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Numerical Simulation of the Blocking Process

by

Y. Kikuchi

Colorado State University

ABSTRACT

The geostrophic system of equations with both the effects of orog-
raphy and heat contrast corresponding to land-sea disfribution is inte-
grated with respect to time by using the spectral method. The computed
results show the appearance of reasonable blocking situation and a corre-
sponding double jet stream in the latitudinal distribution of the zonally
averaged zonal wind.

The budgets of heat, angular momentum and energy for the period
characterized by the predominant double jet stream are compared with those
for another period to clarify the dynamical properties concerning blocking.
The results of comparison are summarized as follows:

I. As a result of the unusual poleward transport of heat, the merid-
ional circulation has a 4-cell structure for the period during which the
double jet stream predominates.

2. In the upper layer, the angular momentum is transferred to high
latitudes fto compensate for the destruction of angular momentum due to the
direct polar meridional circulation, forming a 4-cell structure during this
period. This angular momentum contributes to the formation and development
of the north branch of the double jet stream.

3. The poleward fransports of heat and angular momentum are performed
mainly by the disturbance of wave number 2 which shows a large growth when
the predominant double jet stream appears.

4. In the upper layer, this disturbance is fed by conversion of
available potential energy into kinetic energy through the baroclinic process
and by fransport of kinetic energy from the lower layer through the pressure
force; while, in the lower layer, mainly by the transformation from zonal to
eddy kinetic energy fthrough the effect of mountains.

5. The difference between the diabatic heatings of the oceans and the

continents becomes smaller during the predominant blocking situation.
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[ IntTroduction

We frequently observe that a zonal flow breaks down into cellular
motions constituted of intense and warm anticyclones or ridges with cyclones
to the south. In consequence, a jet stream is blocked by these vortices
and splits into two branches, one of which is located to the north of the
anticyclone and the other to the south of the cyclone. The characteristics
of this blocking situation are persistence and quasi-stationarity, and
occurrence at rather well-defined longitudes.

This phenomenon, which was first noted by Garriott (1904), aroused
the interest of many investigators because of its pronounced influence
upon the weather and climate. Namias (1947), Elliott and Smith (1949),
Berggren, Bolin and Rossby (1949), Rex (1950a) and many others have pre-
sented its synoptic description. On the other hand, the Theoretical
explanation of the phenomenon was attempted by Yeh (1949), Rossby (1950),
Rex (1950a) and Thompson (1957). In these tentative theories, however,
it should be noted that the blocking was considered as a barotropic
process.

As wel l-known, owing to the recent development of the electronic
computer, accompanied by the progress of the computation technique and
the refinement of atmospheric models, many numerical experiments have been
made on the general circulation. (For example, as recent investigations,
Mintz (1964), Smagorinsky, Manabe and Holloway (1965), Manabe, Smagorinsky
and Strickler (1965), and Kasahara and Washington (1967).) However, a
numerical experiment which pays special attention to the blocking phenom-
enon has not yet been attempted.

The facts that the scales of the blocking phenomenon are very large
and the places of its occurrence are well defined make us imagine that
the orography and the heat contrast due to the land-sea distribution
would play important roles in the blocking process. This inference seems
to be unquestionable because the blocking processes have never yet been
produced by the numerical experiments using the atmospheric models without

consideration of The orography and the land-sea distribution.



Although, according to Burger's scale analysis (1958), the vorti-
city equation applied to the waves of such planetary size as blocking
waves looses the prognostic character, Deland (1965) has recently indi-
cated that the vorticity equation applicable to the cyclone waves may
also be applied to the ultra-long waves. Thus, it would be significant
to examine whether the blocking phenomenon can be governed by the geo-
strophic vorticity equation.

In this paper, the first aim is to perform fthe numerical simulation
of the blocking process by the use of the geostrophic system of equations,
including both effects of the orography and the contrast heating due to
land~sea distribution. The second aim is to clarify the dynamical
characteristic features concerning the blocking process through analysis

of the results obtained.

25 Construction of Model

A. Governing Equations

In this study, we will assume that the change in the state of the

atmosphere is given by the vorticity equation with the friction term

2
%EJrJ(w, V20 + f) + V(fVs) = F (1)

the thermodynamic equation with the heat diffusion and non-adiabatic

heating terms

oT _P 5 q
5T + Jyp, T) R Ow = B + o (2)

and the thermal wind equation

V2T = - %v-(fv %%) (3)



which is derived from the geostrophic approximation
V2o = V. (fVy) (4)

Pressure is adopted as the vertical coordinate, the static stability
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is taken to be 3.0m2sec”2cb”™2 and, considering the spherical earth,

f =20 sin ¢
. 3 . 3
¥= a cos ¢ oA tJ aod
2
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The notations used in the above equations are as follows:

- time

- pressure

- longitude

- latitude

stream function

- geopotential height on an isobaric surface

- velocity potential of divergent part of wind

—|x~ee-e>»'0—l-
1

- absolute temperature

vertical p-velocity

E
|

-
1

rate of vorticity change due to momentum diffusion by small-scale
eddies.

B - rate of femperature change due to lateral heat diffusion by small-
scale eddies.

g - rate of norn-adiabatic heating per unit air mass



ag - standard value of specific volume

@S - standard value of potential temperature
f - Coriolis parameter

R - gas constant for dry air

Cp - specific heat of air at constant pressure
a =~ radius of earth
2 - angular velocity of earth

i,j — eastward and northward unit vectors, respectively

The differences between the system of equations (1)-(3) and the
so-cal led quasi-geostrophic system of equations are to treat the Coriolis
parameter as a function of latitude in equations (1) and (3), and To in-
clude the term Vx<Vf representing the advection of vorticity of the earth's
rotation by the divergent part of wind in the vorticity equation (I). This
term is necessary to guarantee that fthe system of equations (1)-(3), ignor-
ing the diffusion and non-adiabatic heating terms, is energy conserving
when the Coriolis parameter is variable. [See Lorenz (1960)]

For convenience, we introduce the new variable x defined by

X=~-/ Z’dep’
so that
%:-% (5)
w = VX (6)
Since we will consider the atmospheric motion in the froposphere, 200-

and 1000~ mb surfaces are taken as the upper and lower boundaries of our
mode! atmosphere, respectively. In our model, the atmosphere is divided
info two layers by the 600- mb surface. We will apply the vorticity equa-
tion at 400- and 800- mb surfaces and the thermodynamic and thermal wind
equations at the 600- mb surface. Then, considering equations (5) and (6),

the governing equations may be rewritten as follows:



L)

|
szwl + J(py, V2P + f) + Ty VL fV(Xo-Xg)] = Fy (7)
%JF-VZM ¥ Jlpg, V2pg +F) + zé_v[fwxq-xp] = Fy (8)

5 P2
STy + I, To) - g oV, = B 9)

9
2 ¥ 2Cp Ap 0

P2
V2T, = - REp VLV (P1-v3)] (10)

where Q is the rate of non-adiabatic heating in the air column of unit

cross=section,

Uy = —%— (P + ¥3)

Ap = p2-po = Pu-P2

and the subscripts 0, |, 2, 3, and 4 refer to the quantities at 200-,
400-, 600-, 800-, and 1000- mb levels as shown in Fig. |, respectively.

