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ABSTRACT

With the L—P approximate method{variation of parameter method), a barotropic channcl model in f—planc is
used ta study the effect of nanlinear interaction between two waves with different scales on the formation of blocking.
The approximate analytical solution, which can describe the process of the blocking formation, maintenance and
breakdown, has been obtained by using the method of aproximate expansion. The importance of nonlinear
interaction between two waves with different scales is stressed in the solution. The result suggests that the nonlinear
interaction is the main dynamic process of the blocking formation. Some required conditions of blocking formation

are also discussed.
[ INTRODUCTION

The situation of blocking is the special stage in the development and evolution of atmos-
pheric general circulation, and a relatively stable synoptical phenomenon which may be main-
tained l'or a long time(over one week). The formation, the maintenance and the breakdown of
blocking can cause very significant effect on atmospheric general circulation, synoptic pro-
cesses and meteorological phenomena of large scale in controlling area, the downstream area
and even the whole hemisphere. Therefore, many meteorological scientists have shown great
concern for the study of blocking formation mechanism in recent years. The multiple equilib-
rium state of forcing and dissipating model has firstly been studied by Charney and Devore
using highly rruncated spectral expansion method by Charney and Devore (1979). It was sug-
gested that blocking is a kind of quasi stable lower index equilibrium states.

With the same method, two kinds of equilibrium states have been studied by Zhu
Zhenxin and Zhu Baozhen {1984) using a baroclinic model with zonal asymmetric heat fore-
ing und considering the blocking as an ultra—long wave system. The study indicated that one
of the equilibrium states is the stable one which is close to resonance state, Therefore, the de-
ductions of dynamic mechanism of the blocking such as the resonance between waves and
frocing and the controlling influence of heat forcing on the blocking have been posed.

Ii was indicated in the numerical simulation studied by Tibaldi and Ji (1983) and Ji and
Tibaldi (1983) that the synoptical scale action is very important for the blocking maintenance
while the effect of the earth surface is the basic condition in blocking formation and mainte-
nance. The effect of topography on the phase of blocking, the vorticity iransport and the
steady wave is very significant. The effect of topographic forcing on moving component of
waves can cause a series of eastward moving Rossby waves or stationary waves. It has been
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poinled oul by Egger (1978) that as a large scale circulation system, blocking is supported by
relative small scale vorticity.

In this paper, we try to study nonlinear interaction between two different scale waves in
the process of blocking formation and maintenance without any extra source forcing and dis-
sipation, which is helpful for understanding the real roles of heat and topographic forcings in
the blocking formation. The model used in the study and the method to solve the model are
described in Sections 2 and 3. Section 4 is for discussion and analysis. The final section is the
conclusion.

1. DESCRIPTION OF MODEL

The quasi—geostrophic vorticity equation can be writlen as
& 2 &
ST I T 0+ ok =0 ()

Let L denote the horizontal scale; U, the west wind velocity; L / U, the time scale. The
nondimensional equation of (1} can be writlen as

% 2 * * 2 - » L '
Ly o T e e

Here all symbols are generally used in meteorology. All variables are nondimensional. and
B =pL’ U

Eq.(2) is a nonlinear equation and impossible to obtain exact solution in some deter-
mining conditions. But it is possible to get approximate solution in certain conditions. Thus,
we solve Eq.(2) with asymptotic method. In the channel model of f—plane with north and
south borders being solid walls we firstly assume that the stream function can be decomposed
mto

W= -y e (3)

Here, «is a small parameler,  is the nondimensional perturbation stream function. Accord-
ing to {3), Eq.{2) may be written as

FI .
STV = T ()

Now, we assume the existence of two eastward moving waves with dilterent scales initially.
For the purpose of convenience, let one wave number be 2, the other be 4 und wave numbers
in ) direction be 1. Thus determining conditions of Eq. (4) can be written as

i (5)

-5

J oo = A? [sin{dx + p) + sin{dx — y}]+ A 2 [sin{2x + p} + sin{2x — y}}

v= 4

[T

Egs. (4) and (5) will be solved by using the method of asymptotic expansion of variation of
parameters. The basic idea of variation of parameters is that in order (o get an approximately
identified solution. one should not only expand the function with small parameter but also
asymptolically expand the arguments. Lindsted (1882) and Pioncare (1886} changed the
parameters, such as the frequency and the period, of the equation in order to eliminate
“long-range” terms, and got significant results when they solved the nonlinear ordinary
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differential equations. Therefore, we asymptotically expand the stream function ¥ in orders
of¢ as

U= tap, e i Fedus +06") (6)

When expansion was truncated at order 2, two terms causing “long-—range” appeared in

the equation. Their frequencies are @, and w, respectively. To eliminate these terms, other
parameters should be expanded as

w, =} +ew) +& o} +0) (7)

W, =wg +em) +&8w} +0(e’) (8)

Substitute (6), (7), (8) into Eqs. (4) and (5), we can get the following recurrence equations.
Equations with order zero are as follows:

@ ”v2¢0+ =T+ g"“ -0
¢.0 [ s =Al{sm(4x+yj+sin(4x—y}]+Ag[sin(2x + )+ sin(2x — p)] (9
2
__;”.g -0
% ly= st
wherei=1,2.
Equations with order one are as follows:
2 vw +8 ‘f" = — Yy, T W) Z———VZ
o1 it ! b o} ‘o, Ot
¥il,, =0 (10)
i,
TExl,.x 0

Equations wiih order two are as follows:

vzwz +~v ¥ +ﬁ =L = =S, V) I, )
P R
‘Ew 3tv #’i z];)‘_a—:v ¥y an
‘1’2|‘=D 0
dy, B
T
-2

We solved above equations, and got approximaié solution with order two. gb;: on right
side of equations denotes the term with frequency w; and the approximate solution with or-
derj, ¢, is

¥, = Iy (2
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HL. ASYMPTOTIC SOLUTION OF INTERACTION BETW EEN TWO WAVES
For Eq. (9) with order zero. the solution is obviously as follows:
Wy = A [sin(dx + y —w, 1)+ sinddx — y — o, )]
+ A2y + p — wy 1)+ sin(2x —  —w, 1] (13)

. ap
where ) =4~ ﬂ% and wy =2 5/35— are the dispersion formulae with order zero.

For convenience, the dispersion formula may be written as

Ps(mny=m— ~'—17'L2
m-+H
thus
W) = Ps(4.1), w) =Ps1) (14)

The Jacobi terms in Eq. (10) with order one was substituied by (13), then
— . Vi) = — 1247 AS[os(6x + 2y — w1 — wy £) — cos(6x — 2y — @, £ — 1))
+364] ASfcos(2x + 21 —w, f +w, 1) — cos{2x — 2y — Wyt +w, I
Therefore. the approximate solution with order one can be written as
¥ = A\ [Sin(6x + 2¥ +w, 1 — wy¢) — sin{bx — 2y — w1 — e, 4]
+ A [sin(2y + 2¢ — ey f + ey t) —sin(2x — 2y —w, 1 + @, 1))
+ AL[sin{6x + 2p — 1) — sin{bx — 2p — w, )]

+ AL [sin(2x + 2 — e, N — sin(2x — 2 — w, )] 15
where
A} = — 1247 AV P(6.2.0, + w. ). AL =364"40P2.2.0, — w,)
Let Plarnam) = !

w{m” +n"y—an’ + 7Y+ mp”
Av=— Al Al = — AL o = P562), we = Ps(2.2) .

According to approximate solutions with orders zero and one, we can solve Eq. (11) with
order two, the solving process is very complicated, for convenience of writing we introduced
the symbols

[prar.n] = cos{mx + ny — wi) + cosGmx — np — o)
<prier > =sin(mx + Ry — wf) + sin{my — ny — o).

Eqgs. {13} and (15) are substituted into Eq. (11} and the Jacobi term on right side of Eq. (11)
cun be expressed as

= Hy T ) - W, T ) -

2 ]
v
=C {10,320, +w;] H{2100,] + 7[10,1,20, + e, ]+ 7(2,3,0,]}
+ 103w, eyl +[2 0o, — w1+ 710 Ly, + @]+ 72,30, — @]}
+C3 {36,320y —,] + 3[2.1,] + S[6,1.2, — w0, ]+ S[2,3,00, ]}
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[8,3,c0, +2w,]— [4,1,0,]+ 5[8,1,e0; + 2,1+ 5[4.3.,]}

[8.3,0y + ;] = [4, 1,005 — 03]+ 5[8.1.ny +w,] + 54,300, — w,]}
+ C7 43,01+ 0,000, - 2w,] + 34,10, ]+ 3[0.3,0, — 2m,1}
+ Ca {[4 3, + w,]+ [0,Lw, —w,]+ 3[4, 1w, + e, ]+ 303w, —o,]}

+C4{3[6,3,wl +wy ]+ 32w, —w,]+ 506,10, + @]+ 523w, —a,l}
Csl-
Col—

-i. e 27y, . (16)

where
C,=234%4) , C;=-C,, C3=-9474;, , C,=-C,,
Cs=354%4! , Co=—C;, C;=3434; , Ci=—C; .

The forcing terms in Eq. (11) are those in Eq. (16), in which the frequencies of terms
[2.1,w,] and [4,1,w,] are the same as the intrinsic frequencies of equation. Without elimi-
nating them, the “long—range” terms {resonant terms) will be caused in the solution which en-
ables strength of the wave becoming unlimited with time. It is obviously unreasonable in this
case. The appearing of the “long—rarge" terms was caused by regular expanding. It is neces-
sary to eliminate such “long—range” terms for getting the identified available solutions.

¥, can be decomposited into

) = A% fsin(dx +y — @, 1) + sin{dx — y — @, 2)]
lﬁlf, = Ag [sin2x + ¥ —w, £) +sin(2x —y — w,!)]

Therefore, we assume

2
m]o

" {A [4lw,]}+(3C7*C)[4lm,]-
: (17

wz 5%‘72 {Ag[ll,mg]} +(3C, +C) )2, 1lw,;]=0

The “long—range” terms (resonant terms) can be eliminated from (17). We got

2 _3C;—Cs .30+ C,
wy = Wy =
1748 548
thus 3. 4 C
. 3¢, -C +
w, =0 +.°,2—~"7——U~-i . W, =y 42— (18)
174 54°

Therefore, we obtain
Wy = A2 <1032, +w, > + A2 <1030 +w, > + 43 <1030 >
+ A2 <101,20, +w, > + 4} <101w; + o, > + 45 <10,Lo, >
+ AL <83w, +20, > + A2 <8, +a, > + 45 <83, >
+ 42 <81, +20, > + AL <8 Lwy +w, > + 4% <8lLoy >
+ A2 <6320, =@, > + Al <63w; +o, > + 4% <6305 >
AL <6120, ~wy > + 4%, <610, 0, > + 4}, <610, >
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+ A} <400, —w, > + A} <4 Lo, o, > + A5 <410, >

+.Aﬁ6 <43, > +Af7 <43,w; tw, > +A§‘ﬂ <43 w, +w; >

+ A3 <430, >

+ A3 <230, > + A% <230, ~w, > + A} <230, —w, >

+45 <230, >

+AL <2l —w, > + AL <L —oy > A% <2lw, >

+ AL <030, — 20, > + A% <030, ~wy >

+ A% <010, —2m, > + A% <0,Lo, —w, > (19)

where
A? =, P(10,3,20} +Y), 42 =C,P(103,0} +))

42 =17C, P(10,1,205 + @}), 45 =7C,P(10,1,0 + &)

Al = —C,P(8,3,0) +203), A = —C P30 +®])

A =50, P8,1,0) +203) .....

Al = — (4] +43), A% = — (4] + 4D), 45, = ~ (45 + 40),
AY = = (4] + A7), A% = — (4] + A}), AL = — (4], +4}),
Al = — (4}, T AL, Al = i+ Al + 44,

A = — (Al + A% + 43), AGy = — (A% +A3),

ws = Ps5(10,3), g = Ps(10,1), @, = Ps(8,3), wy = Ps(8,1)

wy = Ps5(6,3), w,, = Ps(6,1), o, = Ps(d,3), w;, = Ps(2,3)

Eqgs. (18) and (19) represent the asymptotic solution with order two. The asymptotic solution
with order three can be obtained with the same method, here we do not give the solving pro-
cess.

The sofution with order three is to be the solution of the equation (4) with conditions (5)
in this paper.

I¥. EFFECT OF NONLINEAR INTERACTION ON FORMATION OF BLOCKING

Substituting the approximate solution with different order into Eqs.(6) and (7) and se-
lecting suitable parameters, we can get the stream function describing the whole process of
blocking. Here, we select L = 2000 km, which is corresponding to the wave with wave number
2 and wave length 6000 km and to the wave with wave number 4 and wave length 3000 km
respectively. Let F=1x 10" s, g=15x10"" s m™' (at 45°N), the steady uniform wester-
ly wind =13 m/s, and small parameter &¢=0.1; A‘l' =1.2 is the nondimensional

amplitude of the longwave, which denotes the strength of the wave. A% = -3 is the
nondimensional amplitude of the ultra~long wave. If the amplitudes are changed into
dimensional quantities, then

A®=31x10"m's™", 4} =78x10"m’s”"

By calculating stream function at different time, the variation of stream function field with

time can be obtained.
1n this paper, Fig.]—Fig.8 are obtained by calculating the approximate stream function
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Fig.l. Steam function distribution at T=day 0.
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Fig.2. Stream function distribution &t ¥= Day 1.
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Fig.7. Steam function distribution at T=Day 8.

Fig.8. Stream function distribution at T=Day 1.
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at different time ¢. The whole process of blocking formation, maintenance and breakdown
was shown in these figures. The interval between two lines is 0.5 in these figures, in which x is
the eastward direction and y, the northward direction. These figures illustrate stream func-
tion distributions at different time, in which L denotes the low value center and H, the high
cenler.

1. Nonlinear interaction—the Main Dynamic Process of Blocking Formation and Breakdown

Fig.1 shows the stream funciion distribution at initial time ¢t = day 0 . The linear over-
lapping of waves with wave numbers 2 and 4 is illustrated. From Fig.1 the relative strong
ridge at x =2.1 and relative strong trough at x = 1 can be found; and it can be seen from the
vorticity distribution that a strong positive vorlicily center is in the range of x=12—1.5
and a negative vorticity cenler is in the range of x = 1.7 — 2.0

Fig.2 illustrates the stream function distribution at # =day 2. It is shown in the figure that
the ridge is strengthened and moved northward obviously; but in two days later (see Fig.3),
the trough has been strengthened strongly. So the ridge with “0Q" pattern has been formed
primarily. But there is no closed center in high ridge and the system was developed and the
typical situation of blocking has been formed on third day (see Fig.4). The high ridge of
blocking was moved westward from x =2.5 to x =2 (about 1000 km), and closed high cent-
er has been formed at the same time. The trough in the west of the ridge has also been deep-
ened and formed a cut low, while the center of the trough has been moved eastward. In other
words, the east—west oriented gradient of pressure has been strengthened, the meridional flow
is enhanced, and the zonal flow is weakened in the region of the blocking. The westerly flows
at northern and southern flanks of the blocking have also been enhanced. These results are in
agreement with the real weather fact in the atmosphere.

The stream function calculated day by day indicates that the blocking has been main-
tained for 9 days, and it is normally stable in the range of x = 2.0 — 2.8, but with little swing
in the x and y directions. It is noticed (the figure is omitted) that a eastward moving cyclone
is produced at ¢=day 10 in the northwest of the calculated region. The strong positive
vorticity advection invades into the region of the blocking obviously, so the blocking is weak-
ened rapidly, the meridional flow is weakened and the high ridge is smoothed gradually (see
Fig.8). The process of blocking breakdown is then shown clearly.

Above results indicate that under the condition with appropriate strength of the wave
numbers 2 and 4, the solution of nonlinear interaction can simulate the real process of the
blocking. Therefore, nonlinear interaction is the main dynamic process in blocking formation
and breakdown.

2. Some Necessary Conditions of Blocking Formation

From large number of calculating (he approximale stream function, we found that only
suitable parameters being selected, the blocking can be formed and maintained.

Firstly, a strong and slowly moving ultra—long wave (about 6000 km in wave length) and
a relatively weak long wave, such as pattern A or B or C or D, exist and the strength of
ultra—long wave is 2 to 3 times of that of long waves, then the blocking formation and main-
tenance can be achieved. If the ultra—long wave is relatively strong, like pattern E, the
nonlinear interaction of two waves can not cause significant changes of the ridge and the
trough, so the blocking can not be formed and the circulation is still characterized by the
ridge and (he trough; if the long wave is relatively strong, and the effect of short waves is en-
hanced and resulting in significant change of flow field {see types D and F ), the blocking can
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not be formed, even if the flow field with “Q" type formed, the type flow field could move and
vanish quickly; if both (he waves are weak, the nonlinear interaction is not strong enough to
form blocking (like type F), and if these two waves are strong, like pattern G , the stable
blocking will nol appear in the calculaled flow field. In general, it is believed that the wave
with wave number 2 is caused by the difference beiween land and sea heatings in the Northern
Hemisphere. Thus, the existence of the wave with wave number 2 results in the effect of
land—sea heating on blocking formation. This fact can explain why the blocking is mainly
formed in the northern Pacific and the northern Atlantic Oceans. Results alsc suggested that
refative large scale of wave and relative weak uniform westerly flow are the necessary condi-
tions for blocking formation and maintenance, and relative high latitude is favourable for
blocking formation and maintenance.

Table b, Effect of Parameters on Stream Type

] Bl I W S—
A 1.2 3 very slowly ‘ﬂ;:zg:i:lég :ﬁ{:::kly
B 1.2 32 very slowly b‘l):‘. ﬁﬂgﬁ;;’;&eﬂ
C 1.2 29 very slowly “ﬂ;ltgcp;j:l.gre;r:};:te:lcly
o C 14 3 westward *11" type stream
E 0.8 35 eastward wave type stream mainly
F 08 2 eastward wave lype stream

3. Effect of Interaction between Two Waves on Movemen!

In the proper condition, interaction between two waves results in blocking formation. In
the process of blocking formation, nonlinear interaction enables reducing the phase velocity.
From (17) we can get

3C, +C
4] 2 i 1 3
W, =ty & ———— + 0)
B 54° ¢
where
C,=234%4) . C,=-94%4; ,

Al = —124°4°P6,2,0° + %), 4] =364045P(22,0] —w})

thus

,—3%9474; +234% 4,
549
L =27 X 36p(2,2.00 — @y) — 12 X 23p(6,2,0] + w3)
5
Substitute ) =4—4f" /17 and ) =2—28" /5 into above formulae,
thus

0
w, —wy =&

A% 47
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0 2 60

W, —w, " —¢

AV AY

where §° =g8L* / U, Therefore

0y — @) % —EZ%UA?A?

Above formula shows that the interaction between two waves with different waveiengths
can cause the reduction of the phase velocity of ultra~long wave. The reduction level is pro-
portional to the square of strength of long wave, and inversely proportional to f.
This fact indicates that the strong eddy transport of long wave and high latitude are favorable
for the blocking formation and maintenance.

V. CONCLUSIONS

The approximate solution of barolropic vorticity equation in f—plane and channel model
has been obtained with the asymptotic method of variation of parameters. From above analy-
sis, we can obtain the following conclusicns:

. (1) In the initial conditions of existing two waves with wave numbers 2 and 4 and without
diabatic heating, topographic forcing and dissipation, the approximate solution which in-
cludes nonlinear effect can describe the main property of the blocking process. It is indicated
clearly that the nonlinear interaction is the main dynamic process of blocking formation,
maintenance and breakdown.

(2) Only the interaction between relative strong ultra—long wave and relative weak long
wave can form the blocking. That the strength of ultra—long wave is 2 or 3 times of that of
long wave is suitable for blocking formation.

(3) In the process of blocking formation and maintenance, the phase velocity of
ultra—long wave is reduced by interaction between two waves. The reduced level is propor-
tional to the square of strength of long wave, and is inversely proportjonal to f.
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