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Abstract

Following the previous work (Saito and Ikawa, 1991a), the three dimensional effect of the orography
of the Shikoku Mountains on the Yamaji-kaze is studied numerically, focusing on the effect of a col to
the flow over a mountain range. The geographical characteristics of the Yamaji-kaze are explained in
terms of the non-linear aspect of the three-dimensional flow over a mountain range with a col.

Flow régimes of the three-dimensional flow over a mountain range with a periodic col are examined
by use of a linear analytic solution for a homogeneous environmental atmosphere and numerical
experiments using a non-hydrostatic model. Two parameters, a non-dimensional mountaintop height
lhm, and the ratio of the amplitude of the col to the mean mountaintop height h./h.., are used to
prescribe the mountain shape. The critical values of lh., which divide the flow regimes are about 20
% smaller in the numerical experiments compared to the linear theory. When the mountain range has
a col, wave breaking occurs readily in the lee of the peak of the ridge, and the internal hydraulic jump
and reversed flow behind the jump occurs for smaller lh,, compared to the two-dimensional cases. On
the other hand, in the lee of the col, a strong wind area easily extends leeward, and the appearance
of the jump is unclear in many cases. The behavior of the hydraulic jump is quite sensitive to the
existence of the col, while the upstream blocking is rather insensitive to the existence of the col. The
response of the hydraulic jump to the existence of a col has qualitative similarities to the behavior
of the hydraulic jump in a shallow water flow over a mountain range in a channel of variable width,
which has been presented by Saito (1992).

Numerical experiments using the real orography of Shikoku Island and the thermal stratification
observed on 21 April 1987 are performed as an example of the simulation of a typical Yamaji-kaze,
and the development and movement of the internal hydraulic jump is simulated under a time-changing
wind profile. It is shown that the timing of the onset of the Yamaji-kaze, which is too early in the
two-dimensional simulation, is ameliorated in the three-dimensional simulation. The geographical
characteristics of the Yamaji-kaze can be explained by the reversed flow behind the hydraulic jump
which stays in the lee of the Shikoku Mountains and a low-level strong wind area which extends in
the lee of the col of the Shikoku Mountains. A further improved surface wind pattern is obtained by
inclusion of the surface friction. An improved version of the conceptual model of the Yamaji-kaze is
proposed on the basis of the results of the three-dimensional experiments.

247

1. Introduction

The Yamaji-kaze is one of the most well-known
local winds in Japan. It is a strong downslope
wind which occurs over the northern coastal plain
of Shikoku when the lower-level synoptic wind is
southerly. It has often caused severe damage and
several investigations have been done since olden
times. It is accompanied by several characteristic
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features such as a Domai (a northerly wind over
Hiuchi-nada, opposite to the southerly downslope
wind) and a Yamaji-kaze front (a line of discontinu-
ity along which the surface wind direction suddenly
changes).

In the previous report (Saito and Ikawa, 1991a;
henceforth Part 1), two-dimensional numerical ex-
periments using east-west-averaged orography of
Shikoku Island were performed and the following re-
sults were presented.
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1) When the non-linearity of the environmental field
is strong, an internal hydraulic jump occurs between
the wave-induced stagnant layer and the stable layer
below it. 2) The surface wind behind the jump be-
comes weak and a reversed flow develops in the low-
est levels in highly non-linear cases. This reversed
flow extends its area as time elapses. 3) The lo-
cation or the moving speed of the hydraulic jump
is sensitive to the magnitude of the environmen-
tal wind. When the environmental wind is weak,
a quasi-steady state in which the jump stays in the
lee of the mountains is realized, while when the envi-
ronmental wind is strong, the jump moves leeward.
It seems that this behavior of the internal hydraulic
jump conforms qualitatively to that of the hydraulic
jump in the shallow water flow shown by the hy-
draulic theory (Long, 1954; Houghton and Kasa-
hara, 1968). 4) For the orography of the Shikoku
Mountains, which have a steep northern slope and
gentle southern slope, the hydraulic jump and the
reversed flow behind it easily occur. When the orog-
raphy of the Chugoku Mountains is added, its block-
ing effect results in a weak effective magnitude of the
environmental wind, which allows the reversed flow
to occur more readily.

Moreover, 5) development and migration of the
hydraulic jump were simulated under the observed
thermal stratification and a time-changing wind pro-
file, and 6) a conceptual model of the Yamaji-kaze
from its premonitory stage to a mature stage was
proposed on the basis of the experimental results.

Although the experiments in Part 1 presented
some essential information about the mechanism of
the Yamaji-kaze, the simulations were performed
under the limitation of two-dimensionality and phys-
ical processes such as the surface friction were ig-
nored. A time lag between the onset of the sim-
ulated Yamaji-kaze and an observed one remained
(Fig. 23 in Part 1). As mentioned later, the Yamaji-
kaze is strongly influenced by the three-dimensional
effect of the complex real orography.

The first three-dimensional simulation of the
Yamaji-kaze was reported by Arakawa and Kimura
(1981). They used a hydrostatic model with a hori-
zontal grid distance of 10 km and successfully simu-
lated a strong southerly downslope, but neither a
Domai nor Yamaji-kaze front was obtained. An-
other report of the three-dimensional experiments
of the Yamaji-kaze was given by Saito and Ikawa
(1991b). They used a non-hydrostatic model with
a horizontal grid distance of 5 km and succeeded in
reproducing a southerly downslope in the lee of the
col of the Shikoku Mountains as well as a northerly
opposite wind over Hiuchi-nada. In their three-
dimensional simulation, the opposite wind occurred
more readily compared to the two-dimensional sim-
ulation of Part 1. Their result suggested that the
three-dimensional effect of the Shikoku Mountains
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influenced the downslope wind and opposite wind
over Hiuchi-nada. However, their experiments were
preliminary ones with a simple environmental field,
and the horizontal resolution was not necessarily suf-
ficient to resolve the hydraulic jump.

As Arakawa (1969) pointed out, strong downslope
winds tend to occur in the lee of a col of a mountain
range. Although some numerical experiments (e.g.,
Smolarkiewicz and Rotunno, 1989; 1990; Miranda
and James, 1992) have recently studied the moun-
tain flow over a three-dimensional mountain, most
of them concern isolated mountains. The behavior
of the mountain flow over a mountain range with
a col has been seldom investigated, either theoret-
ically or numerically. Most recently, Saito (1992)
studied the behavior of a hydraulic jump in shallow
water flow over a mountain range in a channel of
variable width by expanding Houghton and Kasa-
hara’s (1968) theoretical model. According to his
results, in the unsteady state in which the jump
moves leeward, the moving speed of the jump in-
creases with the decrease of the channel width, and
in the quasi-steady state, in which the jump stays
over the lee slope of the mountain range, the jump
occurs more on the leeward side with the decrease of
the channel width. His study suggests that the be-
havior of the hydraulic jump is strongly influenced
by the horizontal divergence or convergence due to
the three-dimensionality of the orography.

The purpose of this paper is 1) to study numeri-
cally the non-linear aspect of the three-dimensional
flow over a mountain range with a col, and 2) to
explain the reasons of the locational differences of
the climatological features of the Yamaji-kaze. They
will be accomplished by use of a three-dimensional
non-hydrostatic model with a north-south horizon-
tal resolution of 2km. In Section 2, the climatologi-
cal features of the Yamaji-kaze are described, focus-
ing on their locational differences. In Section 3, a
description of the numerical model is given. In Sec-
tion 4, the property of the three-dimensional flow
over a mountain range with a col is studied. Linear

‘theory is presented, and the nonlinear aspect of the

flow over a mountain range with a col is examined
by numerical experiments. The analogy between the
hydraulic jump in a continuous atmosphere and in
shallow water is discussed. In Section 5, numer-
ical experiments using real orography of Shikoku
and observed thermal stratification are performed.
The development and movement of the internal hy-
draulic jump under the time-changing wind profile
is simulated. The effect of the surface friction to
the Yamaji-kaze is also examined, and an improved
version of the conceptual model of the Yamaji-kaze
is proposed on the basis of the three-dimensional
experimental results. A summary and concluding
remarks are given in Section 6.
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Fig. 1. Geographical map of Shikoku Island,
western Japan. The contour interval is
400 m, with the area above 800 m height
shaded. Open circles denote the cities (Ni-
ihama and Mishima) where automated me-
teorological stations have been installed,
while small open circles denote Doi town
and Kawanoe city. Open squares denote
the cities (Fukuyama and Kochi) where
local meteorological observatories are lo-
cated. The rectangle framed by a solid
line shows the model domain for the 3-
dimensional experiments. The broken
lines show the area over which the orog-
raphy is averaged in Part 1.

