The structure of non-linear processes

By A. QUINET, Royal Meteorological Institute of Belgium, 1130, Brussels, Belgium

{Manuscript received September, 14, 1972; revised version June 1, 1973)

ABSTRACT

The spectral energetics of a two-layer quasi-geostrophic model of the kind of Lorenz
(1960b) is presented. The model has the channel geometry and is subject to friction and
heating.

It is found that the barotropic transfers between three spectral components of the
kinetic energy are governed by a conservation law similar to Fjortoft’s (1953): the
kinetic energy flows from the intermediate scale towards the two extreme scales or
conversely.

The baroclinic transfers between three spectral components of the available potential
energy involve three individual conservative processes, relating two scales of motion
only, so that a given scale may feed one of the two others and be fed by the third.

The structure of the baroclinic conversions between available potential energy and
kinetic energy is formally similar to the structure of transfers between different spectral
components of the available potential energy. For each set of non-linearly associated
scales, the baroclinic production of kinetic energy is controlled by a function of the
individual conversion rates, the weighting coefficients depending upon the static
stability and the wave numbers of the associated scales.

Obviously, all the transfer and conversion rates are function of the geometry of the

system,

Introduction

The fundamental studies of Charney (1947),
Eady (1949), and Kuo (1949) have identified
two essential mechanisms of evolution of the
atmosphere. The baroclinic and barotropic
instability criteria, however, are derived from
linearized equations. Consequently, the follow-
ing question arises: if two processes are simul-
taneously possible, each of the instability eri-
teria being applied individually to both proces-
ses, what happens to the actual flow. Fluid mo-
tions being usually highly non-linear, the answer
is far from self-evident. For instance, the possi-
bility exists that the intervention of one of the
possible mechanisms of instability at a certain
time merely inhibits the other or, conversely,
that the occurrence of a single one allows the
appearance of the other. Moreover, the situation
may change with time.

Obviously, a better understanding of the
fluid motion must deal with this problem,
which implies the description of the mutual
interactions between different scales of motion.
Several authors, Brown (1969), Fischer & Ren-
ner (1971), Baer (1968, 1971), Simons & Rao
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(1972) have recently contributed to this subject
and reached very iteresting results on the
interactions between a zonal flow and super-
imposed eddies. The lack of analytical instability
criteria is advantageously replaced by a discus-
sion of the energy exchange rates where, fortu-
nately, barotropic and baroclinic processes
remain discernible. In order to depict the system
with satisfactory accuracy, a detailed break-
down of the energy processes is necessary so that
the contribution of the different scales of motion
can be identified. Such a procedure is followed
here for a simple spectral model of the kind
described and used by Lorenz (19605, 1963),
which is energetically consistent, and where we
have been anxious to keep the interactions
between several edd.es and also the connection
between the static stebility and the disturbances,
whereas this is generally overlooked.

We present here only the formal structure of
the various energy processes associated with the
interactions between different scales of motion
and consider this paper as the design of a
potential tool for tne understanding of mnon-
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linear phenomena. Its usefulness, involving
actual computations, is evidenced in another
paper published in this issue of Tellus. (Quinet,
1973).

1. The model

In order to identify easily the different scales
of motion, and to deal with a sufficiently simple
and realistic case, we use the spectral form of
the equations of a two-layer quasi geostrophic
channel.

The behaviour of insulated non-dissipative
models has been found to depend strongly upon
the total energy of the model (Lorenz, 1960a).
An easy way to avoid an a prior: definition of
the energy content is to consider an external
energy source consisting of a thermal forcing
whose intensity may be varied for different
experiences. Moreover, it is then possible to
introduce dissipative processes. Another advan-
tage of such a procedure is that the scale inter-
actions do not only redistribute the energy
between the scales of motion but may also
modify the interaction of the system with its
environment. The quasi-geostropic model de-
scribed by Lorenz (1963) is particularly well
suited to this purpose and will be used in this
paper. For details of formulation, the reader is
referred to Lorenz’ paper; the governing equa-
tions only will be briefly recalled.

The basic functions F; of the spectral repre-
sentation are

Po,0=1
@m0 =V 2008 (my/L)
@m,n = 28in (my/L)cos (nx/L)

tp;,.m = 2sin (my/L)sin (nx/L) (1.1)
where o <z/L <2r, o<y/L<m, nL being the
width of the channel and the x and y Cartesian
coordinate axis being respectively oriented along
and across the channel.

