
eastern slope of the mountains. Under this
situation the surface winds in the Kangnung
area between lee side of the mountain and
coastal sea became weaker and weaker, and
reached to 2m/s.

Similar to 15 LST, the sea breeze cycle at 18
LST, just before sunset became smaller and
shallower, and the surface wind patterns still
show easterly with the more wide area of weak
winds over the coastal sea surface in offshore
sides of Kangnung city (Fig. 3-c). This feature
is attributed to the intrusion of more intensi-
fied westerly winds toward the coastal sea, as
the sea breeze was weaken with a shortage of
solar radiation. In the simulation, a zone of the
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minimum wind speed appears near the shore-
line.

After sunset such as 21 and 00 LST, there
was no sea breeze near the coast and the meso-
scale forcing in the opposite direction due to
surface cooling of ground could induce a land
breeze from inland toward sea (Fig. 3-d, 4-a).
The existed westerly winds in the inland sides
was associated with the land breeze and could
be more intensified with a higher speed at
night. Especially, from 03 through 09 LST,
March 28, strong weaterly surface winds with
speeds of 18m/s can stretch out to 200km off
coast and from those points to open sea sides,
the westerly surface winds could not be af-
fected by orographic features. So the surface
winds near Kangnung were not over the limit
of 5m/s.

In the present work, a localized wind gener-
ated a circulation was detected with width of
110km (east-west) and 80km (north-south) in
the coastal sea near Kangnung and rotated in
an cyclonic direction (counter-clockwise).
These circulations over the coastal sea surface,
which tend to be smaller and smaller, exist
until next day morning 09 LST (Fig. 4-b, 4-c, 4-
d). These localized wind circulations over the
sea surface may considerably affect formations
of coastal oceanic circulations.

At 09 LST the surface winds continue to be
eastward over both inland and sea surfaces. In
the lee-side of mountains the strong downslope
wind storms continuously prevail throghout
the coastal region and the extension of local-
ized westerly winds remains in the coastal sea
(Fig. 4-d). In the open sea, the relatively weak
surface winds induced by land breeze have the
same eastward direction, because the surface
cooling on the inland ground continues to
exist. After 09 LST the surface wind pattern be-
comes similar to 12 LST, March 27. On March
29 the winds near Kangnung mountainous
coastal region become moderate again with the
similar structure of wind on March 26.

b. Vertical profiles of winds

Vertical profiles of wind vectors with speed
and direction on 15 levels over the east-west
straight cutting line from Kangnung (east) to
Mt. Taegwallyang (west) (A—B line in Fig. 3-

a) in the fine-mesh model domain (Fig. 5~Fig.
8). As the synoptic scale westerly winds in the
eastern coastal region rapidly flow over the
large steep mountains, they can be localized to
be strong downslope winds and changed to be
internal gravity waves generated in the lee-
side of mountain and over coastal seas. Hence,
from the vertical profiles of horizontal wind
speed at each level of 15 levels, the downslope
winds get hydraulic jump motions with bound-
ing forward, and the enhancement of
downslope winds could produce wind storms
along the east slope of the mountain, which
move toward the eastern coastal sea (Fig. 2).

At 12 and LST, March 27 during the daytime
a sea breeze circulation takes a place from sea
toward inland sites, but the sea breeze circula-
tion can stretch out to just coastal site due to
the eastward propagation of internal gravity
waves (Fig. ba and 5b). It is not easy to find an
upslope wind in the eastern side of coastal
mountains, which can be often observed under
the easterly synoptic wind or meso-scale sea
breeze. It means that the sea breeze could not
penetrate into the top of the mountain and be
limited to the inland coast. As the westerly
downslope winds confront the easterly sea
breeze in Kangnung city, the some amount of
air should be isolated, but the others move up-
ward, blowing toward the sea side. Thus, the
surface winds at inland coastal sites were rela-
tively weaker than those in the open sea or the
further inland sites from the coast.