B. Diffusion Due to Small-Scale Eddies

The rate of vorticity change due to momentum diffusion by small-
scale eddies, i.e. friction term, may be separated intfo two parts as

fol lows:
F=M+N

where the friction term due to horizontal diffusion M and that due to

vertical diffusion N will be given by

M= A, 02 (02 + 2 CH)
2



N = -g 5 (12)

Here AM is the lateral kinetic eddy-viscosity coefficient, g the accel-
eration of gravity and t the rotation of stress acting across the hori-
zontal surface. The last fterm in the equation (11) resulfs from the
effect of the spherical earth. The rotation of the stress due to vertical

diffusion is taken as

3v2y

3 (13)

T = - pgp

where p is the density, u the small-scale vertical eddy stress coefficient.
If equations (11) and (12) are applied at the levels | and 3 corre-

sponding to equations (7) and (8), we obtain the following forms:

2y
M. = A, V2(v2y + —b) (= 1,3 (14)
J M 1 o2

N, = Z% (tg - Tg) (15)
N3 =K%(T2 —TL\L) (|6)

Applying equation (13) at level 2, we have the following difference form

for 151
T, = é% K (V2= 72y3) (17)
|

2
where the coefficient, k. = up(z%) , is taken fo be 0.5 x 1076 se&!

as was used by Charney (1959) and Mintz (1964). With respect to Tp and

Ty, we will assume as follows:
o =0 (18)
Tl =

A
= kP (19)



where k_=4 x 10-6sec=! and Y, is estimated by the linear extrapolation
from the levels | and 3. Egs. (18) and (19) are ones of the vertical
boundary conditions and have been used by Phillips (1956) and other
investigators.

Since the whole atmosphere is freated as one layer with respect
to its thermal state, only lateral diffusion will be considered as the
process for redistribution of heat due to eddy diffusion. The temper-

ature change due to lateral heat diffusion is given by

= 2
B—ATVT

where AT is the lateral eddy-diffusion coefficient. As performed by
Phillips (1956), it will be assumed that

= = = 5m2 -1
AT AM A [0°msec

Corresponding to the Eq. (9), By is written as

B, = AV2T, (20)

C. Heating Function

In the thermodynamic Eq. (9), the rate of the non-adiabatic heating
Q may be separated info three parts as follows:

where QSR’ QLR are the rates of heating of an air column with unit cross-
section due to the absorption of short-wave and long-wave radiation,
respecfiyely, and QCS is that due to condensation in the atmosphere and
sensible heat transferred from the earth's surface to the atmosphere.
Adem's method (1962, 1964) will be used to evaluate the radiational
heating. The details of the method are described in his paper. Hence

only the brief outline is given here.



With respect to long-wave radiation, it is assumed that the
atmosphere is transparent for the wave length from 8u to |13u, while
behaving as a black body for the other wave lengths. Therefore, the
energy emitted by a unit area of boundary of the atmospheric layer of
Tke temperature T or, when the radiation emitted by a unit area of
the surface of a black body of the temperature T passes through the

atmosphere, the energy absorbed by the atmosphere is given by
E(T) = oTH-F(T) (22)

where oT* is the energy emitted by unit area of the surface of a black
body of temperature T and F(T) is that part contained in the region of
Transparency.

Using the notations E(T) and F(T), at the top and bottom of the

atmosphere, the net upward long-wave radiations per unit area, L. and

-
LE’ are given by

. _ B s
Lp = G=e) FTO) + ECT- Bty + eF(T)) (23)
L =T % - B(THE 83 - eFIT ) (24)
E s 2 C

where TS is the femperature of the earth's surface, Tc=26I°K the tem-
perature of cloud, €=0.5 the ratio of cloud cover, B=6.5°K km~! the
lapse rate of the atmospheric temperature, T the mean atmospheric

temperature, H the height of the atmosphere, T—%—H and T+§-H the tem-

peratures at the fop and bottom of the atmosphere, respeciively.

Eq. (23) shows that upward long-wave radiation at the top of the atmos-
phere is composed of the window radiation emitted by the earth's surface,
which is partly absorbed by clouds, radiation emitted by the upper
boundary of the atmosphere and the window radiation emitted from clouds
to space. The net upward radiation at the bottom of the atmosphere is
given by the difference between upward radiation from the earth's

surface and downward radiation from the bottom of the atmosphere plus

the downward window radiation from cloud to earth.



In order to linearize Eqs. (23) and (24), we separate TS, T and H

into the constant parts and the deviative parts as follows:

T =T_+T_!'
S S S
T=T+T
H=H+H

As a result of linearization, Egs. (23) and (24) may be written as follows:

—
1

ag t alTS' + a,T! (25)

—
1

b + byT.' + bpT! (26)

where H' is eliminated by
2H
4T - gH
Here, if T;=288°K, T=255.5°K and H=10%cm are adopted, we have

ap = 436.7 ly/day
a1l = 2.187 ly/day K
ap, = 3.719 ly/day K
bg = 181.0 ly/day
by = 11.296 ly/day K
by = 8.335 ly/day K

Since the difference LE--LT is equal to the amount of heat added to the
atmospheric column with unit cross-section through the long-wave radiation,

QLR is represented by

QLR = (bg-ag) + (bl—al)Ts' + (by-ay)T! (27)



Due fo solar radiation, the atmospheric column with unit cross-

section is heated as follows:

QSR = (oaa+€occ)l (28)

where aa=0.|5 and uC=O.O4 are the rates of absorption of solar radiation
by the atmosphere and cioud, respectively. In this study, the insolation
I, which is estimated by the Milankovitsch's formula, will be fixed fo
The state on January 22nd.

The rate of heating due to condensation and sensible heat from the
earth's surface, QCS’ will be evaluated by an empirical formula. In
general, it may be considered that the rate of heating due to these effects
depends upon the static stability of the atmosphere. Since the tempera-
ture is measured at two levels, i.e. 600- mb surface and the earth's sur-
face, in our model, the static stability may be represented by the
difference between the temperatures of fthese levels. Thus, an effort
will be made fto construct an empirical formula for QCS as a function of
this temperature difference.

In Fig. 2, the annual mean relationship between the zonal means of
the QCS and the 600~ mb to the earth's surface femperature difference is
shown by solid circles at every 10 degrees of latitude, starting with 5°N,
For convenience, QCS'S are plotted versus the deviation of the 600- mb
to the earth's surface temperature difference from its hemispheric mean,
instead of the temperature difference itself.

According to this figure, QCS is expressed by the linear function
of the 600- mb to earth's surface ftemperature difference with good
approximation except the region of 15°-35°N latitude. Thus, we will

adopt the following empirical formula for QCS:
QCS = CN s c[(TS—T)—Fm] (29)

where Tm:I8.6 is The hemispherical mean of T_-T and CN and ¢ are deter-

mined from Fig. 2 to be

Cy = 210 ly day~!
and
C = 16.667 ly day=1k-1



Rewriting Eq. (29) in terms of TS' and T', we obtain

QCS = CO e ClTS! 4 CZTY (30)

where Cop=441.7 ly/day, C1=16.667 ly/day K and Cy=-C;.

Substituting (27), (28), and (30) into (21), the equation for Q is

obtained as
Q = (aa+sac)|+(b0+c0—ao)+(b1+c1—a1)TS'+(b2+c2—a2)T' (31)

TS in Eq. (31) is determined by the lower boundary condition which will

be assumed as fol lows:

1) On the sea, TS will be given January
normal values.

2) On land and ice, Ts is determined from
the requirement of heat balance at the

surface.

Assuming that the heat capacity of land and ice is zero, the condition

of heat balance per unit area of the surface may be written as fol lows
SE = LE + ELS (32)

where SE is the net downward insolation and ELS the flux of latent and

sensible energy transferred from the earth's surface to the atmosphere.