If the non-dimensional spectral components
of the stream function y of the vertically aver-
aged wind, of the stream function v of the verti-
cal wind shear, of the diegence of the wind in the
lower layer Viy and of the vertically averaged
potential temperature @ are respectively denoted
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by y, 1, 0 (¢=1,2,..., N)and 0, (¢ =0, 1,..., N)
the equations of the model are (Lorenz, 1963)

N
pi= 2 fai*(ai—ak) Cinly; v+ v, 7)

J<k=1
~K(y;~7) (1.2)
N
7= ; % fai (a} — i) CygnlT vy + T yy) — for * o,
<k=1
+ Ky, — (K +2K')7, (1.3)
N
= > fCinl0;we—06v) +fo, 0
J<k=1
~H(6,~0,) +Ho6} (1.4)
N

o= — 2 f8w,+ HO,— (H + 2H') o, - Ho;  (1.5)
i=1

0;=‘[[ if a?=t=0 (1.6)
In equations (1.2)-(1.6) the dot denotes a
time derivative, X is a summation symbol, f is
the usual Coriolis parameter (a constant in this
model), —a? is the eigenvalue corresponding to
the eigen function F; of the two dimensional
Cartesian Laplacian operator, 0] are the spectral
components of the thermal forcing and 2K and
K’ (2H and H’) are the coefficients of friction
(heating) at the lower boundary and at the inter-
face of the two layers. If J denotes a Jacobian
and the bar a horizontal average, the interaction
coefficients C;; are given by

Cy—=L'F, J(F,, F}) (1.7)
and satisfy
Com =Ciyy =0
Cisk =Opij= —Cpix = —Ciyg (1.8)

Notice that, according to (1.5), the measure
of the static stability ¢ has been restricted to a
single component g, so that ¢ depends only on
time.

In Lorenz’ study (1963) the spectra of the
dependent variables contain at most two meri-
dional waves, whose wave number m defines the
mode, and one zonal wave with wave number n.
We introduce here three zonal waves n, 2n and
3n for each of the first two modes (m =1, 2). Any
scalar quantity @ is then represented by at most
15 spectral components following

2 2 3
a= Z G oPm.o + Z Z (Gm.jn‘pm,in
m=0

m=1 J=1

+G;n.'!n ‘P’m.!n) (1.9)
Tellus XXV (1973), 6
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were jn takes the values n, 2n and 3n. With the
balance equation (1.6) which identifies the com-
ponents of the vertical wind shear with those of
the mean potential temperature field, the system
is represented, after eliminating the w;, by
thirty independent variables, a,, 0y, y; and 7;
with ¢=1,2,...,,14 and by thirty evolution
equations.

When the distinction between the functions
Pm, n O @m.n in (1.7) is respectively taken into
account by the subscript K, or Lj and the
subscript A4, refers to the functions ¢, ,, the
only non-zero interaction coefficients C; are

CuxlL] 3 Cokiry, Carlil
5 4 8
Ca xlr] 8)/2 .
o et —rl (1.10)
8 157

where r=n, 2n or 3n and

2 3n 21 — 3n 2
CKn "3"—0K" nln CK nKlnLln

n
=Cprpingdr = 2 (1.11)
CrP i =COgpgin 0 =Cg2rgl ot
3n
=Cpppin = o (1.12)
Cgrgn i =Cgl gt 2n=Cglnglnn
4n
=Cppping2r = ) (1.13)
CK2n n 3n~0K%anl‘nL2 O'KSanL?n
an 2 _bn
=Cgngngy = (L14)

It would be tedious to give explicitly the
equations of the model. However, in order to
make things as clear as possible, Fig. 1 (where
waves have been represented by two num-
bers, the first for the mode m, the second
for the zonal wave number n) describes all the
scale interaction types included in the model.
The self-interaction of each wave with a zonal
component of first mode (m =1, n=0) is not
shown.
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.lr—l—"ﬁ

(20) (Lm} {2a}  (12n) [22n) {13n)

el L]

{2,3n)

Fig. 1. Schematic representation of the triple inter-
actions in the model. In each parenthesis, the first
integer refers to the mode, the second one to the
zonal wave number. The self-interaction of each
wave with a zonal component of first mode (1, 0) is
not shown.