Through the our numerical simulation, two
different kinds of atmospheric circulations
(two eddies) in the lee side of the mountain
were detected such as an internal gravity wave
circulation with westerly wind and a sea breeze
circulation with both easterly wind near the
sea surface and westerly in the upper level
such as a circular flow pattern (Fig. 7a and 7b).
Under the existance of two kinds of atmos-
pheric circulations, the air near Kangnung
coastal region should be trapped by the two
circulations in the opposite directions, and the
horizontal surface wind speed of the
downslope wind near coast should be reduced
to be about 2.0 m/s, that is, relatively weak by
the intrusion of sea breeze. Fig. 7a and 7b show
that as the westerly wind storms can drive out



Modelling on atmospherec circuiations 207

€ v e 4
cTeere e
Tty

Vi

Ve

fer el e At v
vacessrr o n (e ae >

—
7.0m

e it X - R s 2
PR IN TN T AR

> pisbpmses N

L7=0. 2" z1QM  Us[TTITTTETS WIND VELOCITY

(a)

%/ A A per 2 2 /)/’////r'//‘/'/‘/‘;/;//
T L e e AP
% Z ST s

AL AN

et et nd
22T

P
EAST SEAL~
N

EOROTOP USRS P Y
R e e
[ N P Y
> e R XARARANR N

Kananung, o aw ar xxny

X AL XD IR
EEENTR EICNAIN

PO el

o AR ARG AT
DLIOSA A #4 f  5S Srnpin:

NAAT SRS Anen = et ~ 2

;)110'//./"4(»‘ o ,»::/'»r'-&'/..' = /)/'/'/'/'/'/—';

- o D Y

-t

LT=6w 2° =10M U= WIND VELBCITY

g

(c)

I
RN ;

a AT
AR AT IR ey T
drn AP R ARl et

P b A L SRS e
ISR eA IS B ey
B R o e AN
2 7P 2 A S (P BRI 217 ;;;‘///
P I 2 e s

L IS LTI WYL s

TN AR
rons N

S

N S S e B N
30 L e NI

B e T i NS —
RRP TP AS el g2

Z i e

LT=3w 2" =10M U=CTTITTTT) WIND VELOCITY

it

ALY et
r s Ty eI T T
P

5 o2 R e e e e e St
T2z L L L T T T T T s

AT R S N

gt £ gt A A,

;’;W ’ / s EAST SEA

S A A A AABSIEESOSSSY

B e TNe R

A AR LT S NN NSNS

TRe LA AR tpa - vy aw AN A

e ;ﬁ, el P

. X < S . coar s -

“Tasgwallyang / »;'/'/ “XKangriung’ 1 72720000

N Y Y ¢~ P P AAI A,

- el ?ﬁ/fﬁj% A ittt nd

sy DT o e N R RRAPIAIS

Vi dad /\»W # P N Y

el //)/ (SRS // CA R RRAPIATS,

PR AR e A I R ey P P PP AP

A2 AT A AN AL s RN A2

A e TN BN v R N N Y

P R * f Xt A

M AANAAN g DR LR e i
RSSO S-S Taddian s 1 1A

I, S B o o PP

2y e, ~ SV A A2,

HCIEi 55 57/ 55 S i e e

P a S - - -t ,

R e D = %/’//‘/'/V

LT=8w 7" =10M U=(CTTTTTT) WIND VELACITY

(d)

Fig. 4. As shown in Fig. 3 expect for 00 (a), 03 (b), 06 (¢) and 09 (d) LST March 28, 1994.

the meso scale easterly winds such as sea
breeze to the coast, the positions of minimum
wind speed lie in lower and lower levels along
the eastern slope of the mountain and eventu-
ally moves to the coastal sea. Of course, the
wind at Kangnung city are easterly with 3
m/s under the influence of the sea breeze circu-
lation.

At 18 LST, near sunset the wind pattern was
similar to that at both 12 LST and 15 LST, but

the depth of the sea breeze circulation became
shallower and shallower with weak wind
speeds (Fig. 5¢, 7c). As the nighttime went on,
that is, from 21 LST, March 27 through 06 LST,
March 28, the vertical convection of air from
the earth surface should be suppressed due to
the disappearance of solar radiation, and then,
the momentum could be transported from the
strong upper level winds toward the surface,
enhancing the existed daytime downslope
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and 21 (d) LST, March 27, 1994.

wind storms to be more intensified at night
than in the daytime (Fig. 5d, 6a, 6b). As men-
tioned above, in Fig. 7d, 8a, 8b and 8c the cen-
ters of wind storms with maximum wind
speeds over 28m/s take positions lower and
lower toward the ground surface and come

down to the height of 200m over the ground at
06 LST just before sunrise.

