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ABSTRACT

A two-level, quasi-geostrophic long-wave model based on spherical coordinates was developed with the
explicit part belonging to a low-order model. However, it includes not only diabatic heating, Ekman fric-
tion and mountain distribution, but also parameterized forcing effects of transfer properties of transient
eddies.

Experiment results showed that, duc to thc introduction of the paramcterization of transfer properties
of transient eddies, remarkable improvements on characters of low-order model had been obtained. In
addition to its economization in calculation and conciseness in physics as in a low-order model, the long-
wave model was shown to describe the energetics and angular momentum balance of the atmosphere much more
reasonably, and to present the features of zonal mean weslerlies and stationary waves much more correctly
than the corresponding low-order model. This kind of long-wave model was therefore regarded as suitable
for theoretical research and numerical modelling of some aspects of the general circulation of the atmosphere.

1. INTRODUCTION

Numerical weather prediction (NWP) emphasizes on simulating the real evolutions of
atmospheric circulation. Information obtained from NWP based on precise initial fields
and on sophisticated dynamical and physical frameworks is almost as complicated as those
observed in the real atmosphere, and can hardly help us in understanding causes why at-
mospheric motions evolve. Comparison experiments based on general circulation modelling
(GCM) can give some perspective mechanism on the atmospheric motions. However, the
quadratic relation between transferring and transferred quantities, the nonlinear interaction
between dynamic forcing and thermal forcing, and the feedback between inner variables and
external parameters make the physical pictures of mechanism blurred. Dynamic investigation
requires another category of model which is able to reveal cause and result conveniently.

Platzman (1960) proposed the concept of low-order model (LOM), and Lorenz (1960)
obtained the maximum simplification principle for the equation system of atmospheric mo-
tions. By only specifying a few modes, this equation system can be reduced to a limited
number of tendency equaton of spectral coefficient. Therefore, LOM is economic in cal-
culation and concise in physics. During the last decade, the application of LOM has great-
ly accelerated the development of nonlinear dynamics.

However, it is readily shown that LOM cannot correctly describe the balance of at-
mospheric angular momentum and the maintenance of zonal mean westerlies. In the atmos-
phere, the direct energy conversion between zonal mean potential energy and kinetic energy
(K) is very weak. Frictional dissipation reduces K constantly. Part of K is converted
to wave energy due to the work done by negative mountain torque. The development of
planetary waves during upward propagation also abstracts energy from K. Therefore,
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zonal mean westerlies must be maintained by other kind of mechanism. Stationary waves
with synoptic scales can supply cnergy to zonal flow. However, angular momentum transfer
by even total stationary waves is only one third of that by transient eddies (Oort and
Rasmusson, 1971). Therefore, the maintenance of zonal kinetic energy depends mainly
upon the energy conversion by transient eddies. Such mechanism is neglected in LOM
and rcplaced by a given forcing source.

Based upon the theory on parameterization of transfer properties of baroclinic transient
eddies devcloped by Green (1970), White and Green (1982) proposed a §-plane long wave
model. Since p-effect is important in the dynamics of global general circulation, it should
be inciuded into the model in order to tackle global problems. Considering the constraint
of atmospheric angular momentum balance, Wu (1983) developed a long wave spectral
model (LWM) based on spherical coordinates. The most outstanding feature of this long
wave model is that its explicit framework is basically that of a corresponding low-order
model (LOM), while its implicit part represents the effects of transfer properties of tran-
sient eddics.  The introduction of the cffects of constraint of angular momentum balance
and the mechanism for the maintenance of westerlies makes L'WM not only posscss the
advantages of LOM such as cconomy and conciseness, but also overcome to a large extent
the disadvantages of LOM as discussed at the beginning. After a LWM is designed in
Section 1I, its energetics is analysed in Section II. In Section 1V, comparisons of results
from the LWM with those from observations and general circulation models are given,
Comparisons between LWM and LOM are presented in Section V. Finally, the possibil-
ity for further developmcnt of LWM is discussed in Section VI,

II. BASIC EQUATION SYSTLEM

In order to correctly describe the balance of atmospheric angular momentum, a model
atmosphere should have the ability to reasonably present the g-cffect and the zonal distri-
bution of Richardson Number., One way to achieve this is to build a long wave model
based on sphericul coordinates rather than g-plane approximation. 1In doing so, the transfer
coefiicicnt # of baroclinic waves must be carefully dealt with (see Wu and White, 1986).