2. The energetics of the model

One of the most powerful tools for the study
of hydrodynamic systems is the consideration
of the energy budget equations (Van Mieghem,
1973). These will be established for the model
under consideration.

The spectral form of the kinetic energy of the
horizontal motion (K.E.) can be expressed as

1 M N
r-jolSantsde 5 dute)

i=1 i=M+1

=K, +K; (2.1)
where C =2n2Lip,g-'f* is a scale factor, p,
being the pressure at the lower level and g the
acceleration of gravity. As usual, K, is the zonal
kinetic energy ancl Ky the eddy kinetic energy
when the basic functions F; have been ordered
in such a way that gF,/ox =0 everywhere for
0 <4 <M. Moreover, each term of (2.1) may be
considered as the ¢ spectral component of the
K.E.

For the available potential energy (A.P.E.),
we have

i=M+1

M N
{z #r S e%}=Az+AE (2.2)
i=1

Gy +Com

where A, and A; are the zonal and the eddy
A.P.E. respectively and where (Lorenz, 1960b)

N
2 2 2
Gom =00t z 0;
i=1

(2.3)
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From the definition (2.3) of a,, it can be veri-
fied that for adiabatic non-dissipative flows,
G,m 18 & constant and, hence, is the maximum
value of ¢, when 6, =0 for : =1, 2, ... N. 8o, o,
may be considered as characterizing the strati-
fication of the reference state in the usual defini-
tion of the A.P.E. (Lorenz, 1955). As for the
K.E., each term in (2.2) may be considered as
the ¢ spectral component of the A.P.E.

With (1.2)-(1.6) the energy budget equations

assume the form

24

7:= —0z-Cy—Cup+Gy+ Gz (2:4)
"’% m 0yt CyiCyp+ G+ G (25)
2Kz =Cy-Cg-Dy, (2.8)
at

QgE—CE+oK Dy (2.7)

where the different terms may be given the
following interpretation:

M
Cp= -Cf Y 6,0, (2.8)
=1
is the conversion rate of A, to K,
N
Cg=-0Cf 2 6w (2.9)
i=M+1
is the conversion rate of 4; to K,
2Of M N
Cy= - 0 C(0 0
A Got o 2; tk%d (05 i — Orc )
(2.10)
2Cf N N
= ] Ci(0,9,— 06,
Ua+0ami=%+1 ’;<§=1 (0, Wi — Or )
(2.109)

is the transfer rate of A, to Ay resulting from
sensible heat advection,

Cur= ~
(Ga+aam) l=1

35732899
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Cf N N
- 2 0129/61(91 6; ;)

(Uo+gom) i=M+1 j=1
(2.11°)

is the transfer rate of 4, to A, due to the evo-
lution of g,,.

2c XM
Gz=- Z Hot(O;'= ‘91)

2.12
O+ Oom i=1 ( )

is the generation rate of A, by external heat-
ing,

20 L
Gp= - > Ho,0f -9,

Cot Oom t=M+1

(2.13)

is the generation rate of Az by external heat-
ing
C

Gzp=—"""
Gom(To + Oom)

{H(e;‘ ~6,)+(2H’ +H) g,

Z 9,(0;

M

;)} 260 (2.14)
Uom +0, -1 i=1
is the generation rate of A, due to the influence
of non-adiabatic effects on ¢, and the reference
state,

C
Ggp = {H(B: —90) +{2H’ +H) Oy
aom(”o + Uom)
N
So0-00} > ot @1
aom+‘701 1 i=M+1

is the generation rate of A, due to the influence
of non-adiabatic effects on ¢, and the reference
state,

M N
Cg=-Cf Z” % (@} @) Condwilwy vi+7,7)
i= <k=1

+ 7Ty vt Tew)} (2.16)
N N
=Cf 2 2 (af -a}) Cudwilvive
f=M+1 j<k=1
+tirk)+11(tj'/’k+‘rk!/)])} (2.16%)

is the transfer rate of K, to K,

M M
D,=CK D d(y;~7,)* + 20K’ > af -1}
i=1

i=1

(2. 17)
Tellus XXV (1973), 6
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is the dissipation rate of K, by friction,

N N
Dy=CK > al(y;—7)+20K > al:f
i=M+1 i=M+1

(2.18)

is the dissipation rate of Kj by friction.

