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ABSTRACT 
The time-average structures, zonal flows, and energies of a 21 by 21 wave quasi-geostrophic 
two-level channel model in the absence of zonally inhomogeneous external forcing 
mechanisms such as topography are contrasted on the p- and f-planes for several different 
parameter sets. In all cases, the phase lag, as well as the amplitude, of the temperature 
component relative to the streamfunction field for the longer waves is considerably less on the 
p-plane than the f-plane. The zonal flow speeds are also considerably faster on the p-plane. 
The results are examined in the light of quasi-geostrophic turbulence and structural determin- 
ism, heat-transport efficiency/equilibration concepts of Reinhold. The analysis suggests that 
the equivalent barotropic arrangements of the large-scale atmospheric waves may be primarily 
a response to the quasi-linear influences of the spherical geometry on the structures of the 
disturbances, which then, in turn, influence the level of amplitude equilibration and zonal 
flow speeds. 

1. Introduction 

Observation of the atmospheric energy spectra 
reveals that the bulk of the statistically equilib- 
rated total energy resides in the zonal flow 
components and the largest planetary scales 
(Boer and Shepherd, 1983; Baer, 1972, 1974). The 
structure of these energy-containing features 
tend, furthermore, to be equivalent barotropic 
(Deland, 1973; Dole, 1986; Gall et al., 1979; Lau. 
1979), among others. Why this particular energy- 
spectra distribution of equivalent barotropic 
structures should arise in a system where the 
principal source of kinetic energy stems from the 
occurrence of baroclinic instability on the synop- 
tic scales, is an issue of considerable importance 
in both practical and theoretical contexts. 

Two contrasting concepts appear to provide a 
qualitative bound on the nature of this equili- 
bration : linear instability theory and quasi- 
geostrophic turbulence theory. The former ident- 
ifies a particular scale and structure that is 
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"preferred" above all others (for a given 
dynamical system) which then amplifies most 
rapidly and attains maximum energy. (In mid- 
latitude atmospheric contexts, this favored distur- 
bance is usually attributed to baroclinic insta- 
bility.) On the other hand, the purely nonlinear 
scrambling processes of homogeneous, isotropic, 
energy and enstrophy conserving two-dimen- 
sional turbulence require that energy upscales, 
leading to a maximum level in the largest scale 
component of the system. (The properties and 
behaviors of two-dimensional turbulence and its 
relation to the atmosphere are well elucidated by 
Shepherd (1987) and Boer and Shepherd (1983); 
in addition they provide a host of references to 
the classical works in this field.) The atmosphere, 
however, appears to lie somewhere between these 
two extremes. First, both the transient and 
stationary energy components (see Fig. 1 of Boer 
and Shepherd (1983)) tend to peak at scales larger 
than that of the baroclinically most unstable 
scales with structures that become much more 
equivalent barotropic than that indicated by 
linear theory (Gall, 1976a; among several others). 
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Second. the energy maximum of the transient 
disturbances does not reside at the largest scale, 
as required by turbulence theory, and any struc- 
ture is. of course. unaccounted for. Third, the 
form of the spectra is inconsistent with both 
models (Shepherd, 1987: and above references). 
(The aforementioned contrasts between peak 
growth rates. fluxes, and energies are particularly 
well illustrated for a doubly-periodic, quasi- 
geostrophic, two-layer model in Figs. 9 and 1Oc of 
Haidvogel and Held (1980)) 

On the other hand, it is not surprising that 
these idealized theories are unable to account for 
the equilibrated state of the atmosphere, as 
several of the assumptions imposed by the two 
theories are violated. Clearly, the linear dynamics 
of instability theory is a serious shortcoming, as 
no consistent means for stopping the exponential 
growth and attaining an equilibrium are pro- 
vided. The turbulent model, on the other hand, 
must be able to take into account anisotropy, 
such as time-average zonal and or wavy flows and 
the ,8 effect, inhomogeneity such as the geometri- 
cal constraints upon the planetary scale disturb- 
ances. and nonconservative processes such as 
multiple scales of preferred forcing and dissi- 
pation. In short, any phenomenon or process 
which demands order or structure and thereby 
defeats the random aspect of the motions upon 
which the theory is based, must be accounted for, 
which has also been pointed out by Rhines (1979) 
and Shepherd (1987). 

How does one then account for the observed 
statistically equilibrated energy and structural 
distributions of the atmosphere'? Salmon (l98O), 
among others, emphasize the r81e of modified 
turbulence theory, and demonstrate that certain 
conditions which lie outside the assumptions of 
the theory, e.g., anisotropy and baroclinicity, do 
not erradicate its usefulness. For example, 
baroclinic instability is viewed as an energy 
source at a piirticular scale which cascades both 
barotropic and baroclinic enstropy downscale to 
an eventual wavenumber to the -3  inertial 
range, and barotropic energy upscale. The two- 
dimensional turbulence aspects of the spectra 
then appear at those scales sufficiently far from 
the baroclinic energy source. The inability of the 
energy to peak at the largest scale in the 
atmosphere is then attributed to the geometrical 
constraints of the planetary waves; there simply 

is not enough "room" in spectral space for full 
barotropic interactions to take place. In the 
oceans, however, the scale of baroclinic instabil- 
ity is relatively small (about 25 km) compared to 
the basin dimensions, and the geometrical con- 
straints may not be so relevant. Salmon also notes 
that model runs with P exhibit structures that are 
significantly more barotropic in the largest scales 
than runs without ,8. This behavior is explained 
by the P-induced shift of baroclinic instability 
(and thus the energy input) to smaller scales, 
which allows more room in spectral space for the 
barotropic processes to develop and thus leads to 
reduced amounts of baroclinic energy. 

However, as pointed out by Shepherd (1987), a 
great deal of the atmospheric energy distribution 
simply cannot be sensibly understood within the 
context of classical turbulence theory, the most 
obvious component being the occurrence of any 
stationary flow. However, an additional difficulty 
arises from the fluxes of energy and enstrophy 
due to coupled interactions between the station- 
ary and transient components, which Shepherd 
(1987) estimates accounts for about half of the 
transient energy fluxes and, in fact, dominates 
the transient components at the largest scales. 
Those aspects of the flow Shepherd considers 
consistent with a turbulence description are due 
only to the nonlinear self-interactions within the 
transients themselves. 