At the top of the atmosphere, the net downward insolation ST may be

written as follows
ST = (l=y)I (33)
where y is the planetary albedo given by Fedseev's empirical formula:

_ 9 _ )2 9
vy = 0.34 + O'II(ZE- )<+ O.l5(Z§-— 1) (34)



Since the absorption of solar radiation by the atmosphere is given by

Eq. (28), the net downward insolation at the earth's surface is

o= (-0 -eq =y)! ' (551)
SE (1 0_—co Y)
With respect to ELS’ we will assume as follows:
ELS = QCS (36)

Substituting (26), (35), and (36) to (32) and using (30), the condition

of heat balance may be rewritten as fol lows:
(I—aa—eac—y)l = (bg+cg) + (b1+C1)TS' + (bo+cy)T! (37)

Eq. (37) is one of the lower boundary conditions applied on land and ice.
I f TS' in Eg. (31) is eliminated with use of Eq. (37), Q over land and ice
is evaluated by the atmospheric temperature alone. Thus, we have the

following heating function:

Q = EMX,9)=G(x,$)T! (38)

where E and G are known functions of X and ¢ given by

E = (I-ua—sac—y)I+(bo+co-ao)+(b1+c1—a1)TS' and
G = -(bytcy=-asy) on the sea,
(I-aa—eac—y)l—bo-co
= (l-0_-eo _-y)I+(bgtcg-ag)+ =
E (1 aa Eac 28 (bo cp-ag) (b1+C1 ai) b1+c,
botcy
and G = (b1+cl-al)EI¢E;'— (botco-ajy) on land and ice.

The distribution of E is shown in Fig. 4a. |In Fig. 4b, the distri-
bution of E is shown reproduced by the truncated series which will be
used for time infegration of the governing equations as will be described

later. This is the distribution of E used in the actual calculation.



D. Boundary Conditions

As the lateral boundary condition, it will be assumed that the
velocity and temperature fields are symmetric with respect to the equator.
This means that hemispherical interaction is ignored.

We have already described the vertical boundary conditions concerning
the friction and non-adiabatic heating terms. Here the remaining vertical
boundary conditions concerning X will be described.

At the fop of the atmosphere, the following condition is assumed
X = 0 (39)

At the bottom of the atmosphere, we will infroduce the effect of orography

by giving the following condition to X:

V(fVX) = fopSgJ Ch,y3) (40)
where f; is the Coriolis parameter at 45°N, Ps the density near the earth's
surface, h the height of the orography. The distribution of orographic

height used in this study is shown in Fig. 5.

E. Spectral Form of Governing Equations

From the preceding discussion, we may obtain the following final

expression for the governing equations:

9 X2 29,
— VRhrH (hy, V2P )=V (F7 — ) = AV (V214 —=) =k (V29;-V293)
ot Ap a

(41)
9 X5
— V2yat) (Y3 V2pgtf)+V(FV — )=y J(h,p3) =
ot Ap m

(42)

29,

= sz(v2w3+__—-)+ki(v2¢1—v2w3)—ksv2¢4
5
a



" 1T Py °Pg
= = 2 m DU crs 2
JOLBY Sm +m 2 J pa( 88 39 mYpY o0 ¥
B =
§% = 0 (if axp)
B8 "1 (if a=R)
D _-D
Ho =2 Y
aBy Da aBy
T = l—-Z h J
ay Ym Da 8 B oaBy
v =3 G C
ac b "abc
b
ma I Z
= 2
Cabc &m +4Mm 2 ! PaPpPe ©0° b-de
b ¢ —%

hB’ Gb’ Ea are the complex coefficients of spherical harmonic expansion
of h, G and E, respectively. For convenience, the spectral equations
(48)-(51) are reduced to the non-dimensional forms by using the earth's
radius, the reciprocal of the speed of the earth's angular rotation and
80-cb, which is the thickness of our model atmosphere, as the unit of
length, Time and pressure, respectively. We can verify that the conser-
vative properties, i.e., energy conservation and angular momentum con-
servation, etc., which the original differential equations possess, are
also satisfied by fthese spectral equations.

Substituting Egs. (48), (49) and (50) into Eq. (51) differentiated
with respect to time, a diagnostic equation concerning X, which will be
called the X-equation, may be obtained. |In fthe time integration, the
vorticity equations (48) and (49) are used as the prognostic equations,
while the X-equation and thermal wind relation (51) as the diagnostic
equations. However, since only the component To cannot be evaluated by

using Eq. (51), the fthermodynamic equation (50) is employed for fore-



casting this component of femperature.

55 Initial Conditions and Time Integration

The initial condition adopted for the time integration is a resting
isothermal atmosphere of 258°K which is the normal winter temperature at
the middle latitude of the 600mb level.

The time integration is initiated with the forward difference method
(Euler method) over the interval é%y fol lowed by the centered difference
method (leap-frog method) to At, thereby establishing the condition nec-
essary to use the centered difference method for the successive time infe-
gration. To prevent nonlinear instability which will occur due to growth
of the computational mode in using the centered difference method, the
initiation method (mentioned above) is applied every 5 days in the course
of time integration. With respect to the diffusion fterms, however, the
forward difference method is used to guarantee computational stability.

The time interval adopted for the integration is two hours.

The time integration was performed over 130 days. Fig. 6 shows
the time variations of hemispheric mean temperature, hemispheric mean
relative angular momentum, total and zonal available potential energy
and total and zonal kinetic energy. According to this figure, it takes
about 40 days before these quantities reach the state of quasi-equilibrium.
The 60-day period from 71 to 130 days was adopted for our detailed analysis
of the results.

From a glance at this figure, although we can recognize the variation
of zonal available potential energy with a period of approximately 40 days,
it is difficult to find a distinct period in the fluctuations of the other

quantities.

4, Characteristic Features of Results
In this section, we will describe some characteristic features of
the computed resultfs. Special attention will be paid to the simulafion

of the Llocking phenomenon and its reasonableness.

A. Time Variation of Latitudinal Distribution of Zonally Avefaged

Zonal Current.



In Fig. 7, the time variation of the latitudinal distribution of
the zonal mean of the zonal current at the upper level of the model
atmosphere is shown. One feature seen in this figure is that the lat-
itude of the subtropical jet stream has large changes with fTime as
observed in the actual atmosphere (See, for example, Fig. 9). At times, the
range of the fluctuation reaches approximately |5 degrees of latitude.
Another feature is that the secondary maximum of the zonally averaged
zonal wind, the latitude of which is indicated by a small solid circle
in the figure, appears occasionally in high latitudes. This double jet
strucfure indicates the appearance of the predominant blocking situation
splitting a zonal current into two branches. The short lines above the
figure indicate the duration of the double jet structure with the numbers
representing duration in days. The longest period is |l days from the
83rd day fo the 93rd day and during this period the wind velocity of
the secondary maximum is so large as to reach 18 m/sec at its maximum.
Before proceeding with a discussion of reasonableness of these computed
results, it is necessary to understand the observed situation of a
double jet structure in the actual atmosphere.

The upper and lower parts of Fig. 8 show the annual variation of
the 5-day mean zonally averaged zonal wind at the 500mb level for the
years 1965 and 1966, respectively. From this figure, we can see that
the double jet stream appears persistently during almost the whole period
from June to July in each year. This persistent double jet stream
results from the predominant blocking situation during the rainy season
over the Far East. Another period during which relatively persistent
double jet structures appear is the winter season. Because the insola-
tion is fixed fo the state of winter in this study, the observed results
which compare with the computed results are those of the winter season.