Let us mention that the condition of conserva-
tion of the total energy of the insulated non-
dissipative system allows the formulation of the
rules that the truncation of the serial representa-
tion of the various fields must satisfy. Here,
energetic consistency is achieved by simply
using the same type of development for y, 7, 8
and Vty. This may not be the case for other
models, especially when the Coriolis parameter
is no longer constant.

Let us now discuss the influence of scale
interactions on the energy budgets. These inter-
actions generate two kinds of terms; those in-
cluding the zonal flow (1 <¢<M) and those
involving pure scale interactions between three
different eddy scales (M +1 <¢ <N).

From (2.10’) and (2.16’) it can be checked that
pure scale interactions give a zero net contribu-
tion to 4 and Cg. In addition, interactions of
each scale with the zonal fields modify both the
eddy and zonal portions of A.P.E. and K.E. by
altering the transfer rates €, and Cy. However,
the total A.P.E. and the total K.E. are individu-
ally conserved.

Moreover, each scale contributes to C; and
Cr representing the (baroclinic) conversions
between potential and kinetic energy. This
process is such that the sum of AP.E. and
K.E. is conserved. When considering the role of
eventual supplementary scales of motion, it
must be stressed that they do not only add
extra terms to (2.8) and (2.9) but imply a modi-
fication of the previously existing terms also.
This is obvious because the dependent variables
w; should be expressed in terms of all the
independent variables y;, 7; and o,,.

3. Spectral energetics

We discuss now some specific terms of the
various energy conversion and transfer rates
defined in the previous paragraph. To specify
the particular interactions which may be con-
sidered, reference is made to Fig. 1.
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(a) The transfers between spectral components
of K.E. (2.16) or (2.16")

As the differences a} —a}, to be associated with
the non-vanishing C;; (1.10) in (2.16) and
(2.16") are all zero in the case of transfers
between the zonal flow of first mode (m =1,
n =0) and any single wave n, 2n or 3n of first
or second mode (m =1 or 2), this process does
not take place in the present model. This, as
mentioned by Lorenz, already appears in (1.2).

For transfers between three different scales
(2, §, k) of motion. two possibilities do exist. In
a first case (upper connections in Fig. 1), one
of the three secales (7, 7, k) is the second mode of
the zonal flow (m =2, n =0) and the associated
energy transfer consists in a transfer between
K, and K;. A second type of transfer process
(lower connectiors in Fig. 1) involves three
scales of the edcdy motion and consists of a
transfer between components of K.

Using (2.16) for Ck, this latter type of process
is represented by

K K
("’avj) - Cf(a}-al) T (3.1)
(%Kf), = Cf(ak-a) T (3.2)
Ki\" _ oot o
( - )k Cf(a}-a}) T (3.3)

where

T= jZ;Cuk(w; VP VT T F W T T YT Ty)s
<
(3.4)

( ); denotes the contribution of scale ¢ to the K
budget and * recalls that interactions between
scale 7 and only scales § and k are considered, the
symbol £’ meaning a sum over all terms charae-
terizing these interactions. Obviously, the pro-
cess is conserving Kz. When one of the three
scales is the zonal flow of second mode (m =2,
n =0), (2.16") gives rise to two budget relations
only, the third one appearing in (2.16). The
global process in this case is conserving the
total K.E.
Ordering the a,’s in such a way that

al<ai<al (3.5)

(3.1)—-(3.3) show that the barotropic K.E. trans-
fers are such thet the energy flows from the
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intermediate scale towards the extreme scales
or reversely as in the case of a purely barotropic
flow (Fjortoft, 1953). Hereafter, scales ¢, j and
k will always be considered as ordered following
(3.5).

(b) The transfers between spectral components
of A.P.E. (2.10) or (2.10")

Direct transfer of zonal A.P.E. of first mode
(m =1, n =0) into eddy A.P.E. is now possible.
For instance, the transfer rate of A.P.E. between
scales (1,0) and (1, r) deduced from (2.10) is

() -2

&t /10 O,t0,,

O’A1 L] 0,,6(0,,, 'Pi. r— oll. T WT. r)

By virtue of (1.10), C, gr;r<0, so that
if 6,,>0, zonal A.P.E. of the first mode is
transferred to eddy A.P.E. of scale (1, r) if the
temperature field (1,r) lags behind (upstream
from) the stream field (1, r).