1. Model Development

In quasi-geostrophic {ramework. vorticity and thermodynamic equations can be cxpres-
sed respectively as

D=1 -v-(ve), o
D N* ay P oxa’s
B e ) v )

where the term involving primes denotes the covergence of transient eddy flux, representing
the forcing effect of transient eddies on zonal mean quantities and stationary waves. Bous-
sinesq approximation is adopted here since it simplifies problem and will not distort moun-
tain torque in angular momentum balance (Wu, 1984). Instead of prescribed heating, the
Newtonian heating is employed in the thermodynamic equation (2) since in the real at-
mosphere, the distribution of heating source and sink is not only the cause, but also the
result, of the general circulation of the atmosphere. The reason why we can deal with
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stationary and transient eddies separately lies in the fact that the wavelength of the most
unstable baroclinic wave is at least twice smaller than that of resonant waves. In addition,
the excitation and behavior of these two kinds of eddies are quite different. Stationary
waves are generated mainly by external forcing and amplified during upward propagation
towards the stratosphere, whereas synoptic scale waves are excited mainly by baroclinic
instability and evanescent in the vertical.
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Fig. 1. Vecrtical resolution of the model atmosphere. Mechanical forcing is exerted at the surface;
thermal forcing, at the interface between the two layers; and vorticity forcing, at levels 1 and 3.

The model atmosphere is divided into two layers in the vertical with equal depth (see
Fig. 1). The upper boundary at 2=/H =10 km is taken as a rigid lid. This may reduce
poleward heat transfer (Shutts, 1978), but will not affect the problems to be treated below.
Egs. (1) and (2) are written respectively at odd levels and the interface. Vertical motion at
lower boundary w, is considered to result from orography and Ekman pumping and
suction, i. e.

w,=V - Vh+aViy, (3)
where a=(x/2f.)""*, it is eddy viscosity coefficient, and A is mountain height. Quanti-
ties at lower boundary with subscript “o” are extrapolated from those at levels 1 and 3.
After laborious manipulations and non-dimensionalization, we can obtain

viat=- STV ) I (60572620 T= T (P — peon)
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where ¢ =¢s— 9., Ppu=1.+¢., quasi-geostrophic potential vorticity
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non-dimensional coefficient

2 2 P
ul=%a{7, Rdegﬁ-, r*=:(:)', n=ffj’%, f=2sngp=2x,
and non-dimensional Laplacian and Jacobin operator are respectively
vV:i=a'V', J(A,B)=a"J(4,B).
Mountain itself does not generate or dissipate total kinetic energy. Therefore, the wind
employed in thc mountain terms in Eq. (4) is at level 1 rather than at the surface so that
the consistency of the difference scheme is obtained.

2. Model Solution

In an isolated frictionless system with uniform surface, the quasi-geostrophic potential
vorticity g is conserved, its eddy flux can then be parameterized by using Green’s (1970)
theory. We then have

V'.q'.=—K:qun(i=1,3), (6)
where non-dimcensional transfer coefficient «* =g7*Q« (@), which reaches the maximum
at 35°N and vanishes at the equator and poles. It is readily shown that such parameteri-
zation results in direct dissipative effect of transient eddies on stationary waves. However,
as we will see later, the indirect effect of transient eddies via mean flow on the intensifica-
tion of stationary waves is morc important. Substituting Eq. (6) into (4), we obtain

0% u
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The functional forms of G, and G, arc referrcd to Wu (1984). Upon choosing spherical
spectral function as base function, thc variables ¢, ¢, and forcing functions ¢, and p
can be expanded as

b \ Au(t) B () )
$. ) as(t) ) {b',?(t) , (pom
7 —2”] Z SAn(E) COSm/H-\ SBI) sin mA JP..(x), (8)
n RAT(t) \ 6B (¢)
w* =k Pi(x) (i=1,3). S (9)