Shepherd's observations suggest that even the 
transient components of the atmospheric flow are 
in some sense well organized, with the emphasis 
upon stationary-transient wave interactions, 
which are more in line with the weather regime 
phenomenon (Reinhold and Pierrehumbert, 
1982). Here it is suggested that the organization 
of the transient behavior pointed out by 
Shepherd, even in the absence of non-zonal 
stationary flow, occurs, in part, through structural 
determinism (Reinhold, 1986, hereafter referred 
to as R). Structural determinism refers to the 
situation where the dynamic processes due to the 
presence qf' a time mean state are driving the 
disturbances to a,fi.ued specified structure. Such a 
process means that the flow is non-turbulent as 
the flow features are not structurally random but 
are organized into preferred configurations. Pre- 
ferred configurations, in turn, imply preferred 
transports of heat and vorticity and other 
dynamical quantities between both waves and 
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the zonal flows. In this sense, structural determin- 
ism appears to be in direct competition with the 
scrambling processes of isotropic homogeneous 
turbulence, or from another point of view, a 
compliment to the turbulence concepts, as 
structural determinism is o n / !  applicable in 
forced-dissipative systems. Thus, in those flow 
situations that are strongly structurally deter- 
ministic (e.g., intensely forced, asymmetrically 
damped systems with high-energy time mean 
states within which an arbitrarily specified dis- 
turbance evolves rapidly to its quasi-linearly 
equilibrated configuration, see R), the concepts 
of turbulence theory must be considerably modi- 
fied, whereas in structurally indeterministic flows 
(unforced, inviscid) the properties expected from 
turbulence considerations should dominate. 

The point of this work is to demonstrate that 
structural determinism perhaps plays an import- 
ant r61e in establishing the statistically equilib- 
rated structures of the atmosphere, in particular 
a t  large scales, which then has its consequences 
for the energy spectrum. The aim of this effort is 
to explain the tendency for equivalent barotropy 
and certain aspects of the approximate scale at 
which the maximum energy occurs. The follow- 
ing is proposed. 

(a) The state of equilibrium due to the organ- 
ized structures is determined to a large extent by 
a balance condition between the external driving 
and dissipation of the system and the transports 
due to the concomitant disturbances. 

(b) The level of equilibrated energy in the 
various components is then determined by the 
efficiency of a given disturbance in accomplish- 
ing these transports in the balance required in (a). 
which is determined by the structures. 

(c) More inefficient structures require greater 
amplitude to accomplish a given transport and 
thus equilibrate a t  higher amplitudes leading to 
greater energies, given that all else remains the 
same. 

The theoretical grounds upon which these 
arguments are based are provided by the study of 
R. This analysis investigates the processes that 
determine the structures of unstable baroclinic 
disturbances and their consequent equilibration 
in perhaps the simplest idealized baroclinic geo- 
physical flow system that can be constructed: a 
two-level, quasi-geostrophic, truncated spectral 
model retaining a single wave and zonal jet. 

The conditions for equilibrium in this idealized 
model are determined by a balance between the 
direct thermal driving and dissipation of the 
zonal jet and the poleward heat-transport 
efficiency of the imbedded disturbance. The 
efficiency, in turn, is determined totally by the 
wave structure, which is, in itself, determined 
through “linear dynamics” depending upon the 
external parameters and the zonal jet. The physi- 
cal conditions that provides the mathematical 
closure for the system is that the zonal jet and 
disturbance structure adjust such that a state of 
marginal instability is attained (a kind of 
baroclinic adjustment process as quoted by Stone 
(1978) and the first of Salmon’s (1980) or Vallis’ 
(1988) three equilibration schematics). The am- 
plitude is then determined by the amount of 
poleward heat transport required for the afore- 
mentioned balance. 

The advantage of this idealized system is that 
the r61e the various parameters play in the 
determination of the wave structures (and there- 
fore the heat-transport efficiencies) can be 
understood in conceptual detail. Thus, those 
parameters which decrease the structural 
efficiency of the wave (the so-called traditionally 
stabilizing parameters such as j?, and similar 
dispersive mechanisms such as horizontal shear 
in the jet, and dissipation) often lead to increases 
in the zonal jet and level of amplitude 
equilibration. 

For example, in the one-wave model, as one 
departs from the wavenumber that is tradition- 
ally most unstable (which is the most efficient at 
extracting energy from the basic state as well as 
transporting heat poleward), the efficiency de- 
creases and the equilibrated amplitude must in- 
crease to maintain a specified poleward heat 
transport. On the other hand, the lowering 
efficiency of the structure is unable to reduce the 
zonal shears as effectively, resulting in a zonal 
wind distribution which requires a smaller heat 
transport for balance. The two mitigating 
behaviors in the one-wave model then generate a 
nonlinearly equilibrated amplitude profile as a 
function of wavenumber which peaks at wave- 
numbers on both the long and short wave side of 
the traditionally most unstable disturbance. but 
not necessarily at the longest or shortest waves 
(which are most inefficient). Parameters such as 
the zonal driving, however, which do not effect 
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the structures, act only to alter the wave 
amplitudes: the zonal jet and eddy perturbation 
structures remain the same. 

In this one-wave system, the ,!I parameter leads 
to an equivalent barotropization of the disturb- 
ances though the asymmetric influence of ,!I upon 
the advections of the temperature and vorticity 
fields; an upstream tendency is induced in the 
vorticity field while the direct advection of tem- 
perature is unaffected. The vorticity field then 
propagates upstream relative to the temperature 
field mitigating the maximally-efficient 90" phase 
lag between the streamfunction and temperature 
components established by the remaining pro- 
cesses concomitant with baroclinic instability 
(discussed in detail in R). The magnitude of this 
influence upon the nonlinearly equilibrated state 
in going from the fplane to the mid-latitude 
,!I-plane is remarkable. Even at the longest waves, 
which are generally considered to be most 
barotropic in the atmosphere, the vertical phase 
tilts of the one-wave model equilibrated struc- 
tures in the absence of ,!I are pronounced. The 
reduced efficiencies in the poleward transport of 
heat by the P-induced equivalent barotropization 
simultaneously lead to marked increases in the 
zonal jet. 

