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ABSTRACT

Generation of zonal flows by finite amplitude resonantly interacting discrete Rossby waves is
investigated within the context of the quasi-geostrophic barotropic model on the beta plane.
Under the ‘‘channel” assumption, in which the north-south extent of the domain is taken as
finite, analysis shows that a triad of Rossby waves is capable of generating a zonal flow on the
time scale of the resonant interaction. Zonal currents thus produced exhibit a spatial structure
similar to that obtained from the baroclinic instability mechanism: a jet in the central portion
and weaker reversed flow in the northern and southern portions of the channel. If the north—
south extent of the domain is taken as infinite, zonal flows of sinusoidal latitudinal structure can
be generated by discrete Rossby waves via the quartet resonance mechanism. The time scale
required for their generation is an order of magnitude longer than that associated with the

‘“channel” case.

1. Introduction

Observational studies of the atmospheric energy
cycle, reviewed by Saltzman (1970), show a redis-
tribution of kinetic energy by mean barotropic pro-
cesses among the large-scale eddies and between
the eddies and the mean zonal flow. Saltzman’s
energy flow diagrams illustrate that all eddies in the
zonal wavenumber band 0-15 supply kinetic
energy to the zonal flow in the summer, and all the
wavenumbers in the same band, except 3, supply
kinetic energy to the zonal flow in the winter, to
maintain it against frictional dissipation.

The aim of this study is to investigate in detail
the manner in which large scale finite-amplitude in-
teracting planetary waves are capable of enforcing
zonal flows via the resonant interaction energy
transfer mechanism. Since the interest here lies in
the atmospheric domain, whose extent is finite with
respect to large-scale disturbances, the wave
spectrum shall be taken as discrete. Math-
ematically, interactions of finite-amplitude dis-
crete waves may be modelled by using an
asymptotic expansion for the wave field and treat-
ing the amplitudes of the interacting waves as
slowly varying functions of time.

Resonant interactions between discrete Rossby
waves in triad configuration have been shown to

exist and are extensively discussed for an infinite §-
plane geometry by Longuet-Higgins & Gill (1967).
In particular, if one of the triad members is taken to
be the zonal current, then due to vanishing of its
nonlinear coupling coefficient, it can neither gain
nor lose energy via an interaction with the other
members of the triad. At most, in the case of non-
zero initial amplitude, it acts as a catalyst, enabling
energy to be exchanged between the remaining two
waves.

Newell (1969) demonstrated that if the discrete
spectrum assumption is removed, allowing the
Rossby wave amplitudes to be slowly varying fun-
ctions of space as well as time, it is possible for the
waves closely neighboring the resonant waves to
excite zonal flows on a time scale an order of mag-
nitude longer than that associated with triad inter-
actions. Newell called this the sideband resonance
mechanism for generation of zonal flows. Further,
he noted that quartet resonances are first felt on
this longer time scale and through kinematic argu-
ments, in which one of the members of the quartet
was taken as the zonal current, pointed out that the
quartet resonance mechanism is also capable of ex-
citing zonal currents.

In the oceans where the Rossby radius of defor-
mation is an order of magnitude smaller than in the
atmosphere, planetary wave spectrum may essen-
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tially be taken as continuous and the idea of side-
band resonance mechanism can apply. In the at-
mosphere, spectrum quantization precludes this
possibility, restricting the generation of zonal flows
by interacting waves, in the infinite §-plane approx-
imation, to the quartet resonance mechanism. In-
vestigation of the dynamics of this mechanism will
constitute a part of this paper.

Recently, Loesch (1974) using the inviscid two-
layer model on a S-plane of finite north—south ex-
tent investigated the temporal and spatial changes
in the zonal flow which result from the presence of
a resonant triad composed of a marginally unstable
and two neutral baroclinic waves. The changes in
the zonal flow were found at the second closure and
shown to arise in part from the self-interaction of
the marginal wave and in part from the triad inter-
action (in contrast to discrete Rossby wave inter-
actions on an infinite S-plane). Furthermore, the
time evolution of the zonal flow occurs on the time
scale of the interaction. Based on these results we
can anticipate that simple neutral planetary waves
may, via the triad interaction mechanism, be cap-
able of generating a zonal flow provided that in the
Bplane representation, the physical domain be
taken of finite north—south extent. This, the channel
restriction is felt to be a more appropriate modell-
ing approximation to the mid-latitude atmosphere
than an infinite §-plane because (i) it provides a
meridionally quantized wave spectrum, (i) it
restricts propagation of disturbances to the east—
west direction and (iii) it isolates the mid-latitude
domain, preventing any interference with the
tropics.

An investigation of zonal flow generation on a
mid-latitude “channel” by a triad of interacting dis-
crete Rossby waves will constitute the first part of
the paper. The generation of zonal flow on an
infinite f-plane by the quartet resonance mechan-
ism for a discrete Rossby wave spectrum will con-
stitute the second part of the paper.

2. Dynamical equations

Consider a shallow layer of incompressible in-
viscid homogeneous fluid with a free surface, of
mean depth D, rotating with angular velocity £.
Horizontal extent of the fluid shall either be taken
as infinite or confined to a channel of infinite east—
west extent and north-south width L. Following
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Rossby et al (1939) effects of the earth’s
sphericity will be accounted for by allowing 2 to
vary linearly with latitude coordinate y’, i.e.

20=f, + By

If the scales (L, D, L/U, U, DU/L) are taken for
the horizontal coordinates, the vertical coordinate,
time, horizontal velocity and vertical velocity, res-
pectively, the equation which governs the motion

for small Rossby number R, = U f,L is the quasi-
geostrophic potential vorticity equation

d
P (Vy—Fy)+ J(y,Viy—Fy+ fy)=0 (2.1)
t

where
a? a?
Vi —+ —
ax? oyt
of g of og
)= — —
ox oy oy ox

In (2.1) x and y are the nondimensional longitude
and latitude coordinates (scaled with L) and v is
the nondimensional geostrophic pressure (scaled
with (UL)). The nondimensional parameters which
appear in (2.1) are

ﬂl L 2
B= ” (the planetary vorticity factor)
F fiL? .
= (the rotational Froude number)
gD

In the case of channel flow, normal velocity of the
fluid must vanish at the sidewalls, i.e.

oy
— =0 at y=0,1 (2.2a)
ax

X azw
lim f dx=0 at y=0,1 (2.2b)
w-w J_, Otdy

The last boundary condition is obtained by in-
tegrating the x-direction momentum equation and
serves to uniquely determine the zonal ftow (i.e. the
x-independent part of ).

On an infinite f-plane (2.1) permits as an exact
solution a westward propagating wave

= Aelthks+ly=an | » 23)
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provided its frequency o is related to its wavenum-
ber K = (k, I) by the dispersion relation

o=—Pk/(k? + 2 + F) (2.4)

In the channel geometry (2.1) permits as an ex-
act solution which satisfies (2.2a) a westward pro-
pagating wave whose structure is

v = A sin mryelkx—oh 4 * (2.5)
provided
o = —pk/(k* + m*n? + F)

(2.6)

m=+1273...

To investigate resonant interaction among dis-
crete Rossby waves the basic spectrum must be
taken to consist of waves as in (2.3) or (2.5) whose
wavenumbers and frequencies satisfy the kinematic
resonance conditions. In contrast to a single wave,
such a superposition of waves is an exact solution
only to the linearized version of (2.1), which re-
quires that the amplitudes of the waves be
infinitesimal. Following Benny (1962), the finite-
amplitude interaction problem may be handled by
considering a perturbation expansion of the wave
field which to the lowest order is a superposition of
solutions as in (2.3) or (2.5) whose amplitudes
(taken finite but small) are slowly varying functions
of time. We write

v = ey + ely@ + g3y + | 2.7

where ¢ < 1 is the measure of the amplitude. If we
introduce the additional time scales to handle the
slow amplitude variations

T,=¢t; T,=¢%;... (2.8)

the differential time operator in (2.1) transforms as

7 0 0 o

— > —+E— + P — + -
ot 8t 8T,  oT,

(2.9)

Substitution of (2.7) and (2.9) into (2.1) yields a
sequence of linear problems for y™. We proceed
now to investigate these in detail starting with the
triad interaction in the channel geometry.

3. Finite-amplitude analysis

3.1. A mid-latitude channel
The 0(¢) problem associated with (2.1), (2.2),
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(2.7)and (2.9)is

1% ey

2 v pymy 522 o

ot 0x

oy
ox

A solution of (3.1) may be written in the form of
three waves

=0 at y=0,1 3.0

3
Y= Z AT, T,,...)sin mymyeltxix—it

i=1

3.2)
provided

—Bk,

aj:———-—
k2+ min*+ F

3.3

The triplet (3.2) will form a resonant triad if the fol-
lowing kinematic side conditions are satisfied

ki +ky+ky;=0
m,+my+my=0 (3.4)
o,+0,+0;=0

with each g; given by (3.3). Existence of such triads
for Rossby waves is established and thoroughly
discussed by Longuet-Higgins & Gill (1967).

The 0(?) problem associated with (2.1), (2.2),
(2.7) and (2.9) is

o aw(z) 0
— (VgD — Fy®) + B - _
ot ox oT,
X (VO — Fy®) — J(y®, vyt — FyW)
oy
ox
The inhomogeneities in (3.5) may be evaluated

using (3.2). We have then
3 dA’.
— Z (K2 + F) —!
e drT,

oy
ox

sin m;ye®® + * + > ilN,sin (m, + my)ny

1,2,3

=0 at y=0,1

3.5)

0
— (VI—F)y® +
ot

+ M, sin (m, — m;) ayl(A% A%e= 161+ 8) + *)

— 3 ilN,sin (my— my)my + M, sin (m,
1,2,3
+ m)myl(4,4%62-8) + %) (3.6)
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where
O=kx—oay

2 __ 2 2492
K,_kj+mjn

n
N,= 5 (kymy — kym XK 3 — K?)

4
M, = 5 (kymy + kymy) (K3 — K3)

and

S abycy=abyey + abie, + asbc,
1,23

Among the inhomogeneities in (3.6), those which
are resonant with the linear operator on the left
hand side, are (i) all three terms arising from the
long time inhomogeneity and (ii), when conditions
(3.4) are satisfied, the first three of the twelve terms
arising from nonlinear inhomogeneity. Their
removal, necessary to maintain the validity of ex-
pansion (2.7), yields

d4, N,

— = A543

dT, K3i+F

dA, iN,

— = A*A* 3.7
dT] K% +F W

dd, N,

— = Ay

dT K3+ F

Eqgs. (3.7) are the standard triad resonance am-
plitude equations whose discussion and solution for
Rossby waves may be found in Longuet-Higgins &
Gill (1967).

The remaining inhomogeneities in (3.6) give rise
to nine forced 0(g2) solutions

@) M,
y = Z — A% A% sin (m, — m,)
i Badn’m,m,
nyelOI + ]

N,
- Z {(02 — ok, — Ky + }

12,3
m(my,—myP + Fl + (k, — k)8

X A,A4%sin (m, — my)mye’®:—6) 4 *
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M,
“+
2 {(az — o)k — k) + ]

1,2,3
nsz + F] + (kz - k})ﬂ

X A,A% sin m,myei®r-09 4 * (3.8)

To the above solutions we can add an
homogeneous 0(¢?) solution @@ (y, T) which
satisfies (3.5) trivially and which represents the
zonal flow. Its structure will be determined by the
0(¢?) problem. Thus

YO =y + @Oy, T) (3.9

and the 0(e®) problem associated with (2.1), (2.7),
(2.9)and (3.9)is

P PV P
. (VZW(S) . FW(S)) + ﬂ —_— e ——
ot ox oT,
(VZW(I) — Fw(l)) — _a- i —F ¢(2)
T, \ 9y?

=J (¥, V2P — Fy®) — J(yf,

a Vit — Fylv)

orp?
-J (W“’, —Fo? |—J(@®,
oy

a V2yh — Fyv) (3.10)

Among the inhomogeneities in (3.10) are those

which are independent of (x, t). They are contained
in the following terms:

] (32
— | —~F)o®
oT, \ 9y
Ty, Viy@ — Fy?)

TP, V3 - Fyt)

Considering the form of the linear operator on the
left-hand side of (3.10) these must vanish iden-
tically. Their removal yields the equation which
governs the evolution of the mean field @@(y, T').
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Sparing the reader from algebraic details we have
2

Y B P

oT, \ oy?

x Z (My(K2? + F) — MK} + F)

1,23

K} + F dIA,”?
28N,  dT,

X 2m,7 sin 2m,my 3.11)

Inspection of the mean field producing
inhomogeneities shows that it is generated by in-
teractions between the free modes. y!! given by
(3.2) and the first three forced modes '? in (3.8).

Solution of (3.11), subject to boundary condition
(2.2b) (which to 0(¢>) has the form 92@?/ 3T, oy
= 0 at y=0, 1) and such that the mean stream-
function is zero initially, is ’

K+ F
SA(y, T)) = (14,2 —14,(0)1%)
1
4m2m?
X > o (My(K}+ F)= My(K}+ F)]
1,23 awmi+ F

(3.12)

( sinh /F(y — )  sin 2m,ny)
/F cosh \/F/2

It follows that the mean zonal current generated by
the interaction mechanism is

2mm

od, Ki+F
U®@,T,) =— -
oy 28N,
4nm?
x (14,12 — |A,(0)|2)Z
dmin’+ F

1.2,3
X [My(Ki+ F)— MK+ F)]

hF(y—3%)
J_) .
cosh \/F/2

A typical latitudinal structure of the zonal current
corresponding to

(cos 2mny —

14,1214, (0)1?
— >0
Nl

is given in Fig. 1. The figure illustrates that the
strongest zonal current is generated in the central
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(2)

0 1

Y —-

Fig. 1. Typical latitudinal distribution of the zonal cur-
rent corresponding tom, = m; = 1 and m, = —2.

third of the channel where the current is nearly twice
the magnitude and opposite in direction to that
generated in either the northern or southern thirds
of the channel. This spatial structure, resulting
solely from the triad interaction mechanism, is
qualitatively similar to that obtained by Phillips
(1954) from the rectified self interaction of a finite-
amplitude baroclinic wave. Quantitatively, by com-
paring Fig. 1 with Phillips (1954) Fig. 5, we note
that in Phillip’s context the strong central westerly
jet is 50% wider whereas the weaker easterly north
and south jets are 30% narrower. It appears,
therefore, that the triad interaction mechanism is
capable of generating zonal flows of the same order
and similar spatial distribution as the baroclinic
instability mechanism.

Following Loesch (1974) it can be shown, by
zonally averaging the order Rossby number x-
direction momentum equation, that the time change
of the zonal current (3.13) is due to the mean
Coriolis force (which arises from a weak meridio-
nal circulation) and due to divergence of zonally
averaged Reynolds stresses, i.e.

a _ 0 aw(l) aW(Z) 0 (1) Vi (2)

—U‘2)=UI+—(—~— U v Vi

oT, oy \ ox &y dy ox
(3.14)

In (3.14) bar represents x-averaged quantities and
0, is the order Rossby number nondimensional
horizontal component of the mean meridional cir-
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culation. With the help of (3.2) and (3.8) we find
that

a (aw oD oy aw;ﬂ) K:+F d
—_— + =

y\ox ay ¥ ox 2N, dT,
X 14,2 S [MyKi+F)~ MK+ F)
12,3
X €os 2m, my (3.15)
and it follows with the help of (3.13) and (3.14)
that
—(K1+F) d
o,= —2— — 14,12 Z
BN, dT, o
[M,(K2+ F)— M, (K% + F)]
X

4n’m? + F
., cosh VFO-
x | 4m°m? ——
cosh \/F/2

+ F cos 2m,7zy>

(3.16)
The vertical component of the mean meridional cir-

culation follows from the zonally averaged con-
tinuity equation for an incompressible fluid

v, ow,
—+—=0]:
oy oz

[M)(K?+ F)— MK} + F)]
X 4am? + F
sinh \/F(y —})

cosh \/F/2

4n2mf\/f‘ — 2m nF sin 2m,7ry]

(3.17)

The weak meridional circulation arises because of
the presence of free surface whose shape can adjust
to the motions within the fluid. If the free surface is
replaced by a rigid horizontal upper surface the
term Fy in the governing equation (2.1) vanishes.
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In this case, as can easily be shown by setting
F=0in(3.11),

K2
UP=—_1 (14,2— 14,00)1) z
25N,

1,2,3
x (M,K? — M,K?)cos 2m,my (3.18)
7 3 [0vY dyP By oy
— U= | — d +L—i (3.19)
oT, dy\ ox oy dy 0Ox
and
v, =w, =0 (3.20)

Thus, as physically required by the rigid upper sur-
face, there is no mean meridional circulation pro-
duced. The zonal current is now generated solely
by the mean Reynolds stresses which in this, as
well as the free surface case, arise from the interac-
tion between the 0(¢) free modes and the 0(&?) for-
ced modes.

3.2 Infinite fplane

In this configuration, in contrast to the channel
configuration, the structure of the 0(e?) forced
solutions is such that there are no mean terms pro-
duced at 0(g’). Based on this and the results of
Longuet-Higgins & Gill (1967), we conclude that,
on an infinite f-plane, interacting Rossby waves are
incapable of generating zonal flows on the time
scale T,. As pointed out by Newell (1969),
generation of the mean flow occurs first on the time
scale T, = €%, and for the discrete Rossby wave
spectrum, solely via the quartet resonance mechan-
ism. The details of this mechanism are investigated
below.

Suppose we have a triplet of Rossby waves

3

jZA,e"°f+ *s bi=kx+ly—op
=1

(3.21)

whose wavenumbers K; = (k;, /) and frequencies
gj(K)) satisfy the triad kinematic resonance
conditions

ki+k,+k,=0
L+L+15L,=0 (3.22a,b,0)

G, +0,+0,=0
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or equivalently

¢+ 9, +6,=0

with each o, given by the dispersion relation

—ﬁk,

6= ———
K+D+F

(3.23)

Following Newell (1969) we note that if a quadrup-
let of Rossby waves

A + A%+ A+ A%+ * (3.24)

is chosen such that K, and K, are as in (3.22) and

K4 = (ka» “13)

(3.25)
K,=(0,21)
its wavenumbers and frequencies will also satisfy
resonance conditions (3.22) [such wavenumber
choice for modes 4 and § satisfies (3.22a,b) auto-
matically and, since by (3.23) g, =0, and 6, =0,
(3.22¢) is also satisfied]. The above choice of mode
5 yields a zonal flow of a simple sinusoidal north-
south structure as a member of a resonant quartet.
Its time structure may be obtained by considering
cubic interactions in (2.1).

The finite-amplitude analysis may be carried out
by choosing for a solution of the 0(¢) problem
associated with (2.1), (2.7) and (2.9) a super-
position of five Rossby waves, i.e.,

5
Y= 3 4(T,T,..)e* +* (3.26)
i=1
with wavenumbers K, and K, as given by (3.25).
The resonance conditions (3.22), as satisfied by
modes 1,2, 4 and 5 may be written
P+ 0+ b+ 0,=0 (3.27)
Mode 3 is included in the 0(g) spectrum because it

is secularly produced at 0(e?) by interactions be-
tween modes 1 and 2 and modes 4 and 3, i.e.,

$+¢,+¢,=0 (3.28
$,= ¢y + ¢ (3.29)
The O0(¢?) problem is given by the

inhomogeneous equation (3.5). Evaluation of the
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inhomogeneities with the help of (3.26) yields

ZS (K% +F)

i=1

dy®
ox

0
— (V= Py +
ot

dd;
% ele+t

dr,

5

+ Z (K2, — K2)k, I, — kL)

mn=1
m>n

X [A,A,eCnso) — A _A*en—o] 4+ *  (3.30)

Application of the triad resonance conditions
(3.28) and (3.29) and subsequent removal of all
inhomogeneities in (3.30) which are resonant with
the linear operator on the left-hand side gives five
coupled nonlinear equations for the evolution of 4;
on the time scale T',:

da, (ks —klL)K3—K2)
“ A%
dT, Ki+F
d4, _ (ksly — ki LXK}~ K3) A%t
= 1
dT, K2+ F
dd, (kb — k1) K2—K?)
d—T3 R K221 F2 1 A% A (3.31)
1 3+
2k (K2 —4al?)
O T 44,
Ki+F
dA 2kl (K2 — 413
B S R W
dT, Ki+F
dA
-0
dT,

We note that the amplitude of the zonal flow 4,
does not vary on the time scale 7,. But the zonal
flow is, to 0(g?), a member of the resonant triad
composed of modes 3, 4, and 5 (because this triplet
satisfies conditions (3.29)). Thus (3.31) shows, as
first noted by Longuet-Higgins & Gill (1967), that
in a triad configuration, the zonal flow acts as a
catalyst enabling energy to be exchanged between
the other two members of the triad, i.e. modes 4
and 5. Its variations will be determined at the next
order, i.e. 0(¢?), where cubic interactions are taken
into account.
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The nonresonant inhomogeneities in (3.30) give
rise to eleven 0(g?) solutions

@ SZ ik, — k1)K T — K5)
v =
= [ — opllk, — k* +
(= LF + F1 o+ Bk, = k)

X A Ate®1-9)

: i(kl; — k1) (K3 — KD
+
z {(o2 — o)k, — k) + }

j=3
(L—=1)+F)+ Bk, — k)

X A,A%e!®1=¢)
2ik (K2 — 412)
* a;(ki+ 9B + F) + Bk,
— A, A ei00:+49]
ikt + kL) KE—KD)
* [o,[k} + (Il + 2L, + F) + Bk,

[A‘A“sel(«—-‘s)

2ik L,(K3—41})
— AlAs el(o1+ 63)
o[kt + (I, + 23+ F] + Bk,

L[ itk + kK- KD i
a,lk? + (I, + 21,)* + F] + Bk,
2ik I (K2~ 412)
- 4
olk+ (I, + 2LY +Fl+ Bk,

X pild2+es) 4 *

(3.32)

The 0(¢?) problem associated with (2.1), (2.7)
and (2.9) is

: o

— (VO — Fy) + 8 =— T

at ox oT,

x (V2 — Fy®) — J(y®, V2y - Fyd)
—J(y, V2 O — Fytv) (3.33)

Since ¥ and w?® are known from (3.26) and
(3.32), respectively, the inhomogeneity in (3.33)
can be easily evaluated. Contributions which are
resonant with the linear operator either as a result
of the structure of Y and y(? or as a result of the
quartet resonance conditions (3.27) must be
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removed. Their removal yields
dAl
— =id,(Cpy| 4,12 + C31 A2 + C 14,12
dT,
+ Cysl A2 + in A%4%4%

dA,
— =iA(Cy | 4,12 + Cp3l 4517 + C,y 14,12
dT,
+ Cpl A1) + iny A A%AY
dA;
— = iA(C,, 14,12 + Cy,lA4,17 + Cy514,17) (3.34)
dT,
dA4
— = i4,(CylA,12 + Cpyl 4,12 + CiylAs1Y)
aT,
+ inASA%AY
dA

5 .
d_Tz =iAd(Cy,14,12 + Cg;14,1% + Cy;14,)?

+ CgylA1D) + ingATA%AY

The set (3.34) is a tenth order system of coupled
nonlinear equations governing the evolution of am-
plitudes and phases of the five modes concerned on
time scale T,. Equations of this type have been first
derived by Benny (1962) for a quartet of resonan-
tly interacting gravity waves. The coefficients Cj
and n; in (3.34) are all real functions of the wave-
numbers K. Their detailed structure is given in the
Appendix. The terms on the right-hand side of
(3.34) are of two types. Those inside the brackets,
associated with coefficients C, are all real and
represent the turning of the complex wave am-
plitudes A; without affecting their magnitude.
Physically this represents the modification of the
wave frequencies o, resulting from the interactions.
The remaining terms, associated with the
coefficients n, do affect the magnitude of 4; and
therefore describe the energy transfers among the
modes. We note that mode j= 3, which is not a
member of the resonant quartet (3.27), is excluded
from the energy exchange on time scale T,. The
energy exchange among the remaining modes j =
1, 2, 4 and 5 can best be illustrated by the integrals
of (3.34),i.e.,

14,12 = 14,0)12 14,12 — 14,(0)1

n, n,

14,12 — 14,(0)12 2_iA4,0)2
_ ()] _ 4! 5O (3.35)

ny n,
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which show that these four modes form a group in
which growth of one mode must be compensated
for by a decay of another. It follows, if three of the
interacting modes j = 1, 2 and 4 are present
initially, they can generate the fourth mode j = 5,
which here represents the zonal flow, from rest, to
become an order-one mode on the time scale T,.

4, Concluding remarks

The preceding results illustrate the capability of
simple discrete Rossby waves to generate zonal
flows through nonlinear resonant interactions. On
an infinite beta plane this capability is weaker than
in the physically more realistic channel con-
figuration. Zonal currents produced in the channel
geometry bear a close resemblance in spatial struc-
ture to those obtained by the baroclinic stability
theory in this geometry, and contain the gross
features of the observed latitudinal mean wind dis-
tribution in the lower atmosphere. Since the in-
teraction mechanism yields a narrower westerly jet
in the central portion of the channel accompanied
by wider easterly flow to the north and south than
the baroclinic instability mechanism, the combined
picture leads to a stronger and narrower mid-
latitude westerly jet than that produced by baro-
clinic instability alone. A similar effect was obser-
ved in the combined interaction-instability baro-
clinic problem by Loesch (1974). It is felt,
therefore, that the resonant interaction mechanism
may be one of the important mechanisms in
strengthening and maintaining the mid-latitude jet
against frictional dissipation. Furthermore, by al-
tering the structure of the mean flow, the interac-
tion mechanism affects the stability properties of
the atmosphere, thereby influencing cyclogenesis
and shorter term climatic changes.
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6. Appendix

Below are given the coefficients n; and C;in eq.
(3.34):
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(K2—K1—4] )4l —-K)
n,= -
l 210, (Ki+ F)

ko (kyly + kLY(K? + 4LLXKI—K D)

{kz(kzl3 + kgl + 2k,1,) }

2Lo,(K?+ F)

ky(k Ly + kol + 2k,15)
(K% - K§ - 41213)(4@ - Kf)

n,=
21,0,(K? + F)

ok by + ksl )(K2 + 4L1) KT+ K3)

21,0,(K3 + F)

kz(kllz - klll + 2‘k113)
(K} —K*—41L,)45—-K?))

21,0,(K%+ F)

[k,(kzll —k,l, + 2k,1y) ‘

(K} —K%—-4L1,)d5—-K?)
+

2Lo (K} + F)

2k Lk, + kLXK —KY)
ng=

0,(413 + F)
2k (ko + Kyl NK3—K D)
+
6,(412 + F)

(kb — k1 P(KE — KK —2kk,— 21,1)
Cp,=

(K% + F)l(o, — 0, )(K? + K2
+ F = 2kk, — 21,1,) + Bk, — k)]
(kL — ksl DA K — K3)(K 2 — 2k, ky — 21,15)

Ciu=
(Ki1+ F)l(e,— o, XK?+ K}

+ F—2kky— 21,1)+ Bk, — k)]

(kdy + k(K2 — KI(K?— 2k k, —211,)

(K} + F)l(o, —0,)(K2 + K2
+ F =2k .k, + 21,1+ Bk, — k)l
(kyly + kol + 2k 1)K Ly + k)
" (K3 — KK} —K3— 41,1)

(K2 + F)al o,
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C|5 - 2 35—
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(k,, — kL)(K2— K3) (K2 —2kk, — 21,1,)
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(K% + F)l(o, — 0,)(K? + K2 +
2
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{(Kg +F)lo,— o)) (K} + K} + }
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— - k,—k
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O I'EHEPALIUU 30HAJIBHBIX TOTOKOB B3AUMOIEVICTBY[IOMIUMU
BOJTHAMHU POCCBH

C nomowbio KBaszureocrpoduyeckoit GaporpomHoi
MOJEeNIH Ha S-IUIOCKOCTH HKCCACAYETCA TreHepalus
30HAJIBHBIX MOTOKOB PE30HAHCHO B3aMMOIEHCTBY-
IONMMH JHMCKPETHHIMH BOJHaMH PoccOu KomeuHOH
aMIUTATYAB. B ycnoBuax ‘‘kaHana’’, XOrga KOHEYHO
NpoTsAKeHHe obacTd ¢ ceBepa Ha IOr, aHAIH?
noKa3BIBacT, 4TO TpHaza BOJH Poccbu crnocobha
TeHEPUPOBATh 30HANILHOE TEYEHHE 3a BpeMs,
XapaKTepHOe A pPEe3OHAHCHOrO B3aHMOIEHCTBHSA.
Tpo-u3BoauMbIE TAKHM 00Pa3oM 30HAIbHBIE TOTOKH
BLIABISIOT NPOCTPAHCTBEHHYIO CTPYKTYPY, aHAJIOr-

HYHYIO TOM, KOTOpas MONy4aeTcsi NpH MeEXaHm3Me
6apOKIHHHON HEYCTOMIMBOCTH: CTPYyS B LEHTPE
xaHanma u Gonee crnaGeie o6paTHBIEe TeueHus B CeBe-
pHOHt M ¥oXHOH dacTax xaHana. Ecnu MepuamoHans-
Has NPOTKEHHOCTh OONMAcTH Oepércs GecKOHEYHOM!,
TO AMCKpeTHble BOJIHH PoccOM depe3 4eTHIPEXBOII-
HOBBIM pE30HAHCHBIR MEXaHM3M MOTYT TI€HEPHPO-
BaTh 30HAJbHBIE TeYEHHSA CHHYCOMOAILHOM IUH-
poTHOM cTpykTyphl. Macuta® BpeMeHH, TpeGyeMbli
IUIS MX TeHEpauMH, Ha MOPANOK BE/IHYHHEBI OJTHHHEE,
YeM BpeMsl, CBA3AHHOE C YCJIOBHAMHE ‘‘kaHama’’.
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