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Except in low latitudes the comparatively
large scale atmospheric motions are funda-
mentally quasi-geostrophic.  This fact has
been widely applied in the field of meteoro-
logy. However, theories explaining the
existence of the quasi-geostrophic motion are
not many. Kibel® and Charney® intro-
duced scale of motion in the equations of
motion and found that the observed large
scale motion in the atmosphere must be
quasi-geostrophic. But they did not discuss
the physics of the formation of quasi-geostro-
phic motion. The present note will provide
this link.

Following Kibel® and Charney‘® we in-
troduce the following transformations

x=L%, Y=Lj, Z=H: u=Uz,
v=Ui, w=Wn,
and ¢=zf into the equations of motion.

Taking the second epuation of motion as an
example we have
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parameter; (x, y, z), the space ccordinates;
t, time; (u, v, w), the three velocity com-
ponents; (L, H), the horizontal and vertical
scales of motion; (U, W), the horizontal
and vertical characteristic velocity compo-
nents; and z, the time scale. In obtaining
(2) it is assumed that r=~U/L. According
to Kotchin® and Charney® &/<1. Thus
the condition for quasi-geostrophic motion is
€<1. Putthe scale of long wave (U=10mps,

L=10°m) into the expression of &, then
&E=10-! (for middle latitude). Thus Kibel¢®
and Charney® found that the motion of this
scale must be quasi-geostrophic,

From the expression for € (equ. (2)) it
would be concluded that the larger the
horizontal scale (L) of motion the more
geostrophic the motion would be. However,
for large scale motion, L is not independent
of U they may be related approximately by .
Rossby’s stationary wave formula :

_ U
L=2 &
where £ is the variation of Coriolis parameter

with latitude. Put the above expression
into (2) we have
BL
€ = 4ef

The above expression states that as long as
Rossby’s formula is valid the smaller the
horizontal scale the more geostrophic the
motion would be. For middle latitudes (8
=1.62x10"Bcm!sec.”! f=10"4sec.”!) L would
be 2.4x10Ycm in order to make &=1],
This scale is larger than the great circle of
the earth. Thus the motion in the earth’s
atmosphere must be quasi-geostrophic, as
long as Rossby’s wave formula is valid.

We may also write equ. (3) in another
form:

-1 veu
2r  f
In order to get nongeostrophic motion (&=~1)
in middle latitudes U must be of order of
10¢ cm/sec! This is absolutely impossible
for the centrifugal acceleration is then much

larger than the gravitational acceleration.
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Let us discuss this problem in another
way. Multiplying equ. (1) by U we then
have

LAY
eU(-42) = - -1y )
dp ov _ 0D . 0D _ 0b
where 7:—8—{—-}-u§2—+va—j+6’w¥ has
an order 1. Thus

where Uy is the geostrophic zonal wind. The
(=) sign on the right side ot (4) means that
(di/di) may be positive or negative. If we
take the(+)sign then € can not be near 1. For
then U, would be much smaller than U and
could be neglected in (4); i.e., the pressure
force could be neglected. This is not possible
in the atmospheric motion (except the inertia
motion). & may be <1, but the motion is
then quasi-geostrophic which is the case we
are not interested in. & may also be much
larger than 1. Then (-1 U~ —U,.
Substituting it in (2) we have

“D=-Us (e :
E(€E-1) = 7L E>D ®)
If we take the (—) sign in equ. (4), we
then obtain
U .
e(1+5)—fL. (®

Suppose that at surface of the earth U,~0
and substitute the zonal wind at certain
level. the tropopause say, for U;. Then
from thermal wind equation and (5) and (6)
we have then either

EE—1) = +—§—j}f2— %r_ %yz E>1) (5
or _
2
e<1+s)=~fgf’f—%a—§ 6"

i 2

Here the sign ‘‘—

space.
For meteorological

represents mean over

phenomena our atmos-
phere may be considered as a thin layer of
air covered over the earth. TFor motions
we are interested in (H/L) is always <€ 1.
Thus we see that the fact that the atmos-
phere may be considered as a very. thin

layer of fluid is of fundamental importance
for the occurrence of geostrophic motion.
Physically this is quite easy to understand.
Kotchin> has shown that W/U=H/L. Thus
in the atmosphere W<U and the motion may
be considered practically horizontal. Hori-
zontal motion' is a necessary condition for
geostrophy.