The robustness of this result in this model, as 
well as slightly higher resolution versions, 
suggests that the same phenomenon could 
perhaps be responsible for the equivalent 
barotropic structure of the large scale atmos- 
phere, which invokes a different mechanism than 
that suggested by Salmon (1980) or implied by 
Gall ( 1  976b) and Simmons and Hoskins ( I  978, 
1980). However, the simplicity of the model 
considered in R does not allow one to draw any 
direct conclusions about the relation between 
spherical geometry or the ,!I effect and the 
equivalent barotropic structures of more compli- 
cated flows or the atmosphere. The host of 
nonlinear interactions present in such systems 
could easily swamp the dynamical processes 
elucidated in the simple model. Basic feedback 
mechanisms such as momentum transports and 
wave-wave interactions are lacking in the ideal- 
ized case. Clearly, the analysis of a more 
sophisticated system is required in order to test to 
what extent the processes identified in the ideal- 
ized theory are still present in more realistic 
flows. 

To accomplish this goal, a set of experiments 
on the fplane and the P-plane are conducted in a 
model identical to the model of R, except that the 
degrees of freedom have been increased to 
contain 21 wavenumbers in both the zonal and 
meridional directions. The equilibrated struc- 
tures, spectra, and zonal flows are then con- 
trasted between the fplane and ,!I-plane cases, as 
well as with those structures anticipated by the 
one-wave theories. Further comparison with the 
atmosphere is, of course, limited, not only by the 
resolution, but also by the exclusion of other 
physical processes such as orography, which Li et 
al. (1986) have shown to have an important 
influence upon the statistically equilibrated 
spectra in laboratory experiments. 

We must furthermore add that the simple 
model of R cannot fully explain the r61e of 
structural determinism in equilibration. It does 
not take into account any organization between 
the waves, such as those pointed out by Shepherd 
or the weather regime process; in other words, 
organization in the second equilibration mecha- 
nism of Salmon and Vallis (well elucidated by the 
latter). The one-wave model onry describes the 
equilibration processes present in wave-mean 
flow interactions in forced-dissipative systems, 
such as Vallis' (1988) or Mak's (1985) multi-scale 
model where wave-wave interactions are 
explicitly removed (and thus eventually equili- 
brate to that single wave which has minimum 
critical shear). A more complete understanding 
of the r61e of structural determinism in the 
establishment of statistical equilibrium requires 
an understanding of what determines the struc- 
tures in zonally inhomogeneous flows, which is 
extremely complicated even in the simplest of 
such systems. 

Nevertheless, some of the influences upon 
equilibration due to the structural organizations 
discussed in the one-wave model appear to be 
sufficiently strong that they are still present in 
fully nonlinear forced-dissipative systems, in 
particular, the barotropization by ,!I and the 
location of the energy maxima near the marginal 
curve of the time m a n  flows. 

2. The model 

The mid-latitude atmosphere is simulated in 
this study by a two-level, quasi-geostrophic, per- 
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iodic p-plane channel model. The width of the 
channel is given by nL, where y = 0 denotes the 
subtropical boundary and y = nL denotes the 
polar boundary. Defining + as the mean 
(barotropic) streamfunction, T as the mean shear 
(baroclinic) streamfunction, B as  the mean poten- 
tial temperature, and x as the (divergent) velocity 
potential. the system of dynamical equations can 
be expressed by 

?v'l+h/?t f J ( $ , v ? + )  -k J(T, v'$)  + p?$/?.Y 

= k " V ? ( r  - C) - j " V 2 ( ~  + +), 

?v' T/?t + .I($, v' T )  + J ( T ,  v' $) 

+ /??T/?.t' -,/.v' X 
= -/y'V'(T - +) - 2k"'V? -;"vz(T + $), 

?flier + J ( $ ,  0) - UV' x = h'(O* - 0). 

where J ( A . B )  i s  the Jacobian operator 
?A/?.t' ?B/?y - ?A/??. ?B/?.t'. The remaining seven 
quantities k". j",  k"', p, h', u. and O* correspond to 
the parameterized physical processes incorpor- 
ated in the model. The first three, k", j " ,  and k"'. 
are the coefficients of Ekman dissipation on the 
vorticity field at the lower layer. upper layer, and 
between layers, respectively. Thermal damping is 
accomplished by Newtonian cooling on the tem- 
perature field whose intensity is denoted by h'. 
The system is driven thermally by a prescribed 
radiative equilibrium temperature field, denoted 
by N*, which is selected to have cos(y/L) struc- 
ture. which. in the absence of instability. would 
drive a zonally symmetric baroclinic jet with a 
maximum intensity at the center of the channel. 
The static stability u is assumed to be constant, 
while [I, the meridional gradient of the coriolis 
force, is chosen to correspond to either mid- 
latitude values or zero. No sources of external 
zonal inhomogeneity (such as topography) or 
time variations (such as a diurnal or seasonal 
cycle) are imposed. 

The system of equations is closed by the two- 
level model thermal wind relation 

V' T = ( R / , t )  In(p,/p,)V2 0. 

where p' and p 3  are the pressures at the center 
and lower layers, respectively, and R is the gas 
constant. 

The equations are non-dimensionalized in 
space by the channel-width length scale L ,  in 
time by the coriolis parameter f; while the 

temperature is scaled through the thermal wind 
relation by the quantity A =.f/RRn(p,/pz) and the 
scaled ,O parameter is given by the ratio of the 
length scale L and the radius of the earth. For 
typical values, ,f is chosen to be lo-' s-l and 
nL = 5000 km. 

