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Effects of mountain barrier on a barotropic jet”
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ABSTRACT. In the present paper effect of mountain barrier which is very stecp on a airflow has been studied.
The intensity of blocking effect depends on thesteepnessofa mountainas wellas on the height. A smooth moun-
tain does not block the flow and hence the stretching and shrinking cffect of vortex lube produces stationary planc-

tary waves, while a steep

mountain blocks the flow and the waves are not produced. For this purpose westerly

jet has been studicd to see the dynamical effect of the mountains on its structure and movement over the

castern Asia.

|. BLOCKING EFFECT AND STREICHING AND SHRIN-
KING EFFECT OF VORTEX TUBE

1. Introduction

One of the central problems about the dynamical
effects of mountains on large-scale motions of the at-
mosphere is the production of stationary planetary
waves by large-scale topography. The generally accep-
ted explanation for the generation of stationary plane-
tary waves is based on the conservation of the absolute
potential vorticity. When a westerly flow climbs up
a mountain slope a vortex tube on the flow shrinks
and gains anticyclonic vorticity, while it stretches and
becomes cyclonic when the westerly flow slides down the
slope. Thus the vortex tube changes its position from
the original latitude simultaneously. It must be res-
tored to the original latitude by the p-effect so that the
absolute potential vorticity is conserved and hence
an oscillation occurs in the downstream of the moun-

tain.

In the above explanation it is assumed implicitly
that the westerly flow always crosses over a mountain.
However, if a mountain is very steep. air flow cannot
climb it and may be blocked by the mountain. In such a
case the mechanism mentioned above does not work.
Instead there may occur a flow which goes around the
mountain. There is a possibility that this flow in turn
makes a stationary trough in the leeside of the moun-

tain.

The intensity of the blocking effect depends on the
steepness of a mountain as well as on the height. It
may be speculated that a smooth mountain does not

*Paper was presented at t;e_ symposium ©
mechanics and Applied Systems” held at LLT.,

block the flow and hence the stretching and shrinking
effect of vortex tube produces stationary planetary waves,
while a steep mountain blocks the flow and the waves
are not produced. It is interesting to investigate the
possibility of this mechanism. It is also important as a
problem of numerical modelling of the effects of moun-
tains, because it is usual to incorporate smoothed
mountains in the general circulation models and numeri-
cal prediction models in order to avoid the possibility
that steep mountains may have large truncation errors,

2. Model and mountains

- We consider a westerly jet and study what flow pattern
is established as a steady state (if it exists), when a
mountain is placed in the jet. We assume for the sake
of simplicity that the atmosphere has a stable stratifica-
tion in the vertical but has no temperature gradient
in the horizontal direction in the basic state. There is a
force which acts to bring the flow to a barotropic equilib-
rium state which has a jet with a prescribed profile,
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where u,. v, and T, are the v and v-components of
the wind and temperature in the equilibrium state.
« and B are constants assigned to be 1/10 day. u,, v
and T, are assumed as o
t, () = uysin*2¢ and v, =0
where w, = 50m/s. and T,is expressed by
T.(h3) =T Tz
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Fig. 1. Shapes ol the smooth, steep and wall mountains
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Fig. 2. Patterns of the geopotential height at 5.00 mb at day
10 for the (a) Smooth, (b) Steep and (¢) Wall mountains,
Dashed line and dotled line in the centre of the figures

show the mountains
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Fig. 3. Latitude-height distribution of the zonal mean wind at day
10 for the (a) Srnoolh. (b) Steep and (c) Wall mountains.
Contour width is 5 m/s. The left and right side of the figure
are the pole and the equator, respectively. The top of the figure
isat 100 mb and the bottom is 1, 050 mb
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where I' is sct to be 6°5° K/km.

The model is a half-hemispheric 6 layers model
Wi‘rl)h the horizontal grid size of 5° and the top of 100
mb.

The three types of idealized mountains shown in
Fig. 1 are incorporated in the model, The height of
the steep mountain is 4 km. The inclination of its
side slopes is 4 km/5°. The smooth mountain is ob-
tained by operating a smoothing method used by Hell-
oway and Manabe (1971). The other type is the wall
mountain. We assume an impenetrative stagnant
air mass as the mountain. This assumption is the same
as that of Egger (1972).

3. Result

Fig. 2 shows the geopotential height at 500 mb at
day 10. Over the smooth mountain the flow turns its
direction southward strongly and a deep trough appears
in the lee of the mountain. In the case of the steep
mountain the jet is a little weaker than that of the smooth
mountain and the trough in the lee of the mountain
is not so deep. The pattern of the wall mountain is
more zonal than those of the other mountains. The jet
and the trough is the weakest.

Fig. 3 shows latitude-height distributions of the zonal
mean winds. We see that in the case of the smooth
mountain the blocking effect is very weak and the jet
crosses over the mountain and there is only one maximum.
On the contrary, the jet is blocked and goes around the
mountain so that two maxima appear at the latitudes
which correspond to the northern and southern bound-
aries of the mountain in the cases of the steep and wall
mountains. The intensity of the jet is reduced more
largely by the wall mountain than the steep mountain.
This may be explained by the fact that the wall mountain
has the vertical side boundaries while the steep mountain
has the sloped side boundaries.