2. Geographical features of Shikoku and the
climatological features of Yamaji-kaze

Figure 1 shows a geographical map of Shikoku, lo-
cated in western Japan. The island is elongated in
the east-to-west direction. In its north central part,
the Shikoku Mountains run from east to west. Mt.
Ishizuchi (1981 m) and Mt. Tsurugi (1955 m) are lo-
cated in the western and eastern parts of the Shikoku
Mountains, respectively. The height of the Shikoku
Mountains gradually decreases from Mt. Ishizuchi
to the east, and there is a col in the west vicinity of
Mt. Tsurugi. North of Shikoku Island, the relatively
flat Chugoku Mountains run from east to west over
the central part of the Chugoku Peninsula. Between
the Chugoku Peninsula and Shikoku, the Seto-uchi
Sea (Inland Sea) lies from east to west. A bird’s eye
view of the orography of the central part of Shikoku
and Seto-uchi Sea framed by a solid rectangle in Fig.
1 is shown in Fig. 4a.
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The Yamaji-kaze occurs along the narrow north-
ern coastal plain of Shikoku, from Niihama to Kawa-
noe, facing Hiuchi-nada (the southern part of the
Seto-uchi Sea). The most severe Yamaji-kaze occurs
from Doi to Mishima.

The climatological features of the Yamaji-kaze are

given in Part 1. Among the remaining features, the
following ones can be listed as the most interesting
phenomena.
1) A northerly wind, opposite to the southerly syn-
optic wind is observed as one of the premonitory
symptoms (Sasoi-kaze). 2) The surface wind direc-
tion changes sharply across a line of discontinuity
stretching from east to west (Yamaji-kaze front).
3) On the north side of the Yamaji-kaze front, a
northerly wind opposite to the southerly downslope
wind prevails (Domai).

Part 1 showed that these phenomena are related
to the development and movement of the inter-
nal hydraulic jump which occurs in the lee of the
Shikoku Mountains.

In Part 1, the orography between the broken
lines in Fig.1 was regarded as the typical orogra-
phy of the region where the Yamaji-kaze occurs,
and two-dimensional simulations were performed us-
ing east-west-averaged orography, assuming the two-
dimensionality of the Shikoku Mountains. However,
the actual Yamaji-kaze does not necessarily occur
homogeneously in the coastal plain facing Hiuchi-
nada, and the locational differences in the east-to-
west direction are in fact not negligible. Figure 2
shows a surface wind analysis of the 27 February
1954 Yamaji-kaze from Niihama to Kawanoe taken
from Akiyama (1956). In this figure, northerly
winds corresponding to the Sasoi-kaze are seen from
09 JST to 13 JST, but these northerly winds are
observed only in the western part of the northern
coastal plain. Figure 3a shows the time sequences of
the surface wind observed at Kawanoe, Mishima and
Niihama in the 21 April 1987 Yamaji-kaze. In this
figure, the onset of the Yamaji-kaze (the change of
the wind direction from northerly to southerly) be-
gins first at Kawanoe, and next occurs at Mishima
and Niihama. At Niihama, the western part of the
coastal plain, northerly winds are observed inter-
mittently, even during the strongest period of the
Yamaji-kaze (from 15 JST to 19 JST). Figure 3b
shows the duration of the Yamaji-kaze at Kawanoe,
Mishima and Doi observed in 1983. In most events,
the Yamaji-kaze begins first at Kawanoe and is fol-
lowed by Mishima and Doi. Namely, the following
locational differences of the geographical features of
the Yamaji-kaze can be listed.

1) The strongest wind is observed over the coastal
plain around Doi and Mishima. 2) The Yamaji-
kaze begins first at the eastern part of the coastal
plain, the lee of the col of the Shikoku Mountains.
3) Around Niihama, the western part of the coastal
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Fig. 2. The analysis of surface winds of the Yamaji-kaze observed from Niihama to Kawanoe on 27 February
1954, adopted from Akiyama (1956). The number at the lower right-hand corner of each section shows
the local time (Japan Standard Time, JST). The heavy solid lines show the streamlines on the surface
and heavy broken lines show the streamlines separated from the ground. The broken line of each section
shows the line where the streamlines detach from the ground surface.

plain, a strong southerly downslope wind is ob-
served, while a northerly wind is also sometimes ob-
served.

The northerly wind around Niithama and the
southerly wind around Kawanoe and Mishima are
often analyzed as a cyclonic circulation called
Hiuchi-nada depression (Miki, 1988; etc.).

3. Numerical model

The numerical model is a three-dimensional non-
hydrostatic model using anelastic equations. The
model is the anelastic version of the model devel-
oped at the Forecast Research Department of the
Meteorological Research Institute (Ikawa and Saito,
1991), and is similar to that used in Part 1 except
for the three-dimensional model, unless specifically
mentioned.

Following Clark (1977), the terrain-following co-

ordinate,
H(z — z;)
*
= —, 1

&= 1)
is used for the vertical coordinate, where z, is the
surface height. The governing momentum and the
thermodynamic equations are as follows:

0pGiu  OG P  OGiG3p
pGiu  OGEp  0GEGTp

ot Ox oz*
__ 0pGEuu " 0pGzvu + 0pGzwu _DIFa,
or Oy oz*
(2)
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Fig. 3. a) (Upper) Time sequences of the surface wind observed at Kawanoe, Mishima and Niihama on
the 21 April 1987 Yamaji-kaze. The numbers in the first row show the local time (JST) (reproduced
from Takami and Ohnishi, 1988). b) (Lower) The duration of the Yamaji-kaze at Kawanoe, Mishima
and Doi observed since March, 1983 to August, 1983. The numbers in the first row show the local time

(JST) (reproduced from Takami, 1990).

pGiv N 0Giyp N 0G:G23p'

ot dy 0z*
_ (9pGiuww | 9pGivv | 9pGiwv
= ( 5t eyt o DIFw,
3
OpGiw 8Gip  Gip
ot (:;% Oz* g C?g
_ OpGiuw + 6ﬁG%vw + pGEww
N Oz dy oz*
4
+pGig5 — DIFw, 4)
and
30 [(9pGiub  OpGivd  BpGiwh) , 1
'a_t__( ox oy T oz )%

—DIF, (5)

where C,, p and 8 are respectively the speed of the
sound wave, the density and the potential temper-

ature of the reference basic state, dependent only
on z. DIF. means diffusion term. The perturba-
tion potential temperature and pressure for the ba-
sic state are given by ¢/, p’. G, G2G" and Gig®
are the tensors for the coordinate transformations
and w is the vertical velocity in the 2* coordinate
defined as

boq1_B gige- (£ _1) 2%
P NS
1 93 2* é)zs
=(Z —1)==
- <H )3.7/’
¥ L (w+G%G13u+02023v)
dt g3

The continuity equation in an anelastic system is
given as follows:
8pGiu N ApGiv N ApGEw
Oz Oy oz*

The pressure is calculated diagnostically from Egs.
(2), (3), (4) and (6).

=0. (6)
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To determine the diffusion coefficients, the tur-
bulent closure model is employed. The formula-
tion is based on Klemp and Wilhelmson (1978) and
Deardorff (1980), and is similar to that described in
Part 1. The mixing length [ is calculated according
to the local stability N, the sub-grid scale turbulent
kinetic energy F and the typical grid scale As as
follows:

As ; for unstable case (N < 0)
I={ min (As,O.?GE%N—l) (7)
; for stable case (N > 0)

where

006

N= 60z ®

For As, we use
As = VAzAz, 9)

instead of the ordinary expression of As

As = v/ AxAyAz, (10)

in order to assure the consistency between the two-
dimensional simulations and the three-dimensional
simulations which are performed in Section 4. As
mentioned in Part 1, the development of the hy-
draulic jump and its associated flow somewhat de-
pends on the formulation of the turbulent closure
model, but the differences of the experimental re-
sults between the two expressions of As Egs. (9) and
(10) are negligibly small for the cases dealt with in
this study. In Section 5, an experiment with surface
friction is performed. When the surface friction is
incorporated, following Mellor and Yamada (1974),
the modified mixing length Il is used to make its
value small near the surface as

_1_ - ; + 1, (11)

Iy K(z—2z) I
where k(= 0.4) is the Karman constant.

In order to suppress computational noises, fourth-
order linear damping, which suppresses mainly 2-
grid noises, and a time filter are employed. The
time integration is leap-frog, and the time interval
is 15 sec.

The upper boundary is a free-slip wall, thermally
insulated. In order to prevent a false reflection
from the upper boundary, an absorbing layer with
Rayleigh friction is imposed in the upper layer, as
described in Part 1. The inflow and outflow lateral
boundaries (yz-planes) are open where the radiation
condition by Orlanski (1976) is employed, while the
free-slip wall condition is employed at the side lat-
eral boundaries (zz-planes). The flow obtained by
the simulation using these lateral boundary condi-
tions agrees with the flow using a double domain
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with symmetric orography and periodic side lateral
boundaries (see Figs. 5 and 7). Rayleigh damping
near the inflow and outflow boundaries, which was
employed in Part 1, is not imposed in this study
since no significant difference is caused by its in-
clusion. When the surface friction is incorporated,
the surface fluxes are given from a resistance law
as described in Ikawa and Saito (1991). Over the
sea, the exchange coefficients are determined from
the formula by Kondo (1975). Over the land, they
are determined from Monin and Obukhov’s similar-
ity law for a given roughness length (10 cm) of the
ground from the formula by Sommeria (1976). In
the simulations in Section 5, only momentum flux is
calculated assuming the neutral stratification in the
lowest surface boundary layer.