The constant %, correspondes to «,=4x10°m’s™', g, =pk,, and the value of p is
determined by the constraint that the sum of frictional torque 7'} and mountain torque
T}, over the whole hemisphere is zero since in a long period, atmospheric angular momen-
tum is conserved, and no nct generation is required, i. e.,

o
\ (T} +T3)dx=0. (10)
L0

P (%) in formulas (8) and (9) is the normalized associated Legendre function determined

by the Rodrigues formula

2 1 — 1 e (1—xi)™ derm™ ]
e mt] : 2"9:;1) derm (7 1)" (11)

2(n+m)!

Pi(a)=|

In order to trace the connection between physics and the model results as clearly as possi-
ble, we try to avoid dealing with a complicated model. According to the maximum
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simplification principle (Lorenz, 1960), we choose two modes P! and P¢ for the zonal mean,
and four modes P!, P!, P} and P: for the zonally asymmetric part. From (7) to
(11), we may obtain 20 prognostic equations

An(t) F,
Br(t) 'F. ,
, = (A, By disb; SAY, SBRh AW, hBYs p), (12)
as(t) F,
63(¢) F,
and one constraint on angular momentum balance
p=(—d./dy) +d,. (13)

The functional forms of F;(i=1—4),d,,d, and d, are referred to Wu (1984). System
(12) and (13) contain 21 equations and 21 variables, and can be solved numerically. In
order to guarrantee computational stability, time forward difference is applied to frictional
term and the term representing transient eddy effects (see Wu, 1984). The temporal incre-
ment is taken as 6 hours. All integrations arc started from a resting atmosphere and carried
to a quasi-steady state until the scquential intcgraied valucs of p at the (7 +1)th time step
salisfy the accuracy requirement

| pitt—pi| <107, (14)
It has been shown that such quasi-steady statc of wave motion is consistent with theoreti-
cal solutions of stationary waves provided that the zonal flow is the same (Wu, 1986).
Results from this state, referred to as the model atmosphere, are diagnosed in Sections
IV and V.

11I. ENERGETICS OF THE LONG WAVE MODEL
Let the total kinetic energy K and potential energy A respectively be

1 : :
=4j UAgul*+1Vys]*)dm,
M

: (15)
v* A
= tdm.

2 S $ocm
Separating these into parts of zonal mean (K, A4) and perturbation (K*, 4%), then after
some calculations, one can obtain the following energy equations:

dA - « S, o e
ht—?cm_,q )-C(4-K)-C.(A-K)+G,

dﬁ:_C(Z_A*)_C(A:}:_K:::)_C’(A:::__K:X:)_I__Gs,:,

) K (16)
g =C(K*~K)+C(A-K)+C(A-K)—-Cy(K-K*)—-D-D,,
dK*

S =—C(K*—K)+C(4*—K*) +C,(4*— K*) +Cy(K — K*) = D*— D,

where, C(x— y) represeats the energy conversion from the form of x to that of y; G.
generation; D, dissipation; subscript # denotes contributions from transient eddies. C (K
— K'*) is the kinetic energy conversion due to orography, and is equivalent to the “primary
source” defined by Eliassen and Palm (1960). Other terms in the equation possess the
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general meaning as in ordinary studies of atmospheric energetics by, for example, Oort
(1964), Oort and Peixoto (1974), Peixoto and Oort (1974), Holton (1979), and Yao (1980).

1. Direct Dynamic Effect of Orography
In Eq. (16), CM(IT—K*):—\ 0of o, v h*ds, where S is the hemispheric area.
Notice that mountain torque 7, = fup(,ug “ then

Cu(K—K%)= =\ a,z.ds. (17)

At the surface, vertical wave energy flux (or, EP-flux) can be written as

Pru* =17, Pz‘aai;=~w,,,. (18)

Therefore
cM(K—K*%\ Prwt ds. (19)

Equations (17)—(19) show that, the work done by negative mountain stress upon basic
flow equals just the upward wave energy flux, and their area integral over the hemisphere
amounts to the energy conversion from zonal mean kinetic energy to perturbation kinetic
energy. Such orography effect will not alter total kinetic energy as evident in Eq. (16).