For the general case of A.P.E. transfers

between the three scales (4, §, k), we get from
(2.10")

2A\*  2Cf
(—E) - (T, -T,) (36)
ot Jj O+ Oopy
A\ " 20Cf
(J) = (-T,+T, ) (3.7)
ot i Oy +0om
2A\*  2Cf
(—E) = ~T,+T,) (3.8)
o [ Oyt0,,
where
T~ Z:k Cixc 0,0,y (3.9)
T, - Z; Cine 83 0r s (3.10)
Ty= 2" Cin6rc 0 (3.11)
i<k

where £’ and ( ){ have the same meaning as
previously. Obviously the transfer process con-
gerves the sum of A.P.E. contained in scales ¢, 7,
and k. The transfer rates are now inter-connected
by pairs so that there is not a definite direction
for energy transfers from (towards) the inter-
mediate secale towards (from) the two others as
for the barotropic transfers of K.E. Nevertheless
equations (3.6)—(3.8) make possible the identi-
fication of individual transfer rates between two
scales of motion only. Moreover, the explicit
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form of (3.9)-(3.11) allows also an interpretation
of the non-linear evolution mechanisms in term
of the flow configuration. For instance, in the
case of scales

1=(2,0), j=(1,3) and k=(2,3),
we have, with

a=C g1 <0,

T1=“62.o(01.s 'l’é.li—e;.“l’z.s) (3.12)
Ty =, o0, 4025—6130,5)  (3.13)
Ta:“ez.o(oz.a'/’;ﬁ‘e;.fi'l’l.a) (3.14)

Accordingly, assuming 6,,>0, A.P.E. of
scale (1,3) is transferred towards A.P.E. of
scale (2,0) (7', >0, see eq. (3.6)) if the wave
(2,3) of the stream field lags behind the wave
(1,3) of the temperature field. The 7', and T,
terms allow analogous interpretations of the
transfers between scales (2,0) and (2,3) and
between scales (1,3) and (2,3).

(c) Conversions between A.P.E. and K.E.
(2.8), (2.9)

In (2.8) and (2.9), the partition among the
different scales is very clear. However, the
influence of scale interactions is hidden. There-
fore, and though we are aware that such a pro-
cedure is always more or less artifical, we modify
(2.8) and (2.9) in such a way that scale inter-
actions appear.

Using (1.4) to express w;, substituting then in
this expression 7, for §, in accordance with (1.6)
and finally taking into account (1.3) for 7; we
get
Cfo =—“?—0fo % Cyai *(af - af;

0= T ij<k-l[ e @ (ay - ak)

oW

% (T Wi+ T Wy) ~ Cujue(05 91— Orc 5]

a}

c
— §{Ky, — (K + 2K’
1+ aoa? v, 0Ky, — (K + )7

+H(®,-967)] (3.15)

The contributions of all scales of the horizon-
tal motion to the i-component of the vertical
motion ; appear in the first bracket at the
r.his. of (3.15). The second square bracket
represents non-adiabatic effects and will be left
out of consideration here. The second term of

Tellus XXV (1973), 6
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the first r.h.s. square bracket gives a contribu-
tion which is proportional to the transfer (2.10)
between different components of the A.P.E.
Consequently, conversions between A.P.E. and
K.E. imply also transfers between different
components of A.P.E. and reciprocally.

From (3.15), the adiabatic contribution (8, w;)*
to the conversions 8;w; associated with the ¢, §,
and k scale interactions may be written

—(Oiw:)*=(1+00a12)“1{ BT, ”ﬂsz}
(3.16)

_(eiwj)*:(l'“’o“?)il{_53T1+ﬂst }
(3.17)

—(ﬁkwk)*:(l+o'oa?c)_]{ _ﬁxTﬁ’f}aTa}
(3.18)

where, according to (3.5),

2 2 2 2 2 2
Bi=0i+a;—a;>0, B,=a;+aj—ay20,

ﬂa:a?+ai —a?>0

and where T, T, and T, have been defined in
section b.