It may also be seen from (5') or (6') that
the degree of non-geostrophy is proportional

to —Lz’a—T-' Thus the nongeostrophic
f ay

motion is favored by low rate of rotation
of the system and high temperature contrast.
This agrees with the experimental fndings
of Hide®, Indeed the criterion for nongeo-
strophic motion by (5’) or (6/) is, up to a
constant, equivalent to the criterion derived
by Kuo® for the axial symmetrical motion
on a rotating cylinder.

Based on (5’) or (6’) we may discuss the
minimum temgerature contrast for the occur-
rence of nongeostrophic motion of different
scales at different latitudes. For this pur-
pose we may set €=1. Since by difinition
€>0, (5') is only possible for very large
temperature contrast with high temperature
to the north. This possibility is eliminated
from the earth’s atmosphere. We may now
concentrate our attention to (6’) which may
be rewritten in the following form
gH AT

€=3prr T

0,

for &~1and —aa—i: is put equal to (AT/L).
Taking g=10%m/sec?, H=105cm and f=10-*
sec™!, we find the minmum temperature
contrast for nongeostrophic motion of the
scale of whole hemisphere (L=10°%m) equal to

AT=10T"!
This is absolutely impossible.
of half hemisphere,

AT=2.5T!
This is still absolutely impossible.
scale of 2.108 cm,

For the scale

For the

T=0.4T
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which corresponds to a temperature gradient
of 5.5° C/(deg. latitude). Such a large tem-
perature gradient for a belt of about 20°
latitude has never been observed.

Let us now calculate the minimum tempera-
ture contrast required for the occurrence of
nongeostrophic motion in scale of 1000 km and
500 km at different latitudes. This is shown

Table 1.

Minimum temperature contrast (4T) for the occurrence of nongeostrophic motion and

temperature contrast resulted from equilibrium radiation in 10° latitude belt at different
latitudes (L=10%m and 5.10%cm, T =250°A).

Latitude belt 0-10° 10-20° 20-30°
AT, (°C, L=10 1.0 86 226
dTe,(°C, L=5.10") 0.25 2.2 5.7
AT-(°C) 3 4 10

30-40° 40-50° 50-60° 60-70° 70-80° 80-90°
42 64 86 104 118 126
10.5 16 21.5 26 29 31
14 14 14 12 9 3

in the second and third row of Table 1.

From the table we see that this temperature
contrast increases very rapidly with latitude.

In order to estimate the possibility of the non-
geostrophic motion of such a scale we aslo put
the temperature contrast resulted from purely
radiation equilibrium in Table 1 (fourth row
AT;). Comparing ATe¢; and AT, we see
that AT >AT, only below 10° latitude.
Thus purely under the action of radiation
and earth’s rotation nongeostrophic motion
of scale of 103 km is only possible in very low
latitudes. For the scale of 500 km the nongeo-
strophic motion is possible below 40° latitude.

From the foregoing discussison we may
give the following conclusion : The funda-
mental reasons for the occurence of quasi-
gecstrophic motion in the atmosphere are
twofold : (1) The layer of atmosphere in
which the meteorological phenomena are
concerned is very thin. (2) The ratio of
the temperature constrast produced by radia-
tion to the square of the rate of earth’s
rotation is small.

We may now discuss the physics of quasi-
geostophic motion further., Though the
atmospheric motion is highly geostrophic,
yet for weather development the deviation
from it must occur from time to time. But
why this deviation does not develop so that
the motion becomes highly nongeostrophic ?
Rossby®a® {irst tried to answer this® ques-
tion. Obukhov®™, Raethjen“’ and others®

made further investigation on this problem.
They all demonstrated that the pressure
(or mass) field very quickly adjusts itself
to the wvelocity field to become quasi-
geostrophic balance whenever a highly non-
geostrophic motion occurs. In other words,
it would always be the pressure field which
changes to adapt the new velocity field.
Thus their studies would conclude that the
observed pressure field in the atmosphere is a
reaction to the Coriolis field. However,
this is only half of the story. This conclu-
sion is valid for comparatively small scale
motion (not so small that earth’s rotation
may be neglected). For the scale of general
circulation this conclusion is no longer valid.