H
However, this mountain stress can reduce the westerly angular momentum Hacosqdz,
E= . o @

since over the whole hemisphere §

’;'llfg Hdsz} TmacoSpds +other terms, (20)
s S

and since 7,<0 (refer to Wu, 1984). This is simply because perturbation velocity does
not contribute to total angular momentum. Therefore, when westerlies are changed to
perturbation winds as impinging upon orography, although their total kinetic energy is
conserved. their total angular momentum experiences a net loss.

2. Effect of Transient FEddies

The LWM energetics expressed by Eq. (16) can be exhibited by Fig. 2b against that of
a complete GCM shown as Fig. 2a. Compared with LOM, the energetics in LWM in-
cludes additional terms, i. e. dissipation terms D,, D* and conversion terms C,{4—K)
and C,(4*—K¥*). The latter two terms, i. e.

C,(A—K) =~%§” 000" a—ac;—(ﬁdm

(21)

Colar—KkN ==5| (Vie§)*-vag*dm
are functions of transfer coefficient x. Obviously, the transient eddy transfer of transient
enthalpy down the gradient of zonal mean (stationary perturbation) enthalpy results in the
release of zonal mean (stationary perturbation) enthalpy and then maintains the zonal
mean (stationary perturbation) kinetic energy. These behave in the same way as in the
real atmosphere (Lau, 1979), but are excluded in LOM. There is no doubt that the energe—~
tics of LWM is much more reasonable than that of LOM,
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Fig. 2. The energetics of the atmosphere, —, %, and *> denote respectively quantities associated with
zonal mear, stationary waves and transient eddies. (a) General circulation model; (b)
long-wave model.

A complete GCM energetics (see Fig. 2a) also contains potential energy A" and kinetic
energy K’ of transient eddies, and the associated energy conversions. Firstly, we notice
that the mathematical expressions of the terms @,G*,D,D*,Cy(K —K*),C(A—A*),
C(A4—K), C(4*—K*) and C(K~—-K%*) in GCM are respectively identical with
those in LWM. In addition, the expressions of C(A—A4") and C(4*—A4") in GCM
are the same as C,(4—K) and C,(4*—K™*) in LWM respectively. Therefore, energy
balance for A and A* in these two models, ie. GCM and LWM, is mathematically
identical. Secondly, from the point of view of slantwise instability, when a potentially
warm parcel moves upwards and northwards along a trajectory with its slop smaller than
that of isentropic surface, sensible heat is transferred upwards and northwards simulta-
neously. Thus, C(A—A4) and C(A4 —K') happen almost simultaneously, and so do
C(A*—A4") and C(A'—K'). These make it feasible to combine 4 and K’ as a unity
of total transient eddy energy E’. Therefore, from the standpoint of energy budget, the
behavior of zonal mean flow and stationary waves in LWM and GCM could be re-
spectively identical provided that the following conditions are satisfied:

{C(K,_ f)chz[C, (1‘—1‘— I?) —l—)t]L;rM,
C(K"‘Kﬁz)cc)l!:[ct(A*“K*) —DT]LWM-
The right hand sides of (22) are all functions of transfer coefficient #. Therefore, the
justification of (22) depends on the choice of «. In other words, the reasonable choice of
k¢ is the key to the design of a long wave model. For the sensitivity of LWM to the
choice of «, readers are referred to Wu and White (1986).

(22)

Iv. COMPARISON BETWEEN RESULTS FROM LWM AND FROM GCM AND OBSERVATIONS

1. No Mountain Model (NOM)
In Eq. (12), let
hAR=hB7=0;
SA; =—22K/T,,SAY=3K/T,,
Sl =—10K/T,,8B;, =—15K/T,,
SA; =37K/T,,SA: =5K/T,,
where T,=2f,Qa°K'=1750K is a constant temperature measure. At steady state,

(23)
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the distribution of diabatic heating of the model atmosphere determined by (23) resembles
the average state of northern hemispheric winter.