The system I S  then expanded into spectral 
eigenfunctions of the Laplace operator. The cus- 
tomary boundary conditions of no flow through 
the walls (which requires that the meridional 
velocity is zero at the walls) and no net drag upon 
the walls, combined with the channel geometry, 
determine the final form of the eigenfunctions 
which are a limited subset of the two-dimensional 
trigonometric functions. Wave modes (in non- 
dimensional form) are giben by 

F,, = 2 cos mnx sin I F ,  

whereas zonal modes are given by 

F ,  = 2 cos I F ,  

where m and I are integer wavenumbers in the 
zonal and meridional directions, respectively. 
The parameter n measures the ratio of the largest 
scale in the meridional direction to the gravest 
mode in the zonal direction, and thus determines 
the largest scale allowed in the model. With the 
selected channel width of 5000 km, a value of 
n = 0.35 corresponds approximately to global 
wavenumber I at 45" latitude. 

In the absence of any motion, the temperature 
distribution would assume that given by the 
radiative equilibrium value. while in the absence 
or suppression of instability, the zonally sym- 
metric " Hadley solution" (Lorenz, 1963) ensues. 
The latter is easily obtained analytically by 
solving for the equilibrium in the absence of any 
wave motions (thus there is no advection). Other 
solutions must resort to numerical methods. 

Numerical integrations utilize the transform 
technique, i.e., all space derivatives are calcu- 
lated in Fourier space while the multiplications of 
the nonlinear Jacobian terms are carried out in 
grid point space and then transformed back into 
Fourier space (Orszag, 1970; Machenhauer and 
Rasmussen, 1972: Washington and Parkinson, 
1986). The method is not completely straight- 
forward, however, due to the boundary con- 
ditions imposed by the channel walls (see Vallis 
(1985)). 

Except for the truncation, the spectral model 

F,, = 2 sin mn.r sin I ) , ,  

- 
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considered here is identical to that of R, and for 
details, the reader is referred to that paper. For a 
more general and concise treatment of the math- 
ematical development of the spectral equations, 
the reader is referred to Lorenz (1963). 

3. Experiments 

The level of truncation of the above model is 
set to 21 waves in both the zonal and meridional 
directions. Each run begins from an initial state 
of small-amplitude random perturbations in all 
wave components superimposed upon a zonal 
basic state of 22.5 ms-’ a t  mid-level and zero at 
the lower level. Integrations are carried out for 
24,000 time steps or 640 days. Since the flows 
generated in these runs d o  not obtain a steady 
level of equilibration as in the nonlinear model of 
R, the state of statistical equilibrium (approxi- 
mated by the time average) is utilized for com- 
parisons. These time-average structures are com- 
puted by evaluating at each time step, for each 
two-dimensional wavenumber, the amplitude of, 
and the phase difference between, the stream- 
function and potential temperature components, 
and averaging over the last 590 days of the run. 
(The first 50 days are set aside to allow the model 
to settle into its attractor.) There is, of course, 
always the problem of being able to estimate the 
“actual” state of statistical equilibrium due to the 
limited sample size. However, the smoothness of 
the structural and energy-spectra statistics 
obtained as a function of the parameters, and the 
fact that the characteristic variations of the 
energy fields are much shorter than the total inte- 
gration time, suggests that a reasonable estimate 
of the aforementioned statistics is provided. 

A total of 36 different parameter sets is chosen; 
three levels of dissipation, denoted by LF, MF, 
and H F  (low, medium, and high friction, respect- 
ively) for three levels of driving, denoted by LD, 
MD, and H D  (low, medium, and high driving, 
respectively) for two values of the static stability 
parameter, LS and HS (low and high, respect- 
ively), with and without P. The parameter n is set 
to 0.35 in all cases, which corresponds to global 
wavenumber 1 at 45” latitude. 

The values of the parameters in dimensional 
and non-dimensional form are given in Table 1. 
The abbreviations used to name the parameter 

Table 1. Parameters used.for the experiments 

Between- 

high: 2.9 days 23.1 days 
HF (0.04) (0.005) 
medium: 5.8 days 115.7 days 
MF (0.02) (0.001) 
low : I 1.6 days none 
LF (0.01) (0.000) 

Dissipation : Surface layer 
Upper 
layer Thermal 
none 2.6days 
(0.0) (0.045) 
none 5.8 days 
(0.0) (0.02) 
none 1 1.6 days 
(0.0) (0.01) 

static stability: 
high: 46.3 K/SOO mb low: 30.9 K/SW mb 
HS (0.15) LS (0.10) 

thermal driving (radiative equilibrium temperature 
difference) : 
high: 52.4”K medium: 41.5”K low: 30.5”K 
HD (0.12) MD (0.095) LD (0.07) 

Beta: either zero or mid-latitude value (0.25 non- 
dimensional) 

HF, MF, LF correspond to high, medium, and low 
friction. HD, MD, LD correspond to high, medium and 
low drivings. HS and LS denote high and low static 
stabilities. These abbreviations are used in the figures. 

sets will also be used to identify experiments in 
the figures. In addition, two experiments are run 
with and without in the absence of dissipation. 

4. Results 

The structures of the disturbances in spectral 
space can be entirely represented for each com- 
ponent by the amplitude ratio between the 
thermal (baroclinic) and streamfunction (baro- 
tropic) components (Q in the notation of R) and 
the phase difference between the stream-function 
and temperature fields (G in the notation of R). 
The poleward heat transport efficiency for that 
component is then proportional to QsinG. With 
this convention, more barotropic-type structures 
are given by values of Q and G approaching zero, 
while more baroclinic-type structures are given 
by values of Q approaching infinity and a phase 
difference G of 90”. 

4 .  I. Equivalent barotropization by 
In Figs. la, b, the difference in the structural 

quantities between the f- and P-plane runs 
(except for the inviscid cases) are presented for 
the first 10 zonal wave components of the gravest 

Tellus 40A (1988). 5 



STRUCTURAL DETERMINISM OF EQUILIBRATED BAROCLINIC WAVES 38 1 

50' 

u 
* c 
_1 Y 

0 

I 10 -50' 

f plans rnlnus beta plane 

WESTWARD PHASE TILTS 

1 2 3 4 5 6 7 8 9  
W A V E  NUMBER 

AMPLITUDE 

- 10 RATIOS 
10 

WAVENUMBER 

Fig. 1. The influences of B upon the statistically equi- 
librated states. Differences between the numerically 
simulated (a) phase difference G, and (b) amplitude 
ratio Q, for each of the fplane and b-plane experiments 
for the first 10 zonal components of the gravest 
meridional wave modes (the wavenumbers are in- 
creasing to the right). The horizontal axes that divide 
the plots denote the zero line with positive values above 
and negative values below. Positive values of each 
quantity indicate that the value is greater on the 
fplane. 

meridional mode. (Though this selection rep- 
resents only 10 out of 441 wave components, 
almost all of the energy resides in the 10 
components selected for presentation.) Fig. 1 a 
contrasts the G values and Ib  the Q values. 
Positive values indicate that the /-plane 
quantities exceed the corresponding P-plane 
quantities. 