Following Rossby®19,  we jmpart sud-
denly to a belt of relatively rest homogene-
ous atmosphere an uniform velocity U,.
Then the process of adjustment between the
pressure and velocity field will start. Ac-
cording to Rossby the relation between the
initial (Uy) and final velocity (U;) will be

U, A/a O

=Un T iatar3n
where A=—}ﬂ/g—D, D is the thickness of the
atmosphere, and 24 is the width of the dis-
turbed belt. Taking D=8 km, f=10¢sec.”!,
we have the following ratio of U;/U, for
various a :

a 500 km
Ug/Us  0.85

3000 km
0.41

5000 km
0.25

—132 —




- b o
PR

i T e e e
ol
kg

L
R SRS

gy

On the Formation of Quasi-geostrophic Motion in the Atmosphers

From above table we see that for small
scale (2a) the velocity field does not change
much in the process of the adjustment, thus
it must be the pressure field which changes
to fit the velocity field. However, for very
large scale (2a) it is the velocity field which
changes more to give quasigeostrophic equi-
librium. For intermediate scale both pres-
sure and velocity field will change to attain
mutual adjustment,

Obukhov” and Raethjen® discussed the
adjustment process for circular motion.
Obukhov gave the following initinal velocity
field

o (x, ) = RN (2N ko (=72

b ) ”A[2+<1> (R) Jexp'( ZRZ)' (10
72=12+y2

Here %, is the initial stream function, A has

s

the same meaning as before, ‘and R is radius
of a circle within which the pressure is
uniform and outside of which there is a
balance between pressure and velocity field.
After adjustment the final stream function
becomes

w1 =25 o (~22). an

Obukhov used R=500km and concluded
that in the course of adjustment the velocity
field has practically no change while the
pressure field has a drastic change. Again
this conclution is only valid for compara-
tively small scale nongeostrophic motion.
We may calculate the ratio of initial (Vp)
and final velocity (V)) for various R, Fol-
lowing table is the result :

r 1000 km  2000km  3000km 4000 km 5000 km
Vi/Vo(R= 500 km) 0.99 0.99 0.99 0.99 0.98
Vi/Vo(R=3000km) 0.75 0.74 0.71 0.64 0.51
Vi/Vo(R=5000 km) 0,52 0.51 0.47 0.39 0.27

From the above table we may obtain the
same conclusion as before about the process
of mutual adjustment between the pressure
and velocity field for the case of straight
flow. )

Raethjen further pointed out the impor-
tent role of vertical scale in the mutual
adjustment of pressure and velocity field.
For a deep layer the pressure changes
more and for a shallow layer the velocity
field changes more to give new quasigeo-
strophic equilibrium if it is once disturbed.

From the foregoing discussions we may
give the following statement about the
production of quasigeostrophic motion :
When due to some reason or other the
quasigeostrophic equilibrium breaks down,
then for small scale motion (not so small
that the earth’s rotion may be neglected)
it is the pressure field to fit the new velo-
city field to attain new quasigeostrophic
moation; for very large scale it is the velo-
city field which changes more to give new

quasigeostrophic motion; and for inter-
niediate scale both fields will change.
Besides the above statement we may also
give further inferences: The cause of for-
mation or destruction of comparatively
small and deep weather systems, such as
cold lows and warm highs, is mainly
dynamic. The redistribution of mass field
due to thermal processes has little effect
on the formation or destruction of these
systems. The redistribution of mass field
is rather a result. The direct thermal
process can only give small shallow Sys-
tem, such as warm lows and cold highs.
For the motion of scale of 40-50 degrees
latitude both dynamic and thermal pro-
cesses are imporment. For the variation
of motion of scale of hemisphere it is the
thermal process which is mainly important,
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