Fig. 3 shows the latitudinal distributions of surface frictional torque in LWM atmos-
phere in comparison with analyses. Results of Priestly (1951) and Kung (1968) are adop-
ted since a drag coefficient C4=0.0016 over oceans was employed in their calculations so
that the results are logically more comparable with those from no mountain model. Based
on sea surface data, Hellerman (1968) obtained similar results as Priestly’s. Fig. 3 shows
that the intensity as well as distribution of frictional torque in the LWM are very similar to
those obtained from observations. The latitudinal distributions of eddy angular momentum -
flux are shown in Fig. 4. This transfer in LWM is weaker. In addition, since polar easter-
lies can not exist in a model with only zonal modes P? and P¢, the equatorward flux in
high latitudes disappears, and the mid latitude maximum is shifted northwards by about
5 degrees. These can be solved by introducing new base modes such as P7. In view
of the high truncation of the model, results from Figs. 3 and 4 are indeed encouraging.

Latitude Latitude o—o Priestley (1951
90 Priest] (19 80 »een Buch (1954)
o0 Yriestle
Y 5D »—x Holopainen (1967)

—2 Kung (1968) . o o)
----- as
L 60 c— LWM . Oort musson (197
— L WM

Fe
v A 3

Fig. 3. The mean zonal eastward torque per 5  Fig. 4. The poleward transfer of westerly angular mo-

latitude belt exerted upon the atmos- mentum by eddies in the LWM case and in
phere by surface friction in the LWM the real atmosphere. The estimate by Priestley
case and in the real atmosphere. Units comes from the requirement of balanc of angular
in Hadley (10'* kg m? s~?). momentum. Units in Hadley (101%kg m?* s~2).

2. Mountain Model (MTN)

Upon introducing the M-forcing given by
hA? =—100m/H .,
hA' =—830m/H., hB.=20m/H,,
hA, =—100m/H,, hB,=—500m/H,,
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hA; =150m/H., hB%=—50m/H,,

into Eq. (23), the main effects of Qinghai-Xizang Plateau and Rockies on atmospheric angular
momentum balance are captured, and the mountain model (MTN) is formed. Here,
H,=0QHf,'=7854 m is a constant height measure. The latitudinal distributions of
mountain torque 7', and frictional torque 7'y are shown in Fig. 5 in comparison with
their counterparts in the atmosphere as obtained by Newton (1971). They all show that
over most latitudes, 75, and 7'y possess the same sign, i. e. both positive in low latitudes
and negative in mid latitudes.

Another important quantity correlated to surface torque is the mean meridional cir-
culation X. From the zonal mean continuity equation, X can be defined as

2ma’Cos w——a*x—
na Ppw= g’

(24)
2raCoOS@pv 9%
TaCOSP PP =7,
negative X then corresponds to direct circulation, The intensity of the Ferrel circulation in

the LWM is about half of the real atmosphere (Palmen and Vuorela, 1963). However,
the Hadley cell is too weak. This is firstly because the LWM used here is a quasi-geostro-

phic model. In such a model. coefficient (f——%) is replaced by a constant f, with the

mid latitude value of f, so that the f-effect in low latitude is exaggerated. Since the

vertical westerly shear required for balancing the zonal mean temperature gradient
. . ou\ ,_ . .
is proportional to f"ﬂ (#,~—7p,), for a given temperature gradient, a larger f

will render a smaller mean meridional speed. This can also be observed in other geostrophic