The figures clearly demonstrate that the longer 
waves (wavenumbers less than 5 ) ,  in all the runs 
that could be contrasted, are strongly baro- 
tropized by the B-effect, especially in the case of 
the phase differences. On the j-plane, the tem- 
perature field of the longest waves lags the 

streamfunction field by 25" to 50" more than the 
corresponding structures on the P-plane, and 
since G itself in both cases is always less than 90", 
the ./'plane disturhances have much greater west- 
ward phase tilts with height. The amplitude ratio 
Q is also larger on the .f-plane, though there is 
considerable scatter in individual comparisons, 
indicating a relatively greater thermal to stream- 
function component. Since QsinG is pro- 
portional to the poleward heat transports, 
the disturbances are clearly structurally more 
efficient on the /:plane than the P-plane. 

The barotropizing effects of f i  are also reflected 
in the time-average gravest mode zonal jet 
component shown in Fig. 2.  The vertical-axis 
represents the contribution by the gravest mode 
zonal component to the speed of the jet at the 
center of the channel ( y = n L / 2 )  at 500 mb 
(ms-I ). The horizontal-axis has no physical inter- 
pretation; it is simply ordered by the speed of the 
zonal flow for the various runs on the f-plane. 
The lower line represents the zonal wind speeds 
on the /'plane. and the upper line the zonal wind 
speeds for the same parameter set but on the 
P-plane. The abbreviations next to selected 
circles correspond to the parameters as given in 
Table I .  In all ciises, P leads to a substantial 
increase in the zonal flows consistent with the 
decreased efficiencies of the corresponding 
waves. 

ZONAL FqOW 

1 

Fig. 2. The zonal wind speed (ms-I) due to the gravest 
zonal mode component at 500 mb at  the channel center 
for the .f- and b-plane runs. The circles on the upper line 
are from the B-plane while those on the lower line are 
from the fplane. The two circles which have the same 
"..c-value" or horizontal-axis value differ only in the B 
parameter. The abbreviations next to the circles denote 
the parameter set according to Table 1. 
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Fig. 3. The “continuous” vertical structure of selected eigenmodes in the two-layer model interpolated for all levels. 
The temperature perturbation is assumed to be at x = 0 or 2nL/nk. The x-axis ranges from zero to 2nL/nk, where k 
is the zonal wavenumber and the y-axis ranges from the lower level (750 mb) to the upper level (250 mb). (a) The 
eigenmode calculated in the absence of dissipation, on the fplane, and without a barotropic component of the 
zonal flow, (b) The same as (a), except that a barotropic component of the zonal flow has been added such that the 
lower-level zonal flow is zero, (c) The same as (b) that except dissipation has been added equivalent to the high 
dissipation parameter set; (d) The same as (c) except for the addition of f i .  

4.2.  Two-layer model vertical structures 
At this point, it is advantageous to clarify that 

linear dynamics, even in a two-layer model, can 
do a respectable job of representing realistic 
disturbances, primarily via the inclusion of the 
parameter p and the other equivalent barotrop- 
izing mechanisms (such as asymmetric friction, 
i.e., different values of the friction at the top and 
bottom layers, and shears in the horizontal 
winds; see R). These parameters play an import- 
ant r6le in the establishment of qualitatively 
atmospheric-like equivalent barotropic structures 
that has often been attributed to other processes. 
It is generally considered that the vertical 
resolution in the two-layer model is too coarse to 
generate disturbances whose vertical profiles are 
somewhat reminiscent of reality. This assumption 
is incorrect. and has most likely evolved from the 
analysis of the baroclinic eigenmodes that 
develop upon idealized zonal basic states con- 
sisting of only vertical shear. The addition of j 
into the problem completely modifies the struc- 
tures obtained in the fplane case to something 
which appears quite reasonable, even in a two- 
layer model. 

Using the height-independent thermal wind of 
the two-layer model, a stream-function amplitude 

can be linearly interpolated for all levels. If the 
temperature perturbation is assumed to have an 
absolute phase of zero, the amplitude of an 
arbitrarily specified wave structure in the two- 
layer context at any level can be obtained from 

$ ( p , . x )  = Y J1 + p ?  Q’ + 2Qp cos G 
x cos(nm.x - D), 

where 

D = tan-’[sin G/(cos G + p Q ) ]  

and Q and G are the non-dimensional amplitude 
ratio and phase difference between the thermal 
and stream-function components, respectively, Y 
is an arbitrary amplitude factor, and p is the 
level, where p = - 1 corresponds to the lower 
layer and p = 1 corresponds to the upper layer. 
The structures of four different eigenmodes are 
then plotted in Figs. 3a-d. 