To understand the double jet structure during the winter season in
more detail, the daily variation of the zonally averaged 500 -mb zonal
wind during the periods December 1964 through March 1965 and December 1965
through March 1966 is shown in the upper and lower parts of Fig. 9,
respectively. According to this figure, the duration of a double jet
stream is usually a week or so, but sometimes two or three weeks. The
largest wind veiocity of the secondary maximum of the zonally averaged

zonal wind is about I8 m/sec. With respect to the duration of double



jet streams and the velocity of their north branches, we see that the
computed results are in good agreement with observation by comparing
Fig. 9 with Fig. 7. It is of interest that the latitude of the north
branch of the double jet stream varies from year to year. The computed

results compare to the case of [966.

B. Synoptic Manifestation

In order to examine the reasonableness of the synoptic situation of
blocking corresponding fto the double jet structure, Fig. 10 and Fig. ||
were prepared showing the 5-day mean computed streamlines of the upper
level for the periods 89-93 days and [21-125 days, both of which occur
during a double jet structure. In both figures, the blocking situations
occur over England and European Russia where a high frequency of blocking
occurs as found by many authors [e.g., Rex (1950b), Berry, Haggard and
Wolff (1954) and Serebreny, Wiegman and Hadfield (1957)].

In Fig. 12, to see the evolution of the blocking process, the daily
charts of the computed streamlines at the upper level during the period
I19-127 days, which includes the period used fo construct Fig. Il, are
displayed at 2-day intervals. Although the simulated blocking process
found over England and Western Europe seems to be relatively simple, the
broad features of its development are in good agreement with those of
blocking in February 1948 analyzed by Berggren, Bolin and Rossby (1949).
Also, the behavior of a cut-off high over Alaska in the same chart is
frequently seen in the actual winter atmosphere.

Furthermore, fo examine the reasonableness of the general situation
of flows, the 30-day mean chart of the computed streamlines from 101 to
130 days, shown in Fig. I3, is compared with the 30-day mean 500 -mb
confour heights of December 1958 in Fig. I4. The latter figure was chosen
as an example of an observed flow pattern similar to that of Fig. I3.
These ftwo flow patterns are very similar to each other, especially with
respect to the positions of troughs and ridges in high latitudes. Thus,
it turns out that fthe computed flow patterns are reasonable by comparison
with observation.

In the following discussion, to clarify the characteristic features
concerning the blocking process causing predominant double jet structures

in the letitudinal distribution of the zonally averaged zonal wind, the
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60-day period chosen for detailed analysis will be divided info two 30-
day periods, i.e., the first half period from 7| days to 100 days char-
acterized by the appearance of the predominant double jet stream as shown

in Fig. 7 and the latter half remaining period from 10l days fo 130 days.

The analyzed results for these two periods will be compared with each
other.
5« State of Quasi-Equilibrium

In the upper and lower parts of Fig. |5, the 30-day mean latitude-
height distributions of the zonally averaged zonal current are shown for
the periods of 71-100 days and of 101-130 days, respectively. According
to this figure, west winds are predominant in high latitudes of the lower
layer for the first half period, while east winds predominate for fhe
latter half period. In Fig. 16, the latitudinal distribution of the zonally
averaged zonal wind at the 400 -mb level for the latter half period is com-
pared with the observational winter mean distribution (indicated by solid
circles) obtained by Mintz (1954). Although the latitude of the jet ob-
tained from our model nearly coincides with the observation, its intensity
is stronger than the observed.

In the upper and lower parts of Fig. |7, the 30-day mean latitudinal
distributions of the zonal mean temperature are shown by solid lines for
the first half and latter half periods, respectively. From this figure,
we can see that the pole to equatorial difference of the zonal mean tem-
perature is somewhat smaller for the first half period, during which the
predominant double jet structure is found. By comparing with the observed
values, which are obtained by Burdecki (1955), plotted by solid circles
in the lower part of Fig. |7, it turns out that the computed temperature
difference between pole and equator is about 10°C larger than observed.

The upper and lower parts in Fig. 18 show fthe 30-day mean latitudinal
distributions of the zonal mean vertical p-velocity for the first half and
latter half periods, respectively. There exists a large difference; that
is, a 4-cell mean meridional circulation is formed for the first half period,
characterized by the predominant double jet structure, while a 3-cell mean
meridional circulation appears for the latter half period. Accordihg to

the lower part of Fig. 18, in which the winter mean values of vertical
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p-velocity obtained by Mintz and Lang (1955) are plotted by solid circles,
the magnitude of the computed vertical p-velocity is comparable with the

observed.

6 Heat Balance

Zonal ly averaging the fthermodynamic equation (43), in consideration
of equations (6) and (38), we may obtain the following equation for the

change of Tthe zonal mean tfemperature,

3Ty dvp Tp cos ¢ py | ) 0Ty g _
= = + — owp + A—— —(cos ¢ )+ Q
ot a cos ¢ 3¢ R a2 cos ¢ 93¢ 3 24pCp
(52)

where () indicates the zonal mean, i.e.,

) = 27 yan
2T 0

The first and third ferms on the right side of the above equation describe
the rate of the zonal mean temperature change due fo the convergence of
heat fransported by large-scale eddies, and small-scale eddies, respectively.
The second and fourth terms are the rate of temperature change due to the
adiabatic heating by mean vertical motions and to the diabatic heating,
respectively.

According fto the computed results the effective processes in the heat
balance of our model atmosphere are the convergence of heat flux by large-
SCale eddies, the diabatic heating and the adiabatic heating by mean
vertical motions. The transport of heat by small-scale eddies plays a
minor role in the heat balance as pointed out in other numerical experi-
ments of the general circulation. [See, for example, Smagorinsky, Manabe
and Hol loway (1965)].

In the upper and lower parts of Fig. 19, the 30-day mean latitudinal
distributions of the rate of the zonal mean temperature change due to the
convergence of eddy heat flux and the diabatic heating are shown for the

first half and latter half periods, respectively. In the figure, the rate
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of temperature change due to the diabatic heating indicated by solid lines
is measured as positive upward, while that due fto the convergence of eddy
heat flux, indicated by dashed lines, is measured as positive downward.
Therefore, the areas enclosed by solid and dashed lines represent the net
effect of these two processes. Since, in the iong-term average, the
heating due to this net effect is almost compensated for by the adiabatic
heating due fo vertical motions, the upward motions appear in the warming
regions denoted by W in the figure, while downward motions are in the
cooling regions denoted by C. Thus, from this figure, we may understand
why the 4-cell mean meridional circulation appearing for the first half
period is replaced by three cells for the latter half period as described
in section 5. Furthermore, according fo the upper part of Fig. 19, the
most northern indirect cell forming the 4-cell meridional circulation for
the first half period as seen in the upper part of Fig. 18 occurs to com-
pensate for warming caused by the intense eddy transport of heat to the
polar region. For comparison, in the lower part of Fig. 19, the January
mean values of the rate of femperature change due to the eddy transport
of heat obtained by Wiin-Nielsen, Brown and Drake (1963) and those due to
the diabatic heating obtained by Asakura and Katayama (1964) are plotted
by triangle and cross symbols, respectively.

The left and right sides of Fig. 20 show the 30-day mean latitudinal
distributions of the rate of the zonal mean temperature change due to
convergence of heat flux for each of wave numbers | through 8 for the
first half and latter half periods, respectively. From this figure, it
turns out that the intense poleward eddy transport of heat consistent with
the appearance of the indirect meridional circulation in the polar region
for the first half period is performed mainly by the disturbance of wave

number 2.