Latituie Latitude

a -
\ ~, (om0

1 T ‘~ LW e
A N - AT
T \ 1 ‘/ . > — M AT )

30, NLatiin e
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Fig. 5. The distribution of mountain torque T . Fig. 6. The zonal mean meridional velocity in the

frictional torque T/, and the total surface upper layer (z,) of the long wave model
torque T y+ T in the LWM (left) and the and of the Phillips’ (1954) model based
T x(Newton, 1971) and T y + T s (Priestley, on the B-plane. The mid-point and boundary
1951, modified data) in.the real atmosphere (-L and L) values in the S-channel have
(right).Units in Hadley (10*km* s7%). - been taken to lie at 45° N, 0 and 90° N for

the convenience of comparison,
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models. Using a two-layer quasi-geostrophic GCM with g-plane approximation,
Phillips (1954) obtained even smaller #* than that in LWM (see Fig. 6). Using a similar
model to Phillips” but with spherical coordinates, Hollingsworth (1975) obtained the results
very similar to ours. Another maybe more important reason for the weakness of the Had-
ley cell in LWM is that the model does not include latent heating. GCM experiments of
Manabe and Smagorinsky (1967) show that the annual mean intensity of the Hadley cell
is about 140x10° ton s™! in a moist model, but only 52 x10° ton s~* if there is no latent
heat release.

V. COMPARISON BETWEEN RESULTS FROM LWM AND LOM

Letting #;=0(i=1,3) in Eq. (7) or (12), the LWM then retrogrades to LOM. The
influence of transient eddies on atmospheric motions can be shown by comparing results
from LWM with those from LOM. For simplicity, consider only zonal symmetric heat-
ing.  Then, external forcing is only from orography

hA;=—2000m/H,, hB;=1000m/H.. (25)
At steady states, the zonal mean wind profiles at different levels are shown in Fig. 7. In
LOM, surface wind becomes easterly, and Edelmann phenomena appear. Due to the in-
troduction of effects of transient eddy flux of angular momentum, this is overcome in
LWM. The parameterization of transfer proporties of transient eddies results in more
energy conversion from zonal mean potential to kinetic energy, the maximum westerly at
upper level in LWM is twice as large as that in LOM.

Fig. 8 shows the distributions of upper level stationary waves at 40° N in the two
models. Iis amplitude in LWM is about 6 times as large as in LOM. In order to analyse
the cause, we assume that: 1) the intensification of wave amplitude at 40° N represents thc
hemispheric features; and 2) this intensification is proportional to the energy conversion
ratc towards wave perturbation. Then, we can ignore the convergence of wave energy
flux in the north-south direction, and pay attention only to the energy convergence per
vnit area within unit width along 40°N, i, e.

C oo (B —E*) =57 H| o -Qﬁ»(—v*?"*)*fa@(v‘*u?)] (26)

" BT oz 3y _ta0°N

Each term on the right hand side of Eq. (26) for the two models is calculated and shown
in Table 1. Obviously, the vertical and horizontal wind shear, and the horizontal flux of
momentum and sensible heat in LWM are all increased more prominently than in LOM. Thus,
energy conversion in LWM is about 5.5 times as large as in LOM. Although the direct
orography effect in LWM is also increased, it is much smaller than the “‘secondary” source
as described by Eq. (26) and defined by Eliassen and Palm (1960). It turns out to be clear
that the great intensification of stationary waves in LWM is due to the introduction of ef-
fects of baroclinic transient eddies so that the basic westerlies and the transfer properties of
the atmosphere are presented better, and more energy are transferred from basic flow to
stationary waves.

In pure mechanical forcing case, more dramatic changes occur in the surface pressure
field (Fig. 9). Despite the fact that high pressure ridge all located on the western side of
mountain, in LOM, air flows westwards and Edelmann phenomena appear. Whereas in
LWM, there appear closed high and low systems, and westerlies exist in mid and high lati-
tudes, This remarkable improvement is due to the introduction of poleward vorticity flux of




142 ACTA METEOROLOGICA SINICA Vol. 3

baroclinic transient eddies so that angular momentum balance is presented correctly (Wu,
1983; 1984).