Furthermore, during the night the air over
the inland surface was much cooler than that
over sea surface, due to the cooling of ground
surface and then, the meso-scale temperature
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contrast between air over the ground and that level winds toward the ground surface, after
over the sea surface occurs, resulting in gener- sunset, can be associated with the land breeze
ating a land breeze from inland toward sea. blowing from inland toward sea, they produce
Thus, the surface winds near the Kangnung one atmospheric circulation (one cell) in the
city became strong. So, since the westerly coastal region and enhance the surface winds
downslope wind storms intensified by both near the Kangnung city to be stronger and
orographic feature with a sharp inclination and stronger (7d and 8a).

momentum transfer from the strong upper At 06 Ist on the next day morning, that is,
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Fig. 7. Vertical profiles of horizontal wind speeds (m/s) on 15 levels over the east-west
straight cutting line from Kangnung near to Taegwallyang Mt. (A-B line in Fig. 3a) at 12
(a), 15 (b), 18 (c) and 21 (d) LST, March 27, 1994.

sunrise time, as the center of the wind storm
was located in the lowest level near the surface,
due to both maximum momentum transfer
from the upper layer and maximum effect of
land breeze, the surface winds induced by the
strong downslope wind storms were still west-
erly. Because it takes more time to excite air by
solar radiation and sea breeze can just start to
be generated at this time (Fig. 6¢ and 8c). The

center of the wind storm at 09 LST was located
at the slightly heigher position than at 06 LST,
as the sea breeze started, and the strong west-
erly winds could suppress the easterly sea
breeze, showing the resultant westerly surface
winds near Kangnung city (Fig. 6d and 8d).
During the day, on March 28, the wind pat-
terns were very similar to those on March 27.
After 09 LST March 28, especially under the
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strong development of downslope wind storms
along the east slope of the mountain and in the
lower layer over the coastal region, two kinds
of circulations induced by both internal grav-
ity waves and sea breeze should be produced
again at Kangnung city and the surface wind
speed was 18 m/s. The wind patterns in the
coastal region on March 28 was similiar to the
previous daytime case. On March 29, the winds
became moderate again and a typical wind

pattern controlled by only sea-land breeze was
observed in the coastal region of Kangnung.

c. Comparision of stmulated winds to measured
ones
Under the severe downslope wind storms in
the mountainous coastal region of Kangnung,
the comparision of simulated winds to the ob-
served one was made by using a pival balloon
launched from Korean Air Force Base of
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Kangnung city at 09 LST, every day from
March 27 through 29, 1994. The measured
height were 10m, 1000m, 2000m, 3000m and
4000m (Fig. 9). On March 27, the simulated
wind speed and directions (measured wind
speed and directions) at 10m height over the
ground of Kangnung Air Force Base was 13m
/s, 2565° (14m/s, 260°) at 10m, 22.5m/s, 230° (21
m/s, 245%) at 1000m ; 18m/s, 256°(18m/s, 255°)
at 2000m, 18m/s, 275° (18m/s, 285°) at 3000m
and 24.1m/s, 278° (24m/s, 305°) at 4000m, re-
spectively. At 09 LST on the next day morning,
March 28, they are 17.5m/s, 250° (18m/s, 240°) at
10m, 20m/s, 225° (21m/s, 240°) at 1000m, 20m/s,
220° (19m/s, 250°) at 2000m, 15.6m/s, 230° (19
m/s, 270°) at 3000m, 18.5m/s and 280° (24m/s,
265°) at 4000m under the existence of wind
storms. Even if there were, in part, a little dif-
ferences between the simulated winds and the
observed ones, they well agreed each other.
Thus, when the severe downslope wind storm
and sea-land breeze occur over complex terrain
near the coast, the numerical forecasting for at-
mospheric circulations can be expected to play
a significant role in prediction of wind driven
currents and wind waves on the mountainous
coastal seas and it is very useful to operate a
non-hydrostatic numerical model for the pre-
diction of coastal sea states.

5. Summary

Numerical experiments of atmospheric

circulations were performed under the
downslope wind storms generated in the lee-
side of mountainous coastal region. In the day-
time we have two different kinds of
atmospheric circulations, which consist of an
internal gravity wave circulation with west-
erly wind and a sea breeze circulation with
both easterly wind near the sea surface and
westerly in the upper layer. The internal grav-
ity waves toward sea and the sea breeze circu-
lation toward inland caused an isolation of air
at Kangnung coastal site. Thus, surface winds
near the coastal seas were relatively weaker
than those in the open sea or inland.

On the other hand, at night under the intensi-
fication of westerly downslope wind storms as-
sociated with land breeze toward sea and the
momentum transfer from the upeer level to-
ward the coastal surface, the surface winds be-
came much stronger at night than during the
day in the coastal region. Consequently, when
the downslope wind storms were strongly de-
veloped, the surface wind speeds at Kangnung
city also became higher and it might excite the
severe sea states in the coastal regions.
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