There is a difference in the formation of stationary
planetary waves in the lee of the mountains. In Fig. 4
we see that the amplitude of the perturbed geopotential
height in the downstream is the largest for the smooth
mountain. It is about 400m at 500 mb level. For
the wall and steep mountains they are about 200 m and
300 m respectively. Moreover, positions of the troughs
differ by about 10° between the smooth and steep
mountains and also between the steep and wall moun-

tains.

These results may be explained as follows : The steep
and wall mountains block the westerly flow well so that
there are weak flows over the mountains, while the smooth
mountain blocks the flow weakly so that the flow over
the mountain is stronger than those of the other two.
Since the stretching and shrinking of vortex tube occurs
in a flow which climbs up and down the mountain_slopes,
it is speculated that stretching and shrinking of vortex
tube over the smooth mountain is greater than over the
steep and wall mountains. Therefore, the stationary
planetary trough in the downstream is strongest in the
case of the smooth mountain.

II. SPLIITING OF A JET

1. Introduction )

Next a numerical simulation is made to explain the sp-
litting of a jet by a mountain. Staff members of Academia
Sinica (1957) studied the flow pattern over the eastern
Asia. They showed that there are two maxima of the
jet over the northern and southern boundaries of the
Tibetan Plateau during the period from autumn to spring.
From spring to summer, however, the southern branch
of the jet disappears suddenly and there is a single jet
in summer. This phenomenon was also noticed by
Murakami (1951) in relation with the jet stream over
the Asia in the Baiu season (rainy season in Japan).
The appearance of the double or single jet may be ex-
plained as the result of the seasonal displacement of the
jet axis,

2. Model and jets

We use the steep mountain which is regarded as the
Tibetan Plateau,

For the present experiment, we need to change the
position of the jet axis relative to the mountain. There-
fore, u, is changed as

1y

e = "cosh {($—4s) / 8}

where u, is the maximum wind velocity at the jet axis
¢y 15 the latitude of the jet axis and 8is a parameter to
specify the width of the jet. We test various values of
ty, ¢o and & and obtain three jets named as the J35, J45
and J55 shown in Fig. 5. The mountain is situated
between 34° and 55° latitudes. The J35 passes by the
southern boundary of the mountain and the J45 hits
the mountain directly. The J55 passes by the nothern
boundary of the mountain. Relative positions of the
three jet axes to the mountain correspond to the seasonal
change of the position of the westerly jetin the real
atmosphere. That is, J35 corresponds to the jet in winter,
the J55 in summer and the J45 in spring and autumn.

3. Reults

Fig 6 shows flow patterns at 750mb when the moun-
tain s included, The main axis of the J35 shifts north-
wardon the average compared with the case of no
mouttain. Inthe mountain region a considerably strong
brand of a jet goes around the northern side

_of the mountain. The southern branch shifts southern
by abbut 10° from the latitude of the main axis in
the wstream of the mountain.

Themain axis of the J45 is located at about 47.5°
in theupstream of the mountain and passes by the north-
ern sie of the mountain but becomes weak in the leeside
of thi mountain. The southern branch of the jet be-
come strong to the south of the mountain and the two
jets carfluent at about 20° downstream of the mountain.
The trough in the downstream is stronger than
that of the J35.
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Fig. 4. Deviations of the geopotential height at 500 mb along 45°
latitude for the smooth (dotted line), steep (solid line)
and wall mountain (dashed line) at day 10,
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Fig. 5. Latitude-height distributions of the zonal man wind at Fig. 6. Patterns of the wind vectors at 750 mb at day 8
£ day 8 with no mountain for the (a) J35, (b)45, (c) 155 with the mountain for: (a)J35,(b) J45and l(l:) .‘liﬁvs
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e the wind at 87.5° (latitude): (a) 135, (b) J45,(c) J55
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_ The axis of the J55 is located at 55° and shifts only
little by the mountain. The southern branch of the jet

also appears but is very weak compared to those of the
J35 and J45.

Fig. 7 shows the double jet structures in the mountain
region. In the J35 the main axis is by about 10° southward
from the mountain and the wind increases with height.
Another branch appears over the northern slope of the
mountain, which has its maximum just above the slope
and becomes weak with increasing height and disappears
in the upper atmosphere. In the J45 the main axis shifts
to the northern slope of the mountain and the secondary
branch appears at 30° latitude. This has an inverse
vertical shear as same as the northern branch of the J35.
Unlike the J35, the magnitude of the main jet decreases
with height and its axis tilts southward. In the J55
the change of the pattern due to the mountain is smaller
than those of the other jets. The main jet is located
almost at the same latitude as that in the zonal mean
field. There appears a southern branch but it is very
weak compared with the secondary axes of the other jets.

The three jet patterns seem to explain the seasonal
positions of the jet over the eastern Asia reported by
staff members of Academia Sinica. The pattern of the
135 corresponds to the flow in winter when the jet shifts
most southward to the southern side of the Tibetan

Plateau and the double maxima appear. The J45 shows
the pattern in spring when the jet shifts gradually to the
north and hits the plateau directly. In this case two
maxima appear as well as in winter. The J55 shows the
flow in summer when there is a single jet to the north of the
plateau. However, since in the real atmosphere the
westerly jet is maintained by baroclinicity which is
neglected in this experiment, it will be necessary to
consider the effect of baroclinicity in the accurate
discussion of the dynamical effects of mountains.
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