4. 3-D flow over a mountain range with a col

In this section, the property of the three-
dimensional flow over a mountain range with a col
for the approximation of the Shikoku Mountains is
examined. The following simplified orography is
used:

hm — h¢ cos {27!‘ (y — '!/c) /b}
1+ (x —x,)° /a? '

Zs (:L' ’ y) = (12)
Here, h,, is the averaged height of the ridge of the
mountain range, h. the amplitude of the col, a half
width of the mountain range, b the horizontal in-
terval of the periodic col, and z. and y. mean the
location of the ridge and the col, respectively. In
the case of the Shikoku Mountains, typical values
of these parameters are h,, =1050m, h,=250m, a
=12km and b=80km. Figure 4b shows the bird’s
eye view of the orography by Eq.(12) represented
by 5kmx2km grids in which these values of the
parameters are used.

4.1 Linear theory of the mountain flow over a moun-
tain range with a col
In this sub-section, the linear theory of the moun-
tain flow over the orography of Eq. (12) is presented
in advance of the numerical experiments. The lin-
ear analytic solution of the mountain flow over an
isolated three-dimensional bell-shaped mountain is
calculated by Smith (1980) using a double Fourier
transform. In case of the orography of Eq.(12),
zs(z,y) is separable and can be expressed by the
Fourier transform in z-direction and Fourier pro-
gression in y-direction as

e o]

Zs(l',y)=/ Zk(k)ezkxdk Z Zn(n)ei27rny/b,

n=—0oo

(13)

where

1 ° hme_“” _ ahm —alk|
Zk(k) = g/_oo 1+($/a)2d.’lﬁ— 2 € a(14)
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Fig. 4. a) A bird’s eye view of the orography of
the central part of Shikoku Island framed
by the solid line shown in Fig.1. The
grid interval is 5kmx2km. b) A bird’s
eye view of the 3-dimensional bell-shaped
mountain with a col expressed by Eq. (12),
for the case of a=12km, b=80km, z.=
199 km, y.=0km, h,,=1050m and h.=
250 m. The grid interval is 5 km x 2 km.

1 ® h 27y ;
Zn(n) = —-/ (1 — —< cos ———) e~12mny/bg
(1) b/, I 5 y

he

= Zn(0) =1, Zn(-1) = Za(1) = —

N =

15)

Here, we assumed z.=y.=0 for simplicity.

For a hydrostatic! steady flow of a vertically un-
bounded stratified Boussinesq fluid over a three-
dimensional small-amplitude topography, the fol-
lowing equation for vertical displacement of the
streamline 6(z, v, z) is obtained with environmental
wind speed U taken as a constant (Smith, 1980):

8% (8% N2 /926 %6
522 (5?) + = (5{*5{) =0, (16)

where N is the Brunt-Vaisala frequency. If §(z, y, 2)
can be expressed by the Fourier transform in the z-

1The nonhydrostatic effect in linear theory is negligibly
small in the case dealt with in this study since the product
of I (=N/U) and a (=12 km) is about 15, which means that
the horizontal scale of the mountain is much larger than the
distance of a downwind drift during a buoyancy oscillation
(see Saito and Ikawa, 1991b).
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direction and Fourier progression in the y-direction,
it may be expressed as

[o's) o0
é(z,y,2) = / > D(k,n, 2)eTe?™/b . (17)

n=—0o0

Substituting (17) to (16), we obtain

8’D 9
9.2 +m°D =0, (18)
where
2 2

U k

With N taken as a constant, and using (14) and
(15) as the lower boundary conditions, the following
equation for ¢ is obtained:

o,y = 25 [ el
—00

x {eiNZ/U - E—C—eim(k’l)z cos @} e*=dk. (20)
m b
Once 6 is obtained, the vertical velocity component
w is easily calculated from the gradient of §, using
the kinematic condition.

Figures 5a and 5b show the vertical cross-sections
of w in the zz-planes through the vicinity of the
peak and col for the case of h,,=1050m, h.=250
m, U=8m/s and N=0.01/s. In this case, the
non-dimensional mountain height? lh,, (=Nh,,/U)
is 0.1, and the normalized amplification of the col
he/hm is 0.25. For the calculation of §, the com-
plex finite Fourier series using array size NX =400
is employed due to the complexity of the integration
of Eq. (20). As shown in these figures, the patterns
of both solutions resemble each other except for the
magnitude of the amplitude of the mountain wave.

The perturbation pressure p’ can be obtained by
use of the hydrostatic relation as

p'(z,y,2) = g/ p'dz'=poN2/ 6(z,y, 2")dz'

z

= poN?I(z,y,2) (21)

where I(z,y, z) is the vertical integration of § from
an infinite upper boundary where § becomes 0 to
height 2. The surface pressure drag, Drag ,na, is

2In Part 1, we called this dimensionless mountaintop
height as the inverse Froude number. However, this name
is not necessarily appropriate as Baines (1987) and Smith
(1991) have pointed out, and could be confused with the
‘Froude number’ in hydraulic theory which is defined as the
ratio of fluid velocity to the phase speed of the gravity wave
or internal Froude number which has been proposed in recent
studies (for example, Durran, 1986; Durran and Klemp, 1987;
Smith, 1987; Smith and Sun, 1987). In the present study, we
call it non-dimensional mountain height and describe it as
thm.
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Fig. 5. a) Vertical cross-section of the vertical wind in the zz-plane in the vicinity of the peak of the
mountain range obtained by the linear analytic solution (lhm, =0.1, hc/hm =0.25). The ridge is located
at =199 km (see Fig. 4b). The contour interval is 1 cm/s. b) As in a) except in the zz-plane through
the vicinity of the col. ¢) Horizontal cross-section of the horizontal wind near the surface (2* =50 m).

The contour interval is 10 cm/s. The peak and col of the mountain range are located at (z,y)=(199

km, 40 km) and (199 km, 0 km), respectively.

given by

1 b poo Oz
D’I’ag.anal = Z/O / p’(x,y,O)E:—da:dy

N2 b [e s} o
Po / / I{(z,y, O)Qz—dxdy.
b Jo Jowo 0

: (22)

Using linearized Bernoulli’s law®

3Smith (1989a) used non-linear Bernoulli’s equation

2
u? =

PO

(-—p' - %p0N252) +U?, (23"

and obtained a flow régime diagram in the lhy,-aspect ratio
plane for a mountain flow over an isolated elliptical moun-
tain (his Fig.1). As he has admitted, using the linearized
Bernoulli’s Eq. (23) is more consistent from the standpoint of

poU(u—U) = —p/, (23)

the horizontal wind « can be obtained as

N2

The magnitude of u decreases with the increase of I
and becomes 0 when I = U/N. As lh,, increases, u
vanishes first at z = 3/4\ (A=27U/N; vertical wave

(24)

a linear theory. When Eq. (23') is used, u becomes 0 at I =
U/2N, and the critical values of lh,, which divide the flow
régimes are factorized by 1/2. Then the wave breaking occurs
at lh;, =0.5 for a mountain range without a col, which results
in a very different value from that predicted by conventional
linear theory or numerical experiments for a two-dimensional
mountain flow.
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length ) above the peak of the ridge (wave breaking)
and next on the windward slope of the peak of the
ridge (stagnant point by the upstream blocking).

Figure 5¢ shows the horizontal cross-section of u
near the surface (2*=50m) for the same case as in
Figs. 5a and 5b. The surface horizontal wind has a
maximum on the lee slope of the peak and has a
minimum on the windward slope of the peak. With
the increase of lh,,, the amplitude of the surface
wind anomaly increases linearly, and the minimum
point on the windward slope eventually becomes the
stagnant point. The pattern is almost symmetric to
the ridge, which is located at x=199 km.

Figure 6 shows the flow régime diagram in the
lhm-h:/hy plane by the analytic solution. In this
figure, Wave Breaking means the régime in which
the wave breaking occurs and Flow Splitting means
the régime in which an upstream stagnant point de-
velops. The wave breaking occurs at lh,, =1.0 for
a mountain range without a col, while the critical
value of lh,,, above which the wave breaking occurs
decreases with the increase of k. /h., since the moun-
tain wave is enhanced in the lee of the peak of the
mountain range. The interesting thing is that when
lh,, is large and h./hy, is small there is a régime in
which u at the lowest level on the entire windward
slope becomes negative (Total Blocking). In the
case of a two-dimensional mountain, Total Blocking
occurs when lh,, >2, but Flow Splitting does not
occur. In the case of a three-dimensional isolated
mountain, Total Blocking is never attained.

4.2 Numerical experiments on the mountain flow
over a mountain range with a col

In this sub-section, the non-linear aspect of the

mountain flow over the orography Eq. (12) in a ho-
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mogeneous environmental atmosphere is examined
by numerical experiments. The model described
in Section 3 is used. As mentioned in the former
section, the nonhydrostatic effect may not be emi-
nent in the horizontal scale of the Shikoku Moun-
tains with regards to the linear theory. However,
the use of the non-hydrostatic model is considered
to be more desirable in order to simulate the wave
breaking and the hydraulic jump.

The simulation is performed using a half domain
of 40 km width, as shown in Fig. 4b, in consideration
of the symmetry of the orography with respect to the
xz-plane. The horizontal model domain of 400 km
x 40 km is represented by 202 x 10 grid points with
horizontal resolution of 2km x5km. The peak of
the mountain range is located at (z,y)=(199 km,
40 km), while the col is located at (x,y)=(199 km,
0km). Typical values of the horizontal scale of the
Shikoku Mountains (a=12km, b=80km) are used.
Vertically, 40 levels with a variable grid interval of
Az=100-800m are employed and the top of the
model domain is located at 18 km. The absorb-
ing layer is imposed in the upper layer above the
height of 11km. The Boussinesq approximation is
employed.

A homogeneous atmosphere in which a potential
temperature lapse rate is 3 K/km is given for the
initial condition. In this case, the stability N is
about 0.01/s. The numerical experiments are per-
formed by varying lh,, and h./hy,. Since the ver-
tical model domain is limited (H =18 km), the ver-
tical wave length of the mountain wave, which is
estimated at 27U/N, must be restricted to repre-
sent the mountain wave adequately. Consequently,
the experiments are performed by varying h,, in the
range of 80 m—1050 m with U fixed as 8 m/s for the
case of lh,, <1.3, and are performed by varying U
in the range of 3.5 m/s-8 m/s with h,, fixed as 1050
m for the case of lh;, >1.3 (see Table 1). For the
initial start-up procedure, the mountain height is
initially set at zero and is raised linearly to the or-
dinary height of the mountain range during the first
320 time steps, which is equivalent to a model time
of 80 min. Each simulation is continued until 1920
At (480 min).

a) Linear case

Figures 7a and 7b show the vertical cross-section
of w in the zz-planes through the vicinity of the
peak and col obtained by the numerical experiments
at t=400 min for the case of lh,,=0.1 and h./hy,
=0.25. In this case, both w through the peak and
through the col well agree with those by the analytic
solution (Figs. 5a, 5b). The pattern of the surface
wind (Fig. 7c) is almost symmetric to the ridge at
=199 km as in the analytic solution (Fig. 5c¢), and it
is almost steady after t=80 min, the mountain has
been raised up to the ordinary height.
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Fig. 7. a)—) As in Figs. 5a)—) except by the numerical solution after 400 min.

b) Non-linear case

Figures 8a—8c show the numerical solution by the
experiment of lh,,=1.0 and h./h,,,=0.25 (t=400
min). In this case, wave breaking occurs in the lee
of the peak, and a hydraulic-jump-like updraft de-
velops at £=225km (Fig.8a). On the other hand,
in the lee of the col wave breaking does not occur
and the vertical velocity in Fig. 8b remains a pattern
which is similar to that of the linear case (Fig. 7b).
The surface wind is symmetric to the ridge when the
mountain has been raised up to h,,, whereas it in-
creases in the lee of the peak with the development
of the wave breaking. At t=400 min (Fig.8c), a
sudden change of the surface wind speed is seen at
the front edge of the strong-wind area. In the lee of
the col, a strong wind extends leeward as shown by
the 10 m/s contour and discontinuity of u does not
develop.

Figures 9a-9c show the results for the case of

lhpy,=2.6 and h./h,=0.24, which correspond to a
strongly non-linear case (=240 min). In this case,
the hydraulic jump in the lee of the peak becomes
clear, and a reversed flow develops behind the hy-
draulic jump as shown in Fig. 9a. On the other hand,
in the lee of the col (Fig. 9b), no wave breaking oc-
curs and a discontinuity of u corresponding to the
hydraulic jump is not seen. Figure 9c¢ shows the u-
component of the surface wind at ¢t=240 min. A
reverse-wind area develops in the lee of the peak
while a strong-wind area in the lee of the col ex-
tends leeward. The surface wind on the windward
slope of the mountain range becomes negative by
the total blocking, and the wind pattern becomes
fully asymmetric with respect to the ridge.

In the case of h./h,=1.0 (and lh,,=2.6), the
magnitude of the col is the same as h,, and the
peak height is 2h,,,. The orography becomes an (pe-
riodic) isolated mountain rather than a mountain
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Fig. 8. a)-b) As in Figs. 7a)-b) except for lhm =1.0, he/hm =0.25. The contour interval is 10 cm/s. c) As
in Fig. 7c) except for Ay, =1.0, Ac/hm =0.25. The contour interval is 1 m/s.

ridge. The surface wind flows round the mountain
and a reverse flow develops in the lee of the moun-
tain. A cyclonic vortex, which is quite similar to
the one of the twin lee vortex reported by Crook et
al. (1990) and Miranda and James (1992), develops
between the reversed flow and the roundabout flow.

The response of the mountain flow to the existence
of the col is quite sensitive. Figures 10a—10c show
the time sequence of the surface wind for the case of
lh,;, =3.0 and A, =50 m (h./h,, =0.05). In this case,
the jump develops even in the lee of the col due to
the strong non-linearity and small h./hq,, while the
location is very different in the y-direction. In the
lee of the peak, the jump is almost stationary at z=
230 km, whereas the jump in the lee of the col moves
leeward. In Figs. 10b and 10c, the locations of the
hydraulic jump by the two-dimensional simulations
in which the ridge heights are 1000 m, 1050 m and

1100 m are shown by A, a solid vertical line and V,
respectively. As shown in these figures, the differ-
ence of the location of the hydraulic jump due to
the difference of the ridge height in the y-direction
by the three-dimensional simulation is much larger
than that by the two-dimensional simulation. On
the other hand, only a slight difference is seen in the
y-direction in the upstream deceleration pattern.

¢) Flow régime, surface pressure drag and wind
mazimum (minimum)

Table 1 summarizes the experimental result for
the homogeneous atmosphere. In this table, W.B.
denotes the wave breaking, F.S. the flow splitting,
T.B. the total blocking, H.J. the hydraulic jump,
and R.W. the reversed wind. The open circles de-
note the cases in which they appear, and the crosses
signify that they do not appear. The triangle means
that the appearance of the hydraulic jump is ob-
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interval is 1 m/s. c) As in Fig. 8c) except except for {hm, =2.6, t=240 min.

scure. In this table, umax/U and wumi,/U show the
ratio of the maximum and minimum values of the
surface wind to U, respectively. The asterisk be-
hind Umin/U denotes the reversed wind behind a hy-
draulic jump. N.Drag is the normalized drag, which
is defined as the ratio of the surface pressure drag
by the numerical experiment (Drag.,u.m) to that
by linear analytic solution for two-dimensional bell-
shaped mountain without a col (Drag qnai2p),

Dragnum
N.Drag = ——————
? Drafg.a,naZQD
1 y=40 km px=400 km ’ 823
—— 8)—=2 Ldpd
_ 40km -/y=0km /z=0km {p A Oz } o
- poUNR2 /4 .

(25)

These values are averaged values of those from
t=240 min, after the wave has broken, to t=480

min. In the case of h./h,, =0, the experiments are
performed by the two-dimensional model.

* Figure 11 indicates the flow régimes in the lh,,-
h¢/hm plane by the numerical solution. Comparing
the flow régime shown in Fig. 6, the critical curves
of the lh,, which divide the flow régimes are about
20 % smaller than those by the analytic solution. It
seems that this difference is caused by the non-linear
effect due to the increase of lh,,,. In the case of a two-
dimensional bell-shaped mountain, it is known that
the wave breaking occurs at 0.85 in the non-linear
analytic solution (Lilly and Klemp, 1979), which is
15 % smaller than 1.0 by the linear theory.

Figure 12 shows the values of N.Drag. In this
figure, the heavy solid curve shows the surface pres-
sure drag expected by the linear analytic solution
for the three-dimensional mountain range with a
col normalized by that for a two-dimensional bell-
shaped mountain without a col, that is, defined
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Fig. 10. a) As.in Fig. 9c) except for lhm =3.0, t=320 min. b) As in a) except at t=400 min. The solid
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m. A and V show the locations of the hydraulic jump simulated by the two-dimensional model for A,
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Table 1. Results of experiments for a homogeneous atmosphere.

U hw lhw he/hm W.B. F.S. T.B. HJ. RW. Umax/U  Umin/U N.Drag
8 80 0.1 O. X — X X X 1.06 0.96 1.01
8 80 0.1 0.25 % X X % ¢ 1.07 0.95 1.09
8 400 0.5 0. X — b4 X X 1.40 0.77 1.28
8 400 0.5 0.25 X X X X X 1.46 0.72 1.32
8 400 0.5 05 X X X X X 1.53 0.66 1.44
8 400 0.5 1.0 X 8% % X ¥ 1.67 0.50 1.91
8 800 1.0 O. O X X X 2.14 0.62 1.90
8 800 1.0 0.25 O X % A X 2.53 0.39 2.18
8 800 1.0 0.5 O 59 X O X 2.42 0.01 2.29
8 800 1.0 1.0 O O X O O 2.31 -1.25* 2.29
8 1050 .3 0. ) — X X X 3.09 0.36 3.25
8 1050 1.3 0.24 O O X O x 2.82 —0.02 2.79
8 1050 1.3 0.5 ) ®) X O O 2.58 —1.30* 2.34
6 1050 1.8 O. @) — @ X % 3.30 0.01 3.28
6 1050 1.8 0.24 @) B X O ()] 3.30 -1.13" 3.00
6 1050 1.8 0.5 O O X O (@) 2.85 —1.48* 2.35
6 1050 1.8 1.0 O O X @) O 3.09 —-1.72* 1.93
4 1050 26 0.0 O — O O X 3.73 -0.21 3.03
4 1050 26 0.24 O X @) O @) 3.88  —1.45* 2.83
4 1050 26 05 e) e) x 'e) ® 3.73  —1.84* 2.21
3.5 1050 3.0 0.0 O — O O O 3.86 -0.34 3.02
35 1050 3.0 0.05 @) x 0 ®) ®) 391  —0.89* 2.99
3.5 1050 3.0 0.5 @) X (@) 0 O 4.02 —1.81* 2.12
3.5 1000 2.9 0.0 ® - @) e) ® 3.79  —0.30 2.99
3.5 1100 3.1 0.0 O O ®! O 3.96 —0.40" 3.04
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Fig. 11. As in Fig.6 except by the numer-
ical experiments. Double circles, open
circles, triangles and crosses denote total
blocking, flow splitting, wave breaking and
only mountain waves, respectively. Broken
lines show the critical curve of lh,, which
divides the flow régime. Asterisks indicate
the cases in which reverse winds occur.

by Drag.anai/Drag.aneizp. According to the lin-
ear analytic solution, the magnitude of the sur-
face drag increases with the increase of the value
of he/hm, and at h./h,, =1 it is about 30 % larger
than that at h./h,,=0. In the numerical experi-
ment, the value of N.Drag is close to that by the
linear theory when lh,,=0.1, whereas it is about
30-40 % larger when lh,,=0.5. In the case where
two-dimensionality is good (h¢/hm is small), N.Drag
conspicuously increases with the occurrence of the
wave breaking and reaches 3.25 when lh,, =1.3 and
he/hm=0. This is the transition to the high drag
state due to the wave breaking which is reported by
Durran (1986). The value of N.Drag no longer in-
creases in the region of lh,, > 1.8, which corresponds
to the occurrence of the upstream blocking. It is
considered that this is caused by the decrease of the
effective height of the mountaintop to the mountain
flow due to the developing of the low-level stagnant
layer by the upstream blocking. In the region lA,,
>1.3, the value of N.Drag rather decreases with the
increase of h./h,,. Such a decrease of N.drag occurs
in the region where the flow splitting occurs, and
the decrease becomes more conspicuous with the in-
crease of lh,,.

Figure 13 indicates the normalized maximum and
minimum values of the surface wind (umax/U and
Umin/U). In this figure, Z, @, H and F denote the
result by the experiment of h./h., =0, 0.25, 0.5 and
1, respectively, and the asterisk means that the mini-
mum wind is the reversed wind behind the hydraulic
jump. Solid lines denote the normalized maximum
and minimum value of the surface wind by the linear
analytic solution for a two-dimensional bell-shaped

Vol. 71, No. 2
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Fig. 12. The h./hm-dependence of the nor-
malized surface pressure drag (N.Drag) by
the numerical experiments. The mean-
ing of the symbols is the same as in Fig.
11.  Numbers show the value of lh,.
The broken line shows the result for the
case of lh,,=1.3. The heavy solid curve
shows the normalized surface pressure drag
calculated by the linear analytic solution
(Drag.anat/Drag.anaizn)-

mountain, that is umax -z =1+1hn /2 and umin -z =
1—1hy /2, and broken lines denote those normalized
by a linear analytic solution for a mountain range
with a col of he/hpm=0.5 (Umax -z and Umin—H)
and hc/hm=1 (Umax—F and umin—r). When lh,,

.is small enough for no wave breaking, the maximum

surface winds are almost equal to or slightly larger
than those by the linear theory, and they increase
with the increase of h./h,, similar to the predic-
tion of the linear theory. With the occurrence of the
wave breaking, the maximum surface winds conspic-
uously increase, but their rate of increase tends to be
suppressed with the occurrence of the total blocking
or flow splitting. For a two-dimensional mountain,
the minimum surface wind occurs on the windward
slope and agrees with the predicted value by the
linear analytic solution even in the region of a large
lhy,. When the mountain range has a col and lh,,
is large, the minimum surface wind occurs in the
lee of the mountain as the reversed flow behind a
hydraulic jump. These reversed flows become evi-
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Fig. 13. The lhm,-dependence of the maxi-
mum and minimum surface wind. Z, Q,
H and F denote the result by the experi-
ment of hc/hm =0, 0.25, 0.5 and 1, respec-
tively. Asterisks mean that the minimum
wind is the reversed wind behind the hy-
draulic jump. The solid lines denote the
normalized maximum and minimum val-
ues of the surface wind by the linear an-
alytic solution for a two-dimensional bell-
shaped mountain (tmax-2z = 1+ lhm/2,
Umin—z = 1 — lhmn/2). The broken lines
denote that normalized by the linear ana-
lytic solution for a mountain range with a
col of he/hm =0.5 (Umax —# 8Nd Umin —H)
and he/hm =1 (Umax —F and Umin—F)-

dent in the region of a large h./h,, in which flow
splitting occurs, and this result is consistent with
the numerical experiments for an isolated mountain
by Miranda and James (1992). These lee reversed
flows cannot be explained by the linear theory and
seem to be related to the creation of potential vor-
ticity by wave breaking and/or a hydraulic jump, as
suggested by Crook et al. (1990) and Smith (1989b;
1991).

4.3 Analogy between the hydraulic jump in a contin-
uous atmosphere and in shallow water

Similarities between the downslope wind in a
stratified atmosphere and the flow in shallow wa-
ter having a hydraulic jump have been known for a
long time. According to the hydraulic theory (Long,
1954; Houghton and Kasahara, 1968), the behavior
of a shallow fluid over a two-dimensional mountain
is categorized by the Froude number and mountain
height into four régimes: a sub-critical flow, a quasi-
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steady flow with a stationary jump, an unsteady
flow with a moving jump, and a super-critical flow.
The hydraulic jump (downslope wind) occurs when
the fluid undergoes a transition from an upstream
sub-critical flow to a downstream super-critical flow.
The analogy between the atmosphere and hydraulic
fluid is clearest in cases where the environmental at-
mospheric stability has a pre-existing layering, but
there is a difference with the vertical transportation
of internal gravity waves and the correspondence be-
tween the two is not necessarily simple.

Smith (1985) solved Long’s (1953) equation for
a non-linear steady flow beneath a neutral layer
and obtained a critical value of the non-dimensional
mountain height where the mountain flow was trans-
formed from a sub-critical flow to a super-critical
flow. For the two-layered stratified fluid, sev-
eral studies have been done to explain its behav-
ior by using Smith’s solution and the analogy to
the hydraulic fluid (e.g., Durran and Klemp, 1987;
Bacmeister and Pierrehumbert, 1988; Ikawa and
Nagasawa, 1989; Tkawa, 1990). The fact that,
when the wave breaking occurs, nonlinear flow
shows hydraulic-like behavior even in the absence
of strong structure in the initial stability fields
has been pointed out by numerical experiments
(Pierrehumbert and Wyman, 1985; Durran, 1986;
etc.), but their similarities are generally qualitative.
Smith’s theory suggests that a correspondence can
be found between the atmospheric flow beneath a
wave-induced stagnant layer and the hydraulic fluid,

‘but it does not yield any information concerning the

transient features and the internal hydraulic jump.

In Part 1, the behavior of the internal hydraulic
jump in a homogeneous atmosphere over a two-
dimensional mountain without a col was examined,
and the analogy to the hydraulic jump in the hy-
draulic theory was shown. According to the ex-
perimental results in Part 1 in which the moun-
tain height and atmospheric stability were fixed,
the internal jump remained on the lee slope of the
mountain when the fluid velocity was small, while it
moved leeward when the fluid velocity was large. In
a quasi-steady régime, in which the jump remains
stationary, the height of the mountain slope where
the jump is located increases with the decrease of
the fluid velocity, while in an unsteady régime in
which the jump moves leeward, the moving speed
increases with the increase of the fluid velocity. The
response of the internal jump to the magnitude of
the environmental wind speed is analogous to the
behavior of the hydraulic jump in shallow water, as
shown in Table 2a.