1's Angular Momentum Balance

| f we operate on Eqs. (41) and (42) with

2m
0

|
§;-f

o N

S () a? cos ¢ dédr

the foliowing equations for angular momentum of our model may be obtained
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as
= et 2
da cos ¢ uj du; vp cos“¢ P b
= = + a cos ¢ fvy ~ ki a cos ¢ (uj-ug)
ot cos ¢ 3¢
3 du; sin ¢ cos ¢
+A —————— (cos? ¢ + up)
cos ¢ 9¢ asdd a
(53)
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(54)

where V; is the velocity of the upper meridional flow of the zonal mean
meridional circulation, the vertical flow of which has the zonal mean
vertical p-velocity,and (7) describes the zonal mean. The first and third
terms on the right side of the equations represent the convergence of rel-
ative angular momentum flux by large-scale eddies and small-scale lateral
eddy diffusion, respectively. The second and fourth terms are the rate of
the exchange of relative angular momentum between the upper and lower
layers resulting from the conversion between the earth's angular momentum
and relative angular momentum by meridional circulations and from the
transport of relative angular momentum by small-scale vertical eddy diffusion.
The remaining two terms of Eq. (54) represent the exchange of relative
angular momentum between the earth's surface and the lower half of the
model atmosphere by surface and mountain forques, respectively. According
to the computed results, the transport of relative angular momentum by
small-scale lateral eddy diffusion and that by large-scale eddies in the

lower layer play a minor role in the angular momentum balance.
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Fig. 21 displays the 30-day mean latitudinal distribution of the
rate of the change of zonal mean relative angular momentum due to various
components of the angular momentum balance for the latter half period of
[0/-130 days. In all figures concerning angular momentum, the values of
angular momentum are divided by accos ¢. The convergence of relative
angular momentum due to the large-scale eddies in the upper layer is
shown in the upper part of the same figure. |In the middle parf of the
figure, the transports of relative angular momentum from the lower fo the
upper layer due fo meridional circulations and small-scale vertical eddy
diffusion are indicated by solid and dashed lines, respectively. In the
lower part, the generation of relative angular momentum by surface and
mountain torques is shown by solid and dashed lines, respectively. The
scales of the rate of angular momentum change due to the meridional cir-
culation and surface torque are positive upward in the figure, while that
due to vertical eddy diffusion and mountain forque is positive downward.
Hence, the areas enclosed by solid and dashed lines represent the net rate
of the relative angular momentum change caused by the corresponding
processes.

In this figure, the January mean convergence of eddy relative
angular momentum flux obtained by Tomatsu (1968), the winter mean gen-
eration of relative angular momentum due to surface torque obtained by
Priestley (1951), and that due to mountain torque (White, 1949) are also
plotted by cross, triangle and square symbols. Although the calculated
region of the convergence of relative angular momentum is somewhat more
southward than that of the actual atmosphere, its magnitude coincides well
with the observed. There is a considerable discrepancy between the ob-
served source and sink of angular momentum due to surface and mountain
torques and those of the model atmosphere. With respect to the tendency
of latitudinal disfributions and the regions of the net generation and
dissipation due to both effects, however, the calculated results are in
agreement with observation.

According to this figure, the surface torque acts to create the zonal
mean relative angular momentum in low and high latitudes where surface
easterlies prevail, as shown in Fig. 15, while destroying it in the region
of surface westerlies. On the other hand, the mountain torque dissipates

angular momentum in middle and subtropical latitudes where westerlies



25

prevail at the 800 -mb level (the flows of this level are assumed to produce
the mountain torque), and creates it in high latitudes occupied by easterlies
at the 800 -mb level. On the hemispheric mean, although the atmosphere is
supplied angular momentum through surface torque, momentum excess is com-
pensated for by the dissipation due to mountain torque. The net effect of
both surface and mountain torques yields a source of relative angular mo-
mentum in high and low latitudes, and a sink in middle latitudes.

From the middle and upper parts of Fig. 21, we can see that the
accumulated angular momentum in the lower layer of high and low latitudes
is transferred to the upper layer through the direct meridional circulation
existing there, and then is gathered into middle latitudes by the large-
scale eddies. The jet stream, the latitude of which is indicated by a
circle enclosing the lefter J in the figure, exists in this region of
convergence of angular momentum. The relative angular momentum converged
in middle latitudes is transported downward by the indirect middle latitude
cell and counter-balances the sink of angular momentum resulting from the
surface and mountain torques. The mechanism of balance of relative angular
momentum mentioned above is the same as that obtained by Widger (1949) and
Lorenz (1951) from observed data, and obtained by other numerical experi-
ments of the general circulation [see, for example, Smagorinsky, Manabe and
Hol loway (1965)].

Fig. 22 shows the same as Fig. 21, but for the period of 71-100 days
during which the double jet structure is predominant. In comparing Fig. 22
with Fig. 21, the mechanisms of angular momentum balance for both periods
turn out tc be essentially different from each other in high latitudes.
According fo Fig. 22, for the first half period, high latitudes are occupied
by a sink of relative angular momentum as a result of destruction of it due
to both surface and mountain torques as expected from the fact that the west
winds prevail in the lcwer layer of high latitudes as seen in the upper part
of Fig. I5. The dissipation of angular momentum in this sink region is com-
pensated by the downward fransport of angular momentum due to an indirect
polar cell, forming a 4-cell meridional circulation for this period. The
lack of angular momentum thus caused in the upper layer of the polar region
is counterbalanced by the poleward transport of angular momentum by large-
scale eddies. The convergence of this angular momentum transported into
high latitudes contributes fo the occurrence and development of the north

branch of fthe double jet stream.
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In the left and right parts of Fig. 23, the 30-day mean latitudinal
distributions of the zonally averaged rate of relative angular momentum
change due to each disturbance of wave numbers | through 8 are shown for
the periods of 71-100 days and 101-130 days, respectively. It can be
seen in this figure that the disturbance of wave number 2 plays an im-
portant role in the poleward transport of relative angular momentum as

well as in the poleward transport of heat indicated in Fig. 20.

B Energy Balance

Taking the hemispheric mean of Egs. (41), (42) and (43) multiplied

|
by -1, -¥3, and -
|f these equations are arranged in consideration of Eq. (17) and the fol low-

(gngz, respectively, we can derive the energy equations.

ing relations

v2¢2 = V(fvy,) tg=1, 2,5 Cfrom (4)]
ap = Z% ($1-¢3) (hydrostatic equation)
wy = V2X, [from (6)]

then the energy equations may be written as follows:
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where Ky, K3, A and a are the kinetic energy per unit mass in the upper
layer, fthat in the lower layer, the available potential energy per unit
mass and the specific volume of air, respectively, and (") and ()" de-
note the area mean over the hemisphere and the deviation from its area

mean, i.e.,

() a% cos ¢ dédr

(" =() -

Although the first terms in (55) and (56) vanish, these terms contribute
to the redistribution of kinetic energy in each layer between the zonal
motion and disturbances and among the disturbances. The second and fifth
terms represent the exchange of kinetic energy between the upper and lower
layers through the pressure force and the stress by vertical eddy diffusion,
respectively. The third, fourth and sixth terms are the rate of conversion
of available potential energy into kinetic energy, the rate of dissipation
of kinetic energy due to lateral eddy diffusion and that due to vertical
eddy diffusion, respectively. In (56), the seventh term, which contributes
to the redistribution of kinetic energy between the zonal motion and the
disturbances and among the disturbances through the deformation of flow

due to mountains, is equal to zero. This is consistent with the fact that
the deformation of flow due to mountains causes no change of total energy.
The last term in (56) represents the dissipation of kinetic energy due to
surface friction. In (57), the first term, which is equal to zero, con-
tributes to the redistributions between the zonal and eddy available
potential energy and among the available potential energy of various
disturbances. In the same equation, the second, third and fourth terms
represent the conversion between available potential energy and kinetic
energy, the dissipation of available potential energy due to lateral eddy
diffusion and the generation of this energy due to diabatic heating. In

the energy Egs. (55) and (56), the equal partition of the conversion of
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potential energy infto kinetic energy and that of fthe dissipation of
kinetic energy due to vertical eddy diffusion into the upper and lower
layers result from the fact that ¢, and ¥, in the ferms Z%—wzéz and
Z%-szz measured at the 600 -mb level are assumed to be equal fo the
average of the values of the upper and lower levels of the corresponding
quantities.

In the upper and lower parts of Fig. 24, the 30-day mean energy
diagrams are shown for the air column of unit mass for the first and
latter half periods, respectively. In each part, KZ and KE in the upper
and lower boxes represent the hemispheric mean of zonal and eddy kinetic
energy in the upper and lower layers, respectively. AZ and AE are the
hemispheric mean of zonal and eddy available potential energy. The
notations Q, H.D., I|.F. and S.F. in the boxes denote the change of avail-
able potential energy due to diabatic heating and the destructions of
energy due to lateral eddy diffusion, to vertical eddy diffusion and to
surface friction, respectively. ADV. MT., [.F., and L.S.E., near the
arrows indicating the direction of energy transformation, represent the
transformation of kinetic energy due to the effect of the advection term,
that due to the effect of mountains, the fransport of energy due to
vertical eddy diffusion and that due to the pressure force, respectively.

From this figure, with regard to the main sources and sinks of the
various energy components, the following facts may be found:

|. The zonal available potential energy is created by diabatic
heating and fransferred to eddy available potential energy. |In spite of
a smaller pole to equator temperature gradient for fthe first half period
relative to the latter half period, the larger value for the generation
of zonal available poftential energy by diabatic heating for the first half
period means that the warming in the equatorial region and the cooling in
the polar region is stronger for this period, characterized by the appearance
of the predominant double jet structure.

2. The eddy available potential energy ftransformed from zonal avaii-
able potential energy is converted to eddy kinetic energy.

3. The eddy kinetic energy in the upper layer, fed by the conversion
of potential energy and the fransport of energy from the lower layer through
the pressure force, dissipates by transformation into zonal kinetic energy
and by the effects of vertical and horizontal eddy diffusion. The magnitude

of these three effects of dissipation are almost the same.
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4. The lower layer is supplied eddy kinetic energy by baroclinic
effects and transformation of zonal kinetic energy through the influence
of mountains. This energy is lost by surface friction and transport to
the upper layer through pressure forces.

5. In the upper layer, zonal kinetic energy transformed from eddy
kinetic energy dissipates mainly by the effect of vertical eddy diffusion.

6. The zonal kinetic energy in the lower layer is fed by the con-
version of potential energy and the net effect of vertical eddy diffusion.
(Since the magnitude of energy transport from the upper to the lower layer
through the vertical eddy stress is quite large, the net effect of the
transport and the dissipation due to vertical eddy diffusion is to in-
crease the zonal kinetic energy in the lower layer. This is also frue
in the case of eddy kinetic energy.) The main sink of this energy is the
transformation into eddy kinetic energy through the effect of mountains.

According to the comparison befween the upper and lower parts of the
same figure, the transformation of energy from AZ to AE and from AE to KE
is larger in the first half period than in the latter half period, although
the pole to equator temperature gradient is smaller in the first half
period, as was pointed out before. The non-adiabatic heating acts to dissi-
pate eddy available potential energy for the first half period, while
creating it during the latter half period. The reason for the differences
described above will be made clear by the following spectral consideration
of energy transformation. For the latter half period, the effect of surface
friction acts to produce zonal kinetic energy in the lower layer, although
the amount of its production is quite small. This deficiency of our model
results from the linear extrapolation of surface wind from the winds of the
400- and 800 -mb levels. For the first half period, the transport of zonal
kinetic energy through the pressure force is from the upper to the lower
layer. This is consistent with the fact that the effect of the indirect
meridional circulation becomes prevalent because of the formation of a
4-cell meridional circulation during this period. [t is of interest that
the zonal kinetic energy in the lower layer is larger for the first half
period than for the latter half period in spite of a smaller value of the
zonal kinetic energy in the upper layer for the first half period. -

For comparison, our results for the various components of energy and

energy fransformations for the latter half period are shown with the
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observed results compiled by Oot (1964 and the results obtained from
other numerical experiments [i.e., Smagorinsky, Manabe, Holloway (1965),
Smagorinsky (1963), and Phillips (1956)] in Table I. In this table, the
notation (AZ, AE) represents the transformation of energy from AZ o AE
and the other notations are interprefed in the same manner. DS means the
dissipation of energy.

In the upper and lower parts on the left-hand side of Fig. 25, 30-day
mean spectral distributions of kinetic energy of the upper and lower layers
in the air coiumn of unit mass are shown respectively. The right part of
the figure shows the 30-day mean spectral disfribution of available poten-
tial energy in the air column of unit mass. |In this figure, the solid Iines
indicate the distribution for the first half period, while the dashed iines
indicate the distribution for the latter half period. The corresponding
winter mean values obtained by Saltzman and Fleisher (1961; 1962) are
plotted by solid circles. From Fig. 25, it is found that the disturbance
of wave number 2, which plays an important role in the fransport of heat
and angular momentum for the period characterized by the predominant double
Jet structure, has larger energy for this period than for the latter half
period. Thus, it turns out that the disturbance of wave number 2 appears
to be very significant in the blocking situation appearing for the first
half period. According fo comparison with observation, the calculated
available potential energy is considerably smaller than the observed values
at wave numbers | and 2.

Fig. 26 shows the 30-day mean spectral distributions for various
components of energy transformations in the air column of unit mass. The
notation used in this figure will be interpreted with ease from the expla-

nations in the preceding figures and the table. Here Kup and K stand

AE)or(K K_)

for kinetic energy in the upper and lower layers, and (A gr Kg

means the energy transformation amongst the disTurbances?
From partfs (A), (C) and (D) of this figure, we find that, as expected

from baroclinic instability theory, the transformation from zonal to eddy

available potential energy, the conversion from available potential energy

to kinetic energy and the energy fransfer from the lower to the upper

layer indicates large values around wave number 5 (the static stability

adopted in our model is such that maximum instability occurs at wave

number 5).
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On fthe ofher hand, each distribution of these energy transformations
indicates a maximum at wave number 2 for the first half period. The growth
of the disturbance of wave number 2, significant in the blocking situation,
results mainly from this instability which is inexplicable by the so-called
baroclinic instability theory. A key point fo clarifying the blocking
mechanism would be an explanation of growth in this wave number.

In connection with this, it is of special interest that, as seen in parf

(G) of the figure, the distribution of transformation for zonal to eddy
kinetic energy through the effect of mountains indicates a maximum value

at wave number 2 for the first half period, in contrast fto ifs disappearance
for the latter half period. Part (E) shows that almost all disturbances
dissipate their kinetic energy to feed the zonal motion.

From part (1) of the same figure, we can see that the available
potential energy of the disturbances around wave number 2 is created by
the diabatic heating for both periods. This would result from higher
temperature and stronger heating over the oceans than over the continents.
The larger available potential energy of the disturbance of wave number 2
for the first half period, as indicated in Fig. 25, means that the atmos-
pheric temperature is higher over the oceans and lower over the continents
for the first half period than for the latter half period. However, since
the increase of atmospheric temperature increases the cooling of the atmos-
phere due to long wave radiation and suppresses the fransport of heat from
the earth's surface to the atmosphere over the oceans, it results in de-
creasing the heating of the atmosphere. For the reverse reason, the de-
crease of atmospheric temperature increases fthe heating of the atmosphere.
Thus, it would be inferred that the decrease of generation of available
potential energy of wave number 2 by non-adiabatic heating for the first
half period is due to the fact that the heating of the atmosphere decreases
over the oceans and increases over the continents for this period, charac-
terized by the predominant double jet structure.

Fig. 27 is prepared to examine the kinetic energy balance of the
disturbance of wave number 2 in more detail. |In the upper and lower parts
of this figure, the budgets of kinetic energy in the upper and lower layers,
respectively, are shown. In each part, the two left columns indicate the
gain and loss of kinetic energy for the first half period, while the two

right columns describe the latter half period. The notation written in
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the columns represents the processes through which the disturbance of wave
number 2 obtains or dissipates energy. The notation BC means the net
effect of the conversion of potential energy and the transfer of Kkinetic
energy from the lower layer through the pressure force, and BT denotes
the net effect of exchange of kinetic energy between the disturbance of
wave number 2 and the zonal motion and between that and the other dis-
turbances through the advective term. The other notation was already ex-
plained in the preceding figures. According to this figure, it is found
that, in the upper layer, the disturbance of wave number 2 is supplied
energy due to the conversion of potential energy and the transport of
kinetic energy from the lower, while in the lower layer it is supplied
energy mainly by the transformation of zonal kinetic energy through the
deformation of zonal flow caused by mountains. The difference between
the energy budgets of the two periods is that, in the lower layer, the
process represented by BT acts as an energy source and the process repre-
sented by BC acts as an energy sink (this means that the transport of
energy into the upper layer is larger than the conversion of available
potential energy info the lower layer) for the first half period; the
reverse is true for the latter half period. This feature of the computed
results in the predominant blocking situation is in qualitative agreement
with the observed energy budget of the significant wave in the blocking
action of January 1963 as obtained by Murakami and Tomatsu (1965). In the
upper layer, the large amount of kinetic energy of this disturbance
converted from available potential energy by the baroclinic effect is
lost to maintain the zonal motion. This would mean that the blocking
phenomenon should not be considered as a barotropic process, but as a

baroclinic process.

9. Summary

Through a time integration of the geostrophic system of equations,
including both effects of orography and heating contrast due to land-sea
distribution, a blocking process very similar to that observed in the
actual atmosphere was produced.

For the period during which the predominant double jet structure
(resulting from the occurrence of active blocking) appears in the lati-

tudinal distribution of the zonally averaged zonal wind, the unusual



33

poleward transport of heat by large-scale eddies causes warming of the
polar region accompanied by the formation of an indirect meridional circu-
lation, as seen from the analyzed computations. In the upper layer at
high latitudes, the angular momentum is transported poleward by large-
scale eddies fto compensate for the destruction of angular momentum due to
this indirect cell. The convergence of this angular momentum transported
into high latitudes controls the formation and development of the north
branch of the double jet stream.

The poleward transport of heat and angular momentum which plays an
important role in the initiation and maintenance of the double jet stream,
is performed primarily by the disturbance of wave number 2 which shows a
large growth for this period.

in the upper layer this disturbance, being significant in the active
blocking situation, is fed by the conversion of available potential energy
and the transfer of kinetic energy from the lower layer. The zonal motion
is maintained by the energy supply from this disturbance. |In the lower
layer, when this disturbance is developing well, its main energy source is
the transformation from the zonal kinetic energy through the effect of
topography. This seems to indicate that the effect of mountains is one of
the factors causing the growth of the disturbance of wave number 2. In
order to clarify the mechanism of the blocking process, the development
of a new instability theory which can explain the growth of this kind of
disturbance is desirable.

On the other hand, the effects of diabatic heating are summarized
as follows:

i. The meridional gradient of diabatic heating is larger during

the period characterized by active blocking, while

2. the difference of diabatic heating between the ocean and the

continent is smaller.

In this study some characteristic properties concerning blocking
and double jef structure -- reproduced by our relatively simple model atmos-
phere -- are defermined, and these should be verified by observations in the
actual atmosphere. Thus, further studies of the budgets of heat, angular

momentum and energy during the period of a blocking situation are needed.
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Fig. | - Two-layer representation of the model atmosphere; notation Indicates levels to which modei variables refer.
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fig. 2 - The relationship between QCS and (TS-T600) - r’m, as employed

0 2 & 6 8

-2 -0 -8 -6 -4 -2
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in mode!l and indicated by soiid line. Solid

circles indicate zonally averaged annual mean data plotted at 10° latitude intervals starting at 9ON.
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Fig. 3 - Latitudinal distribution of the planetary albedo (%) adopted in the model .
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Fig. 4a - Geographical distribution of E (ly/day) in January.






TOMPUTED EQRBLM HTNG  (LY/DAY)

Fig. 4b - Geographical distribution of E (ly/day) adopted in the modei, reproduced by using the surface spherical
harmonics fruncated at |m|< 8 and n-|m|< I, where m and n are the rank and degree of the surface spherical
harmonic, respectively.

Fig. 5 - Geographical distribution of srographic height (meters) used in the model.
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Fig. 6 - Time variations of hemispheric mean femperature (upper part), hemispheric mean of relative angular momentum

per unit mass per unit sphere (second part), total and zonal available potential energy per unit mass (third part),

and total and zonal kinetic energy per unit mass (lower part).

Fig. 7 - Time variation of the latitudinal distribution of the zonally averaged zonal current (m/sec) at the upper
level of the model atmosphere. Solid circles indicate the latitude of the secondary wind maximum. Short lines and

numbers above the figure indicate the duration of the double jet structure in days, respectively. Shaded areas stand
for easterlies.
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89 — 93 DAY MEAN
400-MB STREAM FUNCTION

Fig. 10 - 89-93 day mean computed stream .llnes at the 400 -mb level. (Units: a«m sac‘l, where a |s the radius of
the earth).

) 121 125 DAY MEAN K
st Ly 400-MB STREAM LINES

Fig. Il - 121-125 day mean computed stream |ines at the 400 -mb level. (Units: a-m sec™1).
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\\/ ,/THE I 19TH DAY

\i’\"

T

Fig. 12a - 400 -mb stream lines at |9 days. (Units: awm sec™1).

A00-MB STREAM LINES ON
/THE 121ST DAY

1.

Fig. 12b - 400 -mb stream lines at 121 days. (Units: aem sec !).
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Fig. 12 - 400 -mb stream Iines at 127 days. (Units: am sec™1).

101 =130 DAY MEAN
400 ~-MB STREAM FUNCTION

Fig. 13 - 30-day mean computed stream lines (asm sec™!) at the 400 -mb level for the period of 101-130 days.
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MEAN 500 —MB HEIGHT
DEC 1958

Fig. 14 - 30-day mean 500 -mb contours (meters) for December 1958,

ZONAL MEAN OF ZONAL CURRENT (M SEC™)
71—=100 DAY MEAN
200~ —— e
400+

600

800~

(MB)

1000 AL J 1 AO-\J s
90 80 70

101—-130 DAY MEAN

20071

400 —

PRESSURE

600~

800"

1000
90

LATITUDE

Fig. 15 - 30-day mean latitude-height distributions of the zonally averaged zonal wind (m/sec) for the periods of
71-100 days (upper part) and 101-130 days (lower part). Easterly regions are shaded.
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40

30

400-MB ZONAL MEAN OF
ZONAL WIND

~101-130 DAY MEAN

e MINTZ’S OBS.

=10

90

80 70 60 10) 40 30 20 10 0o
LATITUDE

Fig. 16 - 101-130 day mean latitudinal distribution of the zonally averaged zonal wind (m/sec) at the 400 -mb level

and corresponding winter mean values (solid circles) obtained by Mintz (1954).

ZONAL MEAN TEMPERATURE

IO

- 71—-100 DAY MEAN

)

90 80 70 60 50 40 30 20 10 0

Fig. 17 - 30-day mean latitudinal distributions of the zonal mean temperature for the periods of 71-100 days
(upper part) and 101-130 days (lower part). Solid circles show winter mean values obtained by Burdecki (1955).
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RATE OF ZOLAL MEAN TEMPERATURE CHANGE DUE TO LARGE=-SCALE EDDIES
71—100 DAY MEAN IOl =130 DAY MEAN

0 A - — —
=105 = —
[N SN NN P (S TP N S VRS US| PSSR SR () S VNN SO [ SSOOY (o
90 80 70 60 50 40 30 20 10 O 90 80 70 60 50 40 30 20 10 O
LATITUDE LATITUDE
Fig. 20 - 30-day mean latitudinal distributions of the rate of the zonal mean temperature change due to convergence

of heat flux for each of wave numbers | through 8, for the periods of 71-100 days (left part) and of 101=-130 days
(right part).
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RATE OF ZONAL MEAN MOMENTUM CHANGE DUE TO LARGE - SCALE EDDIES
71=100 DAY MEAN 101=130 DAY MEAN

(M SEC DAY

05
° /\\//\

-05 -

05 L
o g

=03 TR O S | T TR S S N B
90 80 70 60 50 40 30 20 10 O 90 80 70 60 50 40 30 20 10 ©O

LATITUDE LATITUDE

Fig. 23 - 30-day mean latitudinal distributions of the rate of the zonal angular momentum change for each of wave
numbers | through 8 for the periods of 71-100 days (left part) and 101-130 days (right part).
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ENERGY DIAGRAM FOR AILR COLUMN OF UNIT MASS
(M?SEC™: M? SEC™® DAY

71-100 DAY MEAN [

Kz

93:9

a27. 1

tig. 24 - 30-day mean energy diagram for fhe air column of unit mass during the periods of 71-100 days (upper part)

and 101-130 days (lower part). (Units: m?sec™® for energy, m’sec™2day™! for energy transformation).
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SPECTRAL DISTRIBUTION OF ENERGY IN AIR COLUMN OF UNIT MASS

a6 ¢ 20
UPPER K.E. b o A.P.E.
s} I8
i6b [\ .- 71-100 0AY MEAN ]
101—130
14} ° /A, . DAY MEAN 14T
/

~12 ) Ve
K
5 1o 10
7
v 8 °
E 5] \
- 6 ° 6

al 4

ol 2

X ; . 7 N e i i N 2 A A 4 J
O3+ 4 5 6 7 8°% 2 3 4 5 6 7 8
WAVE NUMBER
4 LOWER K.E. — 7|-—]00 DAY MEAN
" B — = ==- |0I—130 DAY MEAN
1 A L ) A A - ’
ol . SALTZMAN AND FLEISHER’S OBS.

WAVE NUMBER

Fig. 25 - 30-day mean spectral distributions of kinetic energy in the upper layer (ieft upper part) and the lower
layer (left lower part) and that of available potential energy (right part) for the air column of unit mass during
the periods of 71-100 days (solid lines) and 10(-130 days (dashed lines). Solid circles show winter mean values
obtained by Saltzman and Fleisher (1961; 1962). )
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SPECTRAL DISTRIBUTION OF ENERGY EXCHANGE
IN AIR COLUMN OF UNIT MASS

v (A) (Az,Ae) 4| (E) (Ke,Kz') DUE TO ADV

! 'y b WAVE NUMBER
0 R ~—— 71-100 DAY MEAN
S -=-101— 130 DAY MEAN
= ! L L 1 . L |
I 1 2 3 4 5 8 7 8 o  SALTZMAN AND FLEISHE’S
0BS.
ViRoviE, NELIME EF) X SALTZMAN AND TEWELS
08S.

(1) (QAE) (L) (KE,SF)
1 1. 1 ik 1 ]\\1
2 4 6 8
B (M) (KE, IF)
(@)
N
10 e o - —
w N o " T B |
o 2 4 6 8
%S = 3
B 2 4 6 8 (N) (KuP,KLW) DUE TO I F.
3
(K) (KEHD) s
| |
6 s_L,—"‘ T m —————— ———
{_234567so|2345678
WAVE NUMBER WAVE NUMBER

Fig. 26 - 30-day mean spectral distributions of energy transformation for the air column of unit mass due to various
components for the periods of 71-100 days (solid lines) and 101-130 days (dashed lines). The observed values obtained
vy Saltzman and Fleisher (1961) and Saltzman and Teweles (1964) are also shown for comparison. (A): transformation
from /f\Z to /\[, (B): transformation of available potential energy among the disturbances, (C): conversion from AE to
'\E’ (D): transfer of kinetic energy from the lower to the upper layer through the pressure force, (E): transformation
from K. to 7 through the advective ferm, (F): +transformation of kinetic encrgy among the disturbances through the
advection ferr, 1o): same as (E), but through the mountain effect, (H): same as (F), but through the mountain effect,
(1): generation .f available potential energy due to diabatic heating, (J): dissipation of AE due to horizontal eddy
diffusion, ki, (13, and (M): dissipations of kinetic energy due to horizontal eddy diffusion, surface friction and
vertical eddy diffusion, respectively, and (N): transfer of kinetic energy from the lower to the upper layer through

vertical eduy diffusion.
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KINETIC ENERGY BUDGET FOR COMPONENT OF WAVE NUMBER 2
( UPPER LAYER)

GAIN LOSS
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Fig. 27 - 30-day mean kinetic energy budget in the air column of unit mass for the disturbance of wave number 2.
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= 2 -2 -1
COMPARISON OF ENERGY COMPONENTS (MZSECZ) AND ITS EXCHANGE (M SEC DAY )

o e ] e ke | ke s polisexe]vexoluasalio, aafise.0)fkzoa (aeps) 0 05 (ceps]
101130 DAY MEAN ] I NS S B . | [ 15
OF CQMPUTFD RESULTS 455' 4 5 1»06 | ?O | 78 174 62 -3 8[_23_6 ' O? ;_,.i, _’«" 53 4 E
OBSERVED RESULTS I N AL
COMPILED BY GoRT | 400] 150| 80| 70|259|190| 35| 09|268| 69 3156

4 J L Ji ) [ NG O WS R || S
SMAGORINSKY
o9-LEVEL DRY MOpeL | 737| 35| 144| 39)321)259) 63| 1.3)449 19) 75) 62 55| 189

o e ; 1= — e |

iy L 1940, 18|273| 35|248|21.1| 104| 09298 07|107| 17| 78|130

|PHILLIPS ] R ) O O PO i S ] e A N () IR

2-Level mooer  |''99| 25|272| 68| 300)300|128] 34210 00| 26] 09| 82] 77
Table | - Components of energy (m2/sec?) and energy transformation (m2/sec? day) obtained by this experiment, the

compilation of observed data by Oort (1964), and other numerical experiments [Smagorinsky, Manabe and Holloway
(1965), Smagorinsky (1963), and Phillips (1956)].