Table 1. Various Zonal Mean Quantities at 40° N in the Two Models

T . — O _ - |
' am/az v*T* 2u/ay viut Cuc (E—E*)
Model Cexs) Koms) | Qo L (msY Wm-2)
LWM ‘ 12 0.88 | 3.1 3.78 0.55
LOM 8 0.18 I‘ —0.5 ‘ 0.07 Jl 0.10
- an N
90 Nr-~\—\\\ ;I,' '\,\
I . gng ™
01 /1 N\ PN
Ve I — w| [y \wa LGM LWM[(m)
/ 0/. iy Fus \ l , 100} - i/\&l‘.ﬁ:
30t | . 30+ - 40 O _\,\ /_/ N /‘,
/s / v/ \ 90°E f-... O 90°w,LOM
[ . \, ; - 60 — 100 B p— = /_‘." 1805-_‘\ _____ /l .
\_ / / |l / _ -160 2000 Y/ N
“W(ms) , . u (.ms 1) _ ag0l N
o 10 20 o 18

Mechanically forced stationary waves in the
upper layer of the model atmosphere in long
wave model (LWM) and in low order model
(LOM).

Fig. 7. Distribution with latitude of the zonal Fig. 8.
mean wind at different levels. (a) In
long wave model (left) ; (b) in low
order model (right).

Latitude

Latitude

(b) — - WOM/S

Fig. 9. The response of the surface pressure field (units in hPa ) to mechanical forcing. The orography used
is given by hA2=-—-2000m/H,,sBi=1000m/H,. (a) Long wave model; (b)low order model.

VI. DISCUSSIONS AND CONCLUSIONS

(1) Since the theory on LOM was proposed by Platzman and Lorenz in 1960, it has
been widely used due to the fact that it is economy, concise and easy for tracing nonlinear
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behavior of atmospheric motions and describing some important atmospheric phenomena.
The application of LOM has also catalyzed the development of dynamic meteorology.
There is no doubt that LOM will still be widely used and continue to develop.

However, LOM possesses only a few freedoms and is limited in application. Firstly,
as warned by Lorenz at the beginning, wave shape depends upon phase critically, Tt is
therefore difficult to use LOM to present wave motions with their shape unchanged. More
importantly, high truncation distorts the maintenance of zonal westerlies and the mechanism
of angular momentum balance. These result in the weakening of the transfer properties,
the intensity of zonal westerlies and the amplitude of stationary waves, of the model atmos-
phere. In the case of pure mechanical forcing, unrealistic equilibrium in pressure field at
the surface may occur. Therefore, when LOM is employed to tackle these problems, care
is needed. It is always helpful to compare its results with those from GCM or from ob-
servations.

(2) 1In the tong wave model developed here, the transfer properties of baroclinic tran-
sient eddies are parameterized. Since this is a very important mechanism for the maintenance
of westerlies and angular momentum balance, then in LWM, the disadvantages of LOM
mentioned above are overcome, the atmospheric energetics and angular momentum balance
are presented more reasonably, and the main characters of atmospheric stationary waves
are captured. Since the explicit part of the LWM is, in fact, the frame of corresponding
LOM, LWM then remains the advantages of LOM such as concise in mechanism and econom-
ical in calculation. For a computer in the order of millions per second, one-year integra-
tion requires only a few minutes in calculation.

(3) The parameterized part of the LWM depends critically on the choice of transfer
coefficient #. Wu adopted P%(x) to present the latitudinal variation of «. Results
seem to be satisfactory. However, the eddy transfer of heat and momentum is somewhat
weaker. This may be due to the choice of upper rigid boundary and the weakness of station-
ary waves. It may also be due to that the choice of x is not accurate. Wiin-Nielsen and
Sela (1971) have evaluated the transfer coefficient « of quasi-geostrophic potential vorticity,
it possesses minimum at two extreme latitudes and a pulse-like maximum in mid latitudes.
Their evaluation is valuable for the further improvement of LWM. On the other hand, as
in LOM, LWM possesses small freedom, it would be unrealistic to use LWM to present
wave behavior without changing its shape. However, experiments (see Wu, 1984) have shown
that LWM is capable and successful in describing some important dynamic features of sta-
tionary waves. '
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