Fig. 3a is the classic structure in the inviscid 
case with a zonal basic state consisting of a 
purely vertically sheared sinusoidal jet (thus 
easterlies at the lower level with equal magnitude 
westerlies at the upper level) and a specified 
static stability. Fig. 3b is the eigenmode for the 
same conditions except that a zonal sinusoidal 
barotropic jet has been added to the basic state 
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Fig. 4.  The differences between the numerically simulated structures and the eigenmodes computed from the time- 
averaged gravest mode zonal flow of the high-resolution model. The horizontal axes have been normalized by the 
growth rate such that the vertical lines to the left and right in each figure denote the marginal curves. Thus the total 
number of wavenumbers contained in the traditionally unstable region between the two lines may be different for 
each experiment. The horizontal lines subdividing the figure are the zero axes. Positive values lie above the lines 
and oxcur when the numerically simulated values exceed that of the eigenmode. (a) The differences in the 
amplitude ratio Q on the f-plane; (b) The same as (a) but on the B-plane; (c) The differences in G on the fplane. 
(d) The same as in (c) but on the ( B )  plane. 

such that the flow at the lower layer is zero. (If 
the zonal basic state were chosen such that the 
winds were constant in the meridional direction, 
instead of being a sinusoidal jet, Fig. 3b would 
look the same as Fig. 3a.) Fig. 3c is the same as 
the preceding case except dissipation, corre- 
sponding to the high friction (HS) values in the 
previous experiments, has been added, and Fig. 
3d is the same as 3c except for the inclusion of p. 

The vertically symmetric, nearly straight-line 
tilt of the trough and ridge axes (in no case is it 
ever a completely straight line as is often er- 
roneously assumed in two-layer models) of the 
simplest inviscid case is the structure obtained in 
the I3ady model (see Fig. 7.72 of Pedlosky 
(1979)). This structure of maximum amplitude at  
the lowest and highest levels is often associated 
with idealized (theoretical) baroclinic pertur- 
bations, though it is not very representative of 

typical atmospheric structures. On the other 
hand, when (asymmetric) dissipation and /? are 
added to the parameters, the consequent struc- 
tures are much more representative of the dis- 
turbances considered typical in the atmosphere. 
It is often assumed that a continuous type of 
construction, such as the Charney (1947) model, 
is required to develop the equivalent-barotropic 
amplitude profiles and sloping trough and ridge 
axes that are shown in Fig. 3d. However, it is 
clear that the two-level model captures the quali- 
tative features of these disturbances. It may also 
be likely that the /J' effect, which is included in 
the Charney model, is responsible for the 
aesthetically pleasing vertical profiles of the 
eigenmodes and not the vertical continuity of the 
basic state. On the other hand, the lack of 
vertical resolution in the two-layer model is re- 
sponsible for the inability of the model to develop 
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the shallow layers of low-level, low static stability 
that lead to the unstable short-wave (wave- 
number 12-15) disturbances with maximum 
amplitude at the surface, as shown by Staley and 
Gall (1977) and Blumen (1979). 

4.3.  Theoretical i w w s  numerical structures 
The numerical simulations presented above 

strongly support the notion that the spherical 
geometry of the earth is a principal factor behind 
the equivalent barotropic structures of the 
equilibrated atmospheric long waves. Of course, 
there is no a priori reason to assume that fl  is 
operating in the same manner in the numerical 
model as in the model of R, even if it is evident 
that 8 is a major element in determining the 
equivalent barotropic structures of the equilib- 
rated disturbances and the zonal flow speeds in 
the numerical simulation. Our point is that the 
equivalent barotropization is due primarily to the 
linear modification of baroclinic structures by the 
parameters, in contrast to the concept proposed 
by Salmon (1980) that the downscale shift of the 
baroclinic energy input by allows more room in 
spectral space for the barotropic processes to 
ensue. 

A measure of the degree to which the simple 
structural determinism ideas account for the nu- 
merically simulated structures (and thus one’s 
understanding of them) can be estimated by 
contrasting the numerical structures with those 
given by the eigenmodes that develop upon the 
time-averaged zonal flows. I f  the wave-wave (and 
other) interactions present in the more sophisti- 
cated model do not influence the structures at all, 
the eigenmodes and numerically simulated dis- 
turbances will be identical. 

However, the time-averaged zonal flow con- 
tains higher-order meridional components which 
are unaccounted for in the simple model of R. 
Even though these higher-order meridional 
components are more than an order of magnitude 
smaller than the gravest-mode component, the 
consequent structures driven by the full zonal 
flow would be capable of transporting momen- 
tum as well as heat. Thus, a more appropriate 
comparative study would result from the exten- 
sion of the model of R to include multiple 
meridional modes such that the momentum 
transports could also enter into the nonlinear 
balances. In the absence of such a theory, only 

the gracest mode component of the time-average 
zonal flow is used as a basic state in the stability 
analysis. 

These comparisons are then shown in Figs. 4a-d 
(except for the inviscid cases), which present the 
difference between the “linearly” (quotes are 
placed here since nonlinear processes are involved 
in the establishment of the time-averaged basic 
state) and numerically determined gravest mer- 
idional mode wave components. Fig. 4a presents 
the differences of the amplitude ratio on the 
jp lane ,  4b the same on the P-plane, while 4c and 
4d contrast the phase differences on the f and 
8-planes, respectively. (Positive values indicate 
that the numerical calculations exceed that of the 
eigenmode.) In addition, the horizontal-axis has 
been scaled by the corresponding growth rate 
curve such that the left- and right-most vertical 
lines denote the wacenumber of marginal stability 
for the numerically-simulated time-averaged 
zonal flow. 

The figures demonstrate two noteworthy fea- 
tures. First, the discrepancies between the one- 
wave theory and the numerical simulations 
exhibit a clear relation to the growth rates 
(instead of the actual scale of the waves) and 
second, the dependence of the discrepancies upon 
these growth rates is systematic for all the exper- 
iments, i.e., they possess a similar shape and vary 
primarily in magnitude. The first result is 
perhaps to be anticipated since the theoretical 
conditions for equilibration in R require a zero 
growth rate, and thus the deviation of the growth 
rate from zero provides some measure of the 
influence of the wave-wave interactions upon the 
structures over those determined by the processes 
considered in R alone. However, the analysis is 
not quite so simple, for if that were the case, the 
theoretical and numerically simulated structures 
would be most reminiscent of one another at the 
marginal curves and most unlike one another at 
those points where the growth rate is a maximum 
or minimum (most negative). Though this is the 
case for the phase differences G, the opposite is 
true for the amplitude ratios Q. But in either case, 
the dependence of the discrepancies upon the 
growth rates instead of the actual wavenumber, 
indicates the strong influence of baroclinic pro- 
cesses upon the equilibration. 

The systematic behavior of the discrepancies as 
a function of the growth rates further indicates 
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the importance of structural determinism. Even 
though an individual case may be significantly 
modified by the organized transports due to the 
wave-wave interactions that the simple model 
does not account for (equilibration process num- 
ber two of Salmon, 1980, Vallis, 1988). the modi- 
fication by these unaccounted-for processes is 
systematic through parameter space. Conse- 
quently. if  one changes a given parameter. such 
as /I, the effects upon the equilibrated flow due to 
this parameter change can be, to a reasonable 
extent, anticipated by examination of the 
structural changes the given parameter will in- 
duce in the one-wave model example. Note that 
we could not draw the same conclusions if the 
discrepancies were not systematic and growth- 
rate dependent (and were of similar magnitude. 
of course). A chaotic scatter of the discrepancies 
about the growth rate curves (which occurs in the 
two inviscid runs) might be anticipated if turbu- 
lent scrambling processes dominated the equili- 
bration dynamics (process number three of 
Salmon (1980). Vallis (1988)). 

The equivalent barotropization due to /I in 
these strongly forced and dissipated models then 
appears to be much more a consequence of the 
influence [j exerts upon the structures than 
Salmon's down-scale shift hypothesis. If the latter 
were the case. one would expect not only the 
barotropization, but a shift in energy upscale in 
going from the ,f to /I-planes, as more "room" in 
spectral space is created. In strongly structurally 
deterministic situations, this behavior is not ob- 
served. The energy maximum tends to follow, 
instead, the marginal curve (which can be seen in 
Fig. 6 and is discussed in detail in Subsection 
4.4). The marginal curve, meanwhile, shifts to 
smaller scales with the addition of p. 

Perhaps an even more potent demonstration of 
the r61e of structural determinism upon the 
equilibration is provided by the examination of 
the equilibration spectra as a function of the 
static stability. N o  other single parameter in the 
model exerts such a strong influence upon the 
scale of the most unstable wave than this par- 
ameter. Consequently, one would expect to see a 
significant increase in the barotropization and a 
strong upscale shift of the energy maxima for 
decreuses in the static stability parameter, which 
markedly shifts the wave of maximum instability 
to shorter scales (see Figs. I or 6 of R). However, 

on the /-plane, the spectra and zonal flows (the 
latter of which can be seen in Fig. 2) are almost 
completely insensitive to this parameter. A closer 
examination of the structural influences due to 
this parameter reveals that the energy-containing 
longer waves in the vicinity of the marginal curve 
are nearly independent of the static stability (see 
Fig. 6b of R); thus the influence upon the 
equilibrated state is minor. A similar degree of 
insensitivity is not quite the case on the ,&plane, 
as the energy-containing longer waves do undergo 
minor structural changes i n  response to the static 
stability (primarily due to the downscale shift of 
the marginal curve on the @-plane), which is 
reflected by the small increase in the zonal flows 
in Fig. 2 between the LS to HS cases. The 
important point is that the eyuilihriuni .stati.stics 
appe'ar to he most stwsitice to the o iwal l  changes in 
the induced .wucfures rather than the shift of 
energy input scale. Otherwise, decreasing the 
static stability parameter would be an even more 
effective means of barotropization, as it is much 
more effective at transferring the scale of the 
most unstable disturbances to smaller scales than 
increasing /I. 

The systematic and deterministic nature of the 
numerical model structures also indicates that the 
evolution of the thermal and stream-function 
components to their preferred arrangements is 
quite robust. If one views the balance as the 
thermal field adjusting to the streamfunction 
field, a partial explanation for Held's (1983) 
question "Why do barotropic models work as 
well as they do?" ensues. In strongly structurally 
deterministic flow situations, the thermal and 
vorticity fields rapidly adjust to a preferred struc- 
ture. In a statistically equilibrated state in which 
no sudden inputs of energy from the release of 
baroclinic instability are occurring, the baroclinic 
processes are then primarily engaged with the 
barotropic mechanisms to establish specific 
structures. Consequently, the barotropic predic- 
tion of the vorticity fields (to which the thermal 
fields adjust) is quite successful at time scales 
long compared to the adjustment time of the 
structures. 

The final important note comes from the 
results of the two inviscid runs, which are 
completely different than any of the remaining 
forced-dissipative experiments. First, there is 
little difference between the p- and f-plane runs: 
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the overwhelming majority of the wave energy is 
in the largest-scale component, and the zonal 
shear is nearly zero, while the barotropic zonal 
flow is about the same as the initial value. 
Second, the phase differences for all the 
components are essentially zero. In short, the 
system has become barotropic, and not equival- 
ent barotropic. Here the effects of turbulence 
clearly dominate, as the inviscid case is structur- 
ally indeterministic as the flow becomes baro- 
clinically neutral (see R). 

4.4. The amplitudes 
In the state of statistical equilibrium, each 

component of the numerical model must be re- 
ceiving as much energy as it is losing. The energy 
sources (or sinks) at each scale are accomplished 
by transfers to or from other wave components 
and zonal flows, while dissipation is always a 
sink. The magnitudes of these various transfers 
are determined by the amplitude and phase re- 
lations between all the components present in the 
equilibrated state. In the simple one-wave theory, 
only the transfers between the gravest mode zonal 
flow and the wave component are involved in 
determining the equilibrated amplitudes. The 
question is to what degree this single process 
influences the level of amplitude equilibration of 
each component in the numerical model in the 
presence of all the remaining transfer processes, 
both organized and turbulent; in particular, in 
determining at which scale the energy will be a 
maximum. 

Since the “energy spectra” of the one-wave 
model consists of only one component, the only 
manner in which a “spectra” of the one-wave 
model can be generated is to compute the equilib- 
rium energy as a function of wavenumber. As 
stated previously, the maximum of this artifici- 
ally generated spectra will not necessarily occur 
at that wavenumber which is traditionally most 
unstable, but either on the long- or short-wave 
side of it (or both). To provide a qualitative 
measure of the degree to which the equilibrium 
dynamics of the one-wave model (which involves 
only heat-transport efficiencies) is still present in 
the numerical model, the scale at which the 
artificial spectrum obtains its maximum is 
contrasted with the peak in the spectrum of the 
corresponding numerical model as a function of 
the external parameters. 