According to (3.16)—(3.18) a conservation law
expressing a constraint on the possible conver-
sions of the A.P.E. involved in the three non-
linearly associated scales ¢, § and k into the
K.E. of these scales may be written

(1+0,0))7  (1+0,a8) " By(6; )*
+ (L 0,0%) 7 (1+06,a]) 7" B,(0; w))*

+(+o,a)7' (1 +aoa?)_1ﬂ2(6kwk)* =0
(3.19)

Considering the particular case of the inter-
action between scales (1,0) and (l,r), it is easy
to see that when 6, , >0, zonal A.P.E. is con-
verted into zonal K.E. if the wave (1,7) of the y
field lags behind the wave (1,7} of the 6 field.
The reverse holds for conversion of eddy A.P.E.
into eddy K.E., a classical result of the theory
of baroclinic disturbances. Recalling the results
obtained in section (b), it appears that baro-
clinic processes involving fields (1,0) and (1,r)
lead to one of the following energy chains

K,«A,«Ap«Kg (3.20)
or

K,~>A4,>A4;—~>Kg (3.21)

Tellus XXV (1973), 6
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Note that neither of these chains corresponds
to the atmospheric case where it is known that
A, feeds both K, and Ag. It should be recalled
that the atmospleric energy cycle depends also
on the terms in the second square bracket on the
r.h.s. of (3.15) and namely on the thermal fore-
ing terms, proportional to the generation of
A.P.E,, allowing conversion of zonal A.P.E. into
zonal K.E. In this respect, it can be concluded
that balanced baroclinic models which are free
of thermal forcing give rise to unrealistic atmos-
pheric energy cycles at least as far as inter-
actions with the zonal flow of the first mode are
concerned.

In the case of scales ¢=(2,0), 7=(1,3) and
k=(2,3), the energy chains are represented on
Fig. 2. The direction of the arrows corresponds
to positive values for T', T, T, and T'5. Accord-
ing to Fig. 2, the baroclinic processes between
two arbitrary eddy scales [ and m are linked
following

K,»4,-A4,-K, (3.22)
or conversely. Likewise, Fig. 3 represents the
energetic structure of the interactions between
scales 7=(1,3), §=(2,3) and k=(1,6). As a
consequence of the scale depending coefficients
in (3.16)—(3.18), Fig. 3 differs from Fig. 2 and
the energy chains between scales (¢) and (k)
or () and (k) are now of the kind

K,<A,~A,~K, (3.23)
K 1,3 -~ A(13)
T
T T.
\ . ,/1
T K200 ™ A(2,0) T,
T3 V;
T;
Ki2,3) == Ai2,3)
T2

Fig. 2. Schematic ropresentation of the simultaneous
exchanges between the (2, 0), (1, 3) and (2, 3) spec-
tral components of the kinetic energy K and the
available potential energy A associated with the
interactions betwesn the (2, 0), (1,3) and (2, 3)
scales. T refers tc the barotropic kinetic energy
transfers, 7', T, and T, to the baroclinic energy
transfers and conversions. (See equations (3.1)—(3.3),
(3.6)—(3.8) and (3.16)—(3.18).) The direction of the
arrows corresponds to positive values of T, Ty, T,
and T',.
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TZ
-
Ki2,3) o Ai23)
T, 7o
\ T,
T.| /
T K13 A(1,3) T,
T3
NG
T
K(1,6) 2 Al1,6)
LP}

Fig. 3. Same as Fig. 2 but for scales (1, 3), (2, 3) and
(1, 6).

or conversely where [ stands for ¢ or § while an
energy chain of type (3.22) is maintained be-
tween scales (7) and (j). Figs. 2 and 3 are the
two sole possibilities of a distinctive behaviour
depending on the size of the interacting scales:
Fig 2 corresponds to af +a} >a} while Fig. 3
corresponds to a? +a? <al.

Summary

The spectral form of the energy budgets
involves two classes of interaction terms: 1)
interactions between a zonal scale and one or
two eddies; 2) interactions between three eddies.

Each type of energy transformation is gov-
erned by a conservation law for each set of in-
teracting scales.

Barotropic transfers of K.E. ((3.1) (3.2) and
(3.3)) between three interacting scales are
expressed by a single common triple product T'
of the y- and 7-field components and by specific
coefficients depending upon the wave numbers
of the interacting scales. The exchanges are

543

from the intermediate scale towards the extreme
scales or reversely. This generalizes to the model
considered, Fjortoft’s result for barotropic flow.

In transfer processes between three different
spectral components of A.P.E. ((3.6), (3.7) and
(3.8)), the transfer rate of each scale is made of
two parts and in such a way that the interacting
scales are connected by pairs. Consequently and
contrary to barotropic processes, one scale may
simultaneously feed another scale and be fed
by the third one. The conversion rates do not
explicitly depend upon the wave numbers but
upon the static stability.

The baroclinic conversions between the spec-
tral components of A.P.E. and K.E. ((3.16),
(3.17) and (3.18)) have a structure similar to the
A P.E. transfers except that wave numbers play
now an explicit role. Obviously, these conver-
sions conserve the sum of A.P.E. and K.E. But
there also exists a conservation law concerning
only the A.P.E. or the K.E. involved in three
non-linearly associated scales. This constraint
upon the baroclinic production of K.E. appears
as a weighted function (3.19) of the individual
conversion rates, the weighting coefficients
depending both upon the wave numbers and
the static stability.

Finally, it must be stressed that an increase
of the number of spectral components in the
representation of the fields of motion not only
introduces supplementary individual conversion
and transfer rates but also implies a modifica-
tion of the previously existing ones. The crucial
point of non-linear mechanisms is that there is
no guarantee that these modifications are weak
when the supplementary scales are weak. This
is more particularly evidenced in an accompany-
ing paper published in this issue of Tellus.
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CTPYKTYPA HEJIMHENHBIX [IPOIJECCOB

IlpencraBieHa crneKkTpalbHAasA SHEPreTUKA ABYX-
cloiiHON KBasureocrpoguyeckoit Momesm THUMA
Moaenn Jlopenna (1960B). Mopmenb umeer reo-
MeTpHI0 KaHaJla U IOABEp:KeHa TPEHMI0O U Ha-
rpeBanuio. Haitmeno, uro GaporponHHil o6Men
MeX[Iy TPeMA CHEKTPAIbHBIMM KOMIIOHEHTaMU
KUHEeTHYeCKOll SHepruM ympaBiAeTCA B3aKOHOM
COXpaHeHHd, aHAJOIMUHHM 3aKoHY dbopTodTa
(1953): kuHeTNYeCKAA PHEPIHA TEYET OT IIpOMe-
HMYTOUHOro Macmraba kK JBYM IpefeibHHM
macmTaboMm, nam Haobopor. BapoxnunHBK 06-
MEH MEeKAy TpeMA CIHeKTPaJIBHBIMM KOMIIOHCH-
TaMM JOCTYNHOH MOTEHLHANBHONI SHEPIMH CO-
IIPOBOMKIAETCA TpeMA HHINBUAYAJIBHBIMM IIPO-
1leccaMu COXpaHeHUs, CBA3HIBAIIIMMU TOJBKO
aBa mMacmraba, Tak YTO JAHHBIA MACIITAG MOMET

Tellus XXV (1973), 6

OTAaBaThb BHEPIHI) ONHOMY M3 [BYX APYFUX M
MOJNy4aTh ee oT TpeTbero. CTpyKTypa 6apoKIMH-
HbIX NpeBPAlleHBH MeMAy AOCTYOHONU INOTeH-
LMaJAbHOW SHepruell ¥ KUHETHMYECKO! sHeprueit
dopmaapHO mogofHA CTpyKType oOMeHa MeXAY
PA3JINYHEIMA  CIEKTPAJBHBIMM  KOMIOHEHTaMH
JOCTYHHO MOTeHINaNbHON sHeprum. Jna Kam-
aoro HaGopa HeJWHeHHO CBA3AHHHX MaclwTaboB
6apoKIHHHOE IPOM3BOACTBO KHHETHYECKON BHep-
THU KOHTpPOJHMpYercda HekoTropoil gyHKiuel nH-
AMBHAYAJIbHBEIX CHOpPOCTEHl mpeBpallleHWi, NpHU-
4YeM BecOBHE KO3()pHUIIMEHThl 33aBUCAT OT CTATH-
YeCKOM YCTOHYMBOCTM M BOJHOBHIX YHUCET CO-
OTBeTCTBYIOIIUX MacimTab6oB. Bce QpyHKuMEM ne-
peHOCa M CHKOPOCTH TIpeBpAIlleHMll, OUYeBMJHO,
3aBUCAT OT eOMEeTPUU CUCTEMEI.