The experimental results in Section 4.2 show that
the internal jump tends to stay in the lee of the peak
and it does not appear or it moves leeward rapidly
in the lee of the col. It is considered that these re-
sults are caused by the change of local linearity due
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Table 2a. Analogy between a shallow water jump and internal atmosphheric jump over a 2-D mountain.

strong — non-linearity — weak
parameter of non-linearity small — fluid velocity — large
S}E?:Z:dﬁalfre;bg?)l ‘ small - U/vgd —  large
cntinuous atmosphere large — lhm — small
stationary jump — moving jump —  no jump
behavior of lee hydraulic jump | windward leeward slow fast
side side moving moving

Table 2b. Analogy between a shallow water jump and internal atmosphheric jump over a 3-D mountain.

strong <« non-linearity —  weak
effect of 3-D orography divergence horizontal —  convergence
convergence
large <« channel —  small
shallow water fluid width L bbb
TP TTT T
isolated mountain —  col
continuous atmosphere ¥/\ shape
™ D
s an
stationary jump — moving jump —  no jump

behavior of
lee hydraulic jump leeward

side

windward
side

slow fast
moving moving

to the horizontal divergence or convergence by the
three-dimensional effect of the orography. Recently
Saito (1992) expanded Houghton and Kasahara’s
(1968) theoretical model and examined the behavior
of the hydraulic jump in the shallow water flow over
a mountain range in a channel of variable width.
According to his results, in the unsteady state in
which the jump moves leeward the moving speed of
the shallow water jump increases with the decrease
of the channel width, and in the quasi-steady state
in which the jump stays the shallow jump occurs
more on the leeward side with the decrease of the
channel width. His study suggests that the behav-
ior of the shallow water jump is also strongly influ-
enced by the horizontal divergence or convergence
due to the three-dimensionality of the orography. If
we consider the three-dimensional effect of the orog-
raphy in terms of the horizontal convergence, we
can see a similarity between the response of the in-
ternal hydraulic jump to the existence of a col and
the response of the hydraulic jump in the shallow
water flow to the channel width, as summarized in
Table 2b.

5. 3-D flow over the Shikoku Mountain in the
observed field

5.1 Numerical simulation of the Yamaji-kaze

The actual Yamaji-kaze occurs on the northern
slope of the complex real orography of the Shikoku
Mountains, and it is likely to be influenced by sev-

eral factors such as the asymmetry of the Shikoku
Mountains, existence of the Chugoku Mountains,
surface friction, an inversion layer and a vertical
shear of the environmental wind. These factors
deform the linear/non-linear aspects of the moun-
tain flow shown in the previous section. For ex-
ample, the asymmetry of the Shikoku Mountains,
which is gentle on the windward side and steep on
the lee ward side, tends to enhance the mountain
wave, and wave breaking easily occurs, as shown in
Part 1. The blocking effect of the Chugoku Moun-
tains allows the reversed wind to occur more readily.
In this sub-section, three-dimensional simulations of
the Yamaji-kaze are performed using observed ther-
mal stratification and the real orography of the cen-
-tral part of Shikoku including a part of Chugoku
Mountains, and it is demonstrated that the experi-
mental results in Section 4.2 are basically applicable
to the real situation.

The simulation is performed using the horizontal
domain of 240 km x 80 km, which is shown in Fig.
4a. It is represented by 122 x 18 model grid points
with a horizontal resolution of Az=2km and Ay=>5
km. Vertically, 32 levels with a variable grid interval
of Az=40-1200 m are employed so that the lowest
level is located at 2*=20m. The model top is lo-
cated at 18 km and the absorbing layer is imposed in
the upper layer above the height of 9 km. A Boussi-
nesq approximation is not employed to express the
decrease of the density of the reference atmosphere.
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Fig. 14. a) Composite of the vertical profile of temperature (T) and potential temperature (0) for the
soundings at Kagoshima and Shionomisaki at 09 JST 21 April 1987. b) Time evolution of the vertical
profile of the composited SSE component of the wind for every 6 hours from 21JST, 20 April to 15

JST, 21 April 1987.

For an initial vertical profile of the thermal strati-
fication of the environmental atmosphere, a vertical
profile based on the observation of the Yamaji-kaze
on 21 April 1987, which is shown in Fig. 14a, is used.
This profile is a composite of the observation of tem-
peratures at Kagoshima and Shionomisaki (for their
locations, see Fig. 4 of Part 1), which represents the
upstream environment. Figure 14b shows the time
evolution of the vertical profile of the SSE compo-
nent of the averaged wind at Kagoshima and Sh-
ionomisaki for every 6 hours from 21 JST, 20 April
to 15 JST, 21 April 1987. Considering the gradual
increase of the upstream observed wind, the model
is started-up initially with no wind on a fixed moun-
tain, and the model environmental wind is gradually
increased linearly from zero to the composited pro-
file at 15 JST, 21 April, as shown in Fig. 14b during
the 24 hours of the model time. Note that the grad-
ual increase of the environmental wind corresponds
to the successive decrease of the non-linearity of the
field.

a) The experiment without surface friction

Figures 15a-15c¢ show the time evolution of the
z-component (southerly component) of the surface
wind (2*=20m) obtained by a simulation without
surface friction. Figure 15a shows the result at t=
8 hrs. At this time, the model environmental wind
is 1/3 of the composited wind at 15 JST 21 April.
The simulated surface wind increases on the north-
ern slope of the Shikoku Mountains and its maxi-
mum is 14 m/s. In the lee of the Shikoku Mountains
from Niithama to Mishima (for their locations, see
Fig. 1 and Fig. 4a), the area of strong surface wind is
restricted by a line of discontinuity which runs from

east to west (y-direction in these figures). This line
of discontinuity is located just below the hydraulic
jump and it corresponds to the Yamaji-kaze front.
On the north side of the Yamaji-kaze front, the sur-
face wind over the coastal plain is calm or northerly
(negative) and corresponds to a Sasoi-kaze. A re-
versed wind, which corresponds to the Domai, is
seen from Hiuchi-nada to the southern coastal re-

‘gion of the Chugoku Peninsula. On the other hand,

in the lee of the col of the Shikoku Mountains around
Kawanoe, the area of a strong surface wind extends
northward and a break in the Yamaji-kaze front oc-
curs.

At t=16 hrs (Fig. 15b), the Yamaji-kaze front
shifts further northward and most of the coastal
plain of Shikoku is included in the area of the downs-
lope wind. The maximum southerly wind reaches
20 m/s. The break of the Yamaji-kaze front also ex-
tends northward and a jet-like area of strong wind
is formed in the lee of the col. On the other hand,
the wind over the central part of Hiuchi-nada is
still northerly, and a cyclonic circulation is formed
between this northerly wind and a jet-like strong
southerly wind. At t=24 hrs (Fig. 15¢), the Yamaji-
kaze front vanishes and the southerly wind prevails
over almost the entire area of Hiuchi-nada. The sur-
face wind is strongest at the northern coast around
Doi and reaches 24 m/s.

b) Comparison with the two-dimensional simulation

Figures 16a—-16¢c show the vertical cross-sections of
the horizontal wind (u) in the vicinity of Doi (solid
lines in Figs. 15a-15c). The strong downslope wind
over the northern slope of the Shikoku Mountains
extends northward with time. Figures 17a-17c show
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the results by two-dimensional simulation in which
the averaged orography used in Part 1 is employed.
At t=8 hrs, the environmental wind is still weak,
and the pattern of horizontal wind is not much dif-
ferent between Fig. 16a and Fig. 17a. In both fig-
ures, the horizontal wind increases over the north-
ern slope of the Shikoku Mountains, while a weak
reversed wind corresponding to Domai is seen near
the surface over Hiuchi-nada. The hydraulic jump in
Fig. 17a is located at a more leeward position com-
pared to Fig. 16a.

At t=16 hrs, in the two-dimensional simula-
tion (Fig. 17b), the hydraulic jump moved leeward
rapidly and the northern wind over Hiuchi-nada
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disappeared. On the other hand, in the three-
dimensional simulation (Fig.16b), the hydraulic
jump still remains at x=155km and the north-
ern wind over Hiuchi-nada is also distinct. At ¢
=24 hrs, in the two-dimensional simulation (Fig.
17¢), the hydraulic jump vanished after it swept
out over Hiuchi-nada and the downslope wind over
the northern slope of the Shikoku Mountain was
rather weakened. The pattern of u shown in Fig.
16¢ in the three-dimensional simulation is similar to
that in Fig. 17b, which corresponds to ¢=16 hrs in
the two-dimensional simulation. Namely, the move-
ment of the hydraulic jump is delayed in the three-
dimensional simulation.

¢) The experiment with surface friction

Figures 18a—18c show the time evolution of the
z-component of the surface wind (z* =20m) for the
case with surface friction. At ¢t=8 hrs, a break in
the Yamaji-kaze front appears in Fig. 15a, but in
Fig. 18a the area of strong surface wind is still re-
stricted. At t=16 hrs (Fig. 18b), the Yamaji-kaze
front breaks around Kawanoe, and the wind around
Mishima and Doi begins to increase. Since the
model is started up supposing that 15 JST 20 April
is t=0, Fig.18c corresponds to 07 JST 21 April,
and it is roughly consistent with the onset of the
observed Yamaji-kaze at Kawanoe and Mishima (09
JST-10 JST 21 April, see Fig.3). On the western
part of the coastal plain such as at Niihama, the
Yamaji-kaze does not begin and the wind is still
northerly. This pattern of surface wind seems to be
similar to that of the early stage of the Yamaji-kaze
shown in Fig. 2. A reversed wind, which corresponds
to Domai, is seen over the western part of Hiuchi-
nada. The jet-like area of the strong southerly wind
shifts westward compared to Fig.15b, and it may
be caused by the difference of roughness between
the sea (about 0.2 mm) and the land (10 cm). The
cyclonic circulation between this northerly wind and
a jet-like strong southerly wind also shifts westward
compared to the case without surface friction. These
tendencies are consistent with the preliminary re-
port by Saito and Ikawa (1991b) in which the ho-
mogeneous environmental wind was used.

At t=24 hrs (Fig.18c) the strong-wind area
slightly shifts northward and Mishima and Doi are
included in the strong wind area. This strong-wind
area is restricted within the northern slope of the
Shikoku Mountains where the strong Yamaji-kaze
is actually observed. The surface wind is generally
weaker than that in Fig. 15¢c and is about 1/2 of that
in the case without friction, but the strongest wind
around Doi reaches 20 m/s, which is not very differ-
ent from that in case without surface friction. The
Yamaji-kaze front still remains over the northern
coastal plain of Shikoku Mountains and a northerly
wind is seen around Niihama. This northerly wind
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seems to correspond to the fact that a northerly
wind is often observed around Niihama even during
the strongest period of the Yamaji-kaze (Fig. 3a).
Figures 19a—19c shows the vertical cross-sections
of the horizontal wind (u), potential temperature
(6) and sub-grid turbulent kinetic energy (E.T.) at
t=24 hrs in the vicinity of Doi (indicated by a solid
line in Fig. 18¢). The maximum wind over the north-
ern slope of the Shikoku Mountains reaches 20 m/s.
The area of a strong downslope wind extends up to
z=154km at the level of 100 m above the ground
surface, while it is limited by the Yamaji-kaze front
to £=150km at the lowest level (z*=20m) and
the pattern is different from that in the case with-
out friction (Fig. 16c). The reversed wind is seen in
the lower levels north of the Yamaji-kaze front. The
isentropes (Fig. 19b) drop downward in the lee of the
Shikoku Mountains and the temperature at the sur-
face increases by about 2 K. This increase of the po-
tential temperature roughly corresponds to the ob-
servation at Mishima at this time (Fig. 23 in Part 1).
The turbulent energy (Fig. 19¢) is large on the sur-
face around z =150 km where the Yamaji-kaze front
is located, as well as near the mountaintop and hy-
draulic jump. The large turbulent energy near the
Yamaji-kaze front is produced by the strong verti-

Fig. 17. (right) a)—c) As in Figs. 16a)—c), ex-
cept by the 2-dimensional model.

cal shear of the horizontal wind and the positive
buoyancy due to dropped isentropes. One of the
characteristics of the Yamaji-kaze is its very large
gust factor (Furukawa, 1966; Takami and Ohnishi,
1988). It can be explained by the large turbulent en-
ergy around the Yamaji-kaze front and the existence
of the strong wind area just above the surface.

5.2 Conceptual model of the Yamagi-kaze

In Part 1, a conceptual model of the Yamaji-kaze
was proposed on the basis of the two-dimensional
experiments. It explained the Yamaji-kaze and its
associated phenomena by the evolution and migra-
tion of the internal hydraulic jump and its associ-
ated flows. Although the three-dimensional simu-
lation given in Sections 4.2 and 5.1 basically sup-
port this conceptual model, it is also shown that
the behavior of the internal hydraulic jump is quite
sensitive to the existence of the col of the moun-
tains. An improved version of the conceptual model
of the Yamaji-kaze can be proposed considering the
results of the three-dimensional experiments given
in the former sections.

Figure 20a shows a schematic representation of
a conceptual model of the Yamaji-kaze in its early
stage. When the southerly synoptic wind is still
weak, the hydraulic jump occurs on the lee slope
of the Shikoku Mountains. A reversed flow devel-
ops just behind the hydraulic jump and a northerly
wind is observed over the northern coastal plain of
Shikoku Island from Niihama to Mishima. This op-
posite wind corresponds to the Sasoi-kaze which is
one of the premonitory symptoms of the Yamaji-
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Fig. 18. a)—c) As in Figs. 15a)—c), except by
the simulation with surface friction.

kaze. At this time, the surface wind near the top
of the Shikoku Mountains has already strength-
ened, and the Yama-nari, rumbling over the moun-
tain, can be detected in the cities on the northern
coastal plain of Shikoku Island where the wind is
still calm. On the other hand, on the windward
side of the Shikoku Mountains, the southern coastal
plain of Shikoku Island is calm due to the block-
ing effect of the Shikoku Mountains. The location
of the hydraulic jump is affected by the difference
of the mountaintop height of the Shikoku Moun-
tains. When the low-level southerly synoptic wind
increases, the jump easily moves northward in lee of
the col of the Shikoku Mountains, and the Yamaji-
kaze begins first around Kawanoe.

Figure 20b displays a schematic picture of the
Yamaji-kaze in its mature stage. The strong wind
area near Kawanoe extends northward with the
increase of the synoptic wind and forms a jet-
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like strong-wind area, spreading the break of the
Yamaji-kaze front. This break of the Yamaji-kaze

front propagates westward with the increase of the

synoptic wind, and the onset of the Yamaji-kaze be-
gins at Mishima and Doi successively from east to
west. The surface wind is usually stronger at Doi
than at Kawanoe. In the western part of the Shikoku
Mountains, the Yamaji-kaze front shifts northward
from the northern slope to the coastal plain, but
it hardly moves up to Hiuchi-nada. In the west-
ern part of the coastal plain around Niihama, the
surface wind is highly variable, reflecting the slight
movement of the Yamaji-kaze front and a northerly
wind is often observed. In the area before the hy-
draulic jump, the surface temperature is increased
by the foehn. A northerly wind, opposite to the
southerly downslope wind, prevails over the west-
ern part of Hiuchi-nada and the southern coastal
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plain of the Chugoku Peninsula. This opposite wind
corresponds to Domai. A cyclonic circulation cor-
responding to Hiuchi-nada depression develops be-
tween this northerly wind and the southerly jet-like
strong-wind area in the lee of the col of the Shikoku
Mountains. On the upstream side of the Shikoku
Mountains, the southerly wind is usually weak due
to the blocking effect of the Shikoku Mountains.

6. Summary and concluding remarks

Following the previous work (Saito and lkawa,
1991a), the three dimensional effect of the orography
of the Shikoku Mountains to the Yamaji-kaze was
studied numerically, focusing on the effect of a col
on the flow over a mountain range. Considering the
fact that the Shikoku Mountains’ height decreases
in the central eastern part, a three-dimensional flow
over a mountain range with a col is studied by a
linear analytic solution and numerical experiments.
Two parameters, lh,,, a non-dimensional mountain
height and h./h.,, the ratio of the amplitude of the
col to the mean ridge height, are used to prescribe
the mountain shape in a homogeneous environmen-
tal atmosphere.

In the linear theory, the flow over a mountain
range with a col in a homogeneous environmental
atmosphere can be classified by lh,, and h./h,, into
four régimes: a flow without wave breaking, a flow

with wave breaking, a flow with wave breaking and
flow splitting, and a flow with wave breaking and
total blocking. The wave breaking occurs at lh,, =1
for a mountain range without a col, while the criti-
cal value of {h,, above which wave breaking occurs
decreases with the increase of h./h,, because the
mountain wave is enhanced in the lee of the peak of
the mountain range. The flow splitting occurs more
readily with the increase of h./hm,. The total block-
ing occurs when lh,, is larger than 2 for a mountain
range without a col, while the critical value of lh,,
above which total blocking occurs increases with the
increase of he/hy,.

In the numerical experiments, a three-dimensional
non-hydrostatic model which employs an open in-
flow and outflow lateral boundary condition and a
free-slip side lateral boundary condition is used. In
the linear case, the numerical solution well agrees
with the analytic solution. In the non-linear case,
the wave breaking easily occurs in the lee of the
peak of the mountain range and an internal hy-
draulic jump develops, while in the lee of the col,
the wave breaking and the hydraulic jump hardly
occur. The internal hydraulic jump which occurs in
the lee of the peak of the mountain range tends to
stay, while in the lee of the col the jump does not
appear or it moves leeward rapidly. The behavior
of the hydraulic jump is quite sensitive to the ex-
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istence of the col, while the upstream blocking is
rather insensitive to the existence of the col.

The flow régimes obtained by the the numerical
experiments basically agree with those by the an-
alytic solution, while critical values of lh,, which
divide the flow régimes are about 20 % smaller than
those predicted by the linear theory. The surface
pressure drag normalized by the value in the linear
theory conspicuously increases with the occurrence
of the wave breaking, but when the upstream block-
ing occurs it no longer increases. When [k, is small,
the normalized pressure drag increases with the ex-
istence of the col, while when [h,, is large enough for
flow splitting to occur, the pressure drag decreases
with the existence of the col. The decrease of the
effective height of the mountain due to upstream
blocking might explain these experimental results.
The maximum surface wind also conspicuously in-
creases with the occurrence of wave breaking, while
its increase is suppressed when upstream blocking
or flow splitting occurs. For the two-dimensional
mountain, the minimum surface wind occurs on the
windward slope by upstream blocking, as the linear
theory predicts, while for the mountain range with
a col, it occurs in the lee of the mountaintop as the
reversed flow behind a hydraulic jump when flow
splitting occurs.

The response of the atmospheric hydraulic jump
to the existence of a col is qualitatively analogous to
the response of the hydraulic jump in shallow water
flow to the magnitude of the channel width, which
has been given by Saito (1992).

In order to simulate the Yamaji-kaze on 21 April
1987, numerical experiments are performed using
the real orography of Shikoku Island under the
observed thermal stratification and time-changing
wind profile. The stay and shift of the hydraulic
jump on the northern slope of the Shikoku Moun-
tains, which correspond to the Yamaji-kaze front,
and the extension of the strong surface wind area in
the lee of the col of the Shikoku Mountains are suc-
cessfully simulated. In the three-dimensional sim-
ulation, the occurrence of the reversed flow over
Hiuchi-nada, which corresponds to Domai, is clearer
when compared to the two-dimensional simulation.
The movement of the Yamaji-kaze front is delayed
and it tends to stay on the northern coastal plain of
Shikoku Island in the three-dimensional simulation.
One of the causes of the time lag between the onset
of the simulated Yamaji-kaze and the observed one,
which was too early in the two-dimensional simu-
lation in Part 1, is attributed to the neglect of the
three-dimensional effect of the orography. A further
improved surface wind pattern is obtained by the in-
clusion of the surface friction through the restriction
of the extent of the strong-wind area. The difference
of the roughness between sea and land may affect the
concentration of the downslope wind. An improved
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version of the conceptual model of the Yamaji-kaze
is proposed on the basis of the results of the exper-
iments.

As mentioned in Part 1, the development of the
internal hydraulic jump and the reversed flow be-
hind it depend on the formulation of the turbulent
closure model, since they are associated with the
wave breaking and are inherently non-linear phe-
nomena. If we use Eq.(11) for the formulation of
the mixing length even in the experiment without
surface friction, the occurrence of a reversed wind
behind the hydraulic jump becomes difficult for the
two-dimensional isolated mountain. The horizon-
tal resolution in the y-direction (5km) used in our
numerical experiments may not necessarily be suffi-
cient to simulate the three-dimensional wave break-
ing. The phenomena dealt with in this study are
highly non-linear ones, where the quantitative re-
sults in Section 4.2 might be influenced by the spec-
ification of the numerical model such as the compu-
tational scheme for the advection term, grid struc-
tures, and so on. A supplementary experiment using
other models is a future subject.

The discussion in Section 4.3 seems to contain
some important and unsolved problems. In Part 1,
the similarities between the response of the inter-
nal hydraulic jump to the magnitude of the envi-
ronmental wind speed and the behavior of the hy-
draulic jump in shallow water were presented. In
this study, the similarity between the response of the
internal hydraulic jump to the existence of a col and
the response of the hydraulic jump in shallow water
flow to the magnitude of the channel width are pre-
sented. This adds a new similarity to those between
the hydraulic jump in a stratified atmosphere and
the hydraulic jump in a shallow water. However, the
similarities are qualitative ones. Recent studies (for
example, Durran ,1986; Durran and Klemp, 1987;
Smith, 1987; Smith and Sun, 1987) have attempted
to make a correspondence between the behavior of a
non-linear continuously stratified flow over a moun-
tain and the hydraulic theory by introducing the
concept of an internal hydraulic theory, but it seems
that their attempts have not necessarily succeeded
in every way. More studies should be conducted in
order to understand further the analogy between the
two.

The results of the simulations in Section 5.1
demonstrate that the experimental results in Sec-
tion 4.2, which are performed under simple condi-
tions, is applicable to a real situation. The basic fea-
tures of the non-linear three-dimensional mountain
flow presented in this study might be applied not
only to the Yamaji-kaze but also to other downslope
winds which occur in the lee of a mountain range
with a col. However, the deformation of the behav-
ior of the non-linear mountain flow by the factors of
real situations such as asymmetry of the orography
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or the existence of inversion layer are not thoroughly
examined in this study. The vertical veering of the
environmental wind and the temperature difference
between the sea and the ground, which are neglected
in simulations in Section 5.1, will also affect the wave
breaking and the location of the Yamaji-kaze front.
The effect of the Coriolis force did not notably affect
the Yamaji-kaze itself in the experiment by Saito
and Ikawa (1991b), but it deformed the flow pat-
tern around Shikoku Island through the imbalance
of the westward pressure gradient force in the up-
stream blocking region.

Although it is not realized in the simulation with
surface friction in Section 5.1, when the synoptic
wind is exceptionally strong the lee hydraulic jump
may not occur due to the low non-linearity. In such
a case, the Yamaji-kaze front no longer appears and
southerly winds will prevail over the entire area from
the northern coastal plain of Shikoku Island to the
southern coastal plain of the Chugoku Peninsula,
including Hiuchi-nada. It is reported that Domai
is not observed when the synoptic southerly wind
is very strong through the approach of a typhoon
(Kobayashi, 1954). Although such a case may not
be typical Yamaji-kaze and the ratio of the maxi-
mum surface wind to the environmental wind may
decrease as suggested by Fig. 13 in Section 4.2, the
magnitude of the maximum surface wind itself will
still increase by virtue of the strong environmental
wind.

The simulation presented in this study generally
reproduces well the characteristics of the Yamaji-
kaze, although the lateral boundary condition is
still artificial and the initial condition is also sim-
plified. To make a more realistic simulation of the
Yamaji-kaze, a non-hydrostatic model which has ad-
equate horizontal resolution (Az, Ay <3 km) will be
required. An improvement of the model using an
one-way nesting technique is under way (Saito and
Ikawa, 1992). The results of the simulation of the
Yamaji-kaze using the nested model will be reported
at a later date.
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» 3 UAOKIENHE (2)
—EE S WIRAEA D 3 RTEDRNDIERHEDIRE—

=3 T3
(RRBF5T)

BE#R (Saito and Tkawa, 1991a) (25| &t < Fze s LT, TR F LR AT 2 MEILBOMEE D 3 KITH)
TR, IR EEZ ZALCH T ABMOBBICHERA R BT TREMICHAXON S, T LADHER
R, BB R IR B R B 3 RICORNDOIFERDIREIC L > THHIN S,

FEALIR A8k % 02D LR 2 BEZ 5 3 RICDTRNDOL U — ahS, —RKRRAITHT B G TR & E#KIE
EFNERHCLREEERIZL > THERLONE, ILOEKREZERT L7260, X3 —F—KTEXTILL 2L
DER L, ILOE 2 12T AEMOBIEDLLLD 2 00D5F 2 9 —piHGV LN 5, BUERTIE. FFhor v—
LI ROTHRT BMEICHNT 20%B/N S 21L& S 2 5B L7z, IWARD S % 19 35h. ILE%E
TIE2RICETFNVICE BBAICHRT, LB L UDEI L LREFEL, M) v 7Y% 7D
B BEOMRDFEENR LI, —F., BB TR CIIBEREIEFES A TAIIEAL, Yo7
AL AR TH 25402, Yoy v 7OIREIT, BHOFEIC L 2 ILIRDE 2 D& W 12D THET
H5H, WIRBA L7 v o 23, BBoOREICHBNSE TS 2, SHOREDEIZH T 5N
Vo r7OWBOE . FAKRICET S Fa) v 2 P e T ORBIEBDOEL~DIRE (Saito, 1992)
CHUAER LN,

1987 4 4 A 21 HOSEE LR LA ZFIZ, BAINKRADBE 707 7 A Ve hELO—E %28
CNEOEME & AW EIEER»ITOI, REBRVEKRTIHTHON, Fa) v 7 Ve y TORENY
T2l — AN, 2REHEEBRTIIRBELRLZILBROA 2y bDFA I 70 3 KRITHMA TR
TIIHESINIEIRINE, RF LADOMBENRED. MEIWLHILETO Y » v 7O L £ DI4H
DFR. RUOZEBALICHRIT 28R TR COMBIE O N IC L > THHEN S, MEEEBONEL Y
S2alb—=YavilEDLEIZLH-T, IVHEENTHERRIERELNSG, CNHEDI KL Iab— 3
VORERBRI, RELAOESETNVORBRARIND,