These comparisons are provided by Figs. 5a-d, 
which contrast the equilibrated amplitude of the 
one-wave model (thin curvy lines) as a continuous 
function of wavenumber (increasing to the right) 
and thermal driving O* (increasing downward), 
for four of the remaining parameter combi- 
nations in Table I ,  with the wavenumbers in the 
corresponding numerical model runs which have 
the highest energies. The discrete wavenumbers 
allowed in the numerical model are indicated 
along the .x-axis, while the 3 values of the thermal 
drivings used in the 36 runs are denoted by LD, 
MD, and H D  as in Table I .  The heavy line 
indicates the location of the one-wave model 
long-wave maxima, while the solid circles indi- 
cate those discrete wavenumbers in the numerical 
experiments that have the highest energies. Since 
the 21 x 21 wave runs are limited by the discrete 
property of the periodicity requirement, to better 
obtain a sense of the shape of the spectra in the 
vicinity of the maxima, an asterisk is provided to 
indicate which scale has the second-highest 
energy. If two waves are nearly tied for second 
place, both are shown by asterisks. The par- 
ameter sets are (a) high-friction, high static 
stability, 8-plane, (b) low-friction, low-static stab- 
ility, fplane, (c) high-friction, low static stability, 
8-plane, and (d) as in (a) but on the f-plane. 

The comparisons demonstrate some qualitative 
success in the sense that the shift in the location 
of the numerical model energy maxima follows 
the shift in the long-wave maxima of the theory, 
in spite of the fact only the organized largest- 
scale component of the heat transports are 
accounted for. Again, as in the case of the 
structures, predictions of the changes in the 
locations of the energy maxima for changes in the 
external parameters are most successful, whereas 
the absolute quantitative location of the maxi- 
mum for a single case is not as well identified. A 
distinct discrepancy is, however, that no secon- 
dary short-wave maximum is found in the 
numerical model, which can be rather easily 
explained by Salmon’s (1978) results. 

In this perspective, then, the location of the 
energy maximum at scales larger than the most 
unstable modes appears to be partially accounted 
for by the structural efficiency and poleward 
heat-transport balance arguments in the follow- 
ing manner: though the traditionally most un- 
stable wave amplifies most rapidly in the linear 
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Fig. 5. Comparison of the numerically simulated amplitude maxima for selected high-resolution runs with the 
amplitudes of the analogous one-wave model. The horizontal axis represents the wavenumber ratio n (increasing to 
the right), where the integer values then denote the locations of the allowable waves in the numerical model (kn for 
k = I ,  2, , . .). The vertical axis is the driving B* (increasing downward) where the low, middle, and high values of 
the driving used in the experiments are denoted. The thin curves are the amplitudes of the one-wave model while 
the heavy curve marks the approximate location of the long-wave, one-wave model amplitude maxima. The solid 
circles indicate the observed wavenumber that had the largest energy in the multi-wave model. The asterisks denote 
the waves of second-largest magnitude (2 asterisks appear if the second-largest amplitudes were about equally 
divided between 2 components). The parameter sets displayed are (a) high-dissipation, high-static stability, 
p-plane; (b) low-dissipation, low static stability J-plane; (c) high-dissipation, low-static stability P-plane; (d) high- 
dissipation, high-static stability, J-plane. 

regime, it is very effective at transporting heat 
poleward and does not require a large amplitude 
to equilibrate with a given zonal flow. The re- 
maining waves, on the other hand, are much less 
efficient and require substantially larger ampli- 
tudes before they can equilibrate with a given 
zonal flow and thus continue to amplify. At larger 
scales, enough signal remains from this process 
that the one-wave theory can qualitatively locate 
the numerical model's energy-spectra maxima, 
whereas a t  smaller scales, the equilibration 
mechanism is swamped by the remaining transfer 
processes between the waves and chaotic 
scrambling. 

The larger amplitude of the longer waves in 

combination with their structurally deterministic 
preferred configurations, probably enhances the 
aforementioned manner of equilibration over 
that of the other processes listed by Salmon 
(1980), in particular, that of scrambling. Homo- 
geneous scrambling of disturbances disrupts the 
correlation between the thermal and vorticity 
fields necessary for energy extraction, cutting off 
any growth, even though the zonal flows may still 
be linearly unstable. The smaller scale disturb- 
ances are more influenced by a given level of 
scrambling than the larger-scale disturbances, 
as the smaller-scale disturbances possess higher 
values of the enstrophy, leading to more effective 
scrambling. Clearly, some process enhances the 
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rate of equilibration of the shortest waves in the 
numerical model, for they are still linearly un- 
stable with respect to the gravest mode mean 
zonal jet, yet do not amplify. How much of this 
equilibration is due to scrambling or organized, 
structurally determined transports that we have 
not accounted for, is unknown. 

We also must point out that following the one- 
wave model precisely would predict an equilib- 
rated state with just one wave: that which re- 
quires the minimum vertical shear to amplify, 
which would be the case if wave-wave interac- 
tions were removed (as in Mak (1985) and Vallis 
(1988)). The fact that energy is transferred 
between the different waves and turbulent 
scrambling is present drives supercritical zonal 
flows and establishes the presence of other waves. 
These waves are then forced into certain configu- 
rations (part of which we can account for: the 
wave-mean flow interactions; and part which we 
cannot: the wave-wave interactions) which are 
furthermore disrupted by scrambling. Our point 
is that to  accomplish the required transports for 
balance, larger amplitudes are necessary for more 
inefficient structures. From our experiments, it 
appears that the structural contribution due to 
wave-mean flow interactions and the feedbacks 
determined by that structure still have a signifi- 
cant signal a t  the larger scales. 

Even though the success of the one-wave model 
is quite limited, the runs do indicate that the 
equilibrated state is strongly controlled by 
structural determinism. One consequence of this 
equilibration process is that the energy maximum 
should lie in the vicinity of the marginal curve. 
This behavior is clearly seen in Fig. 9 of 
Haidvogel and Held (1980). In Fig. 6,  the energy 
maxima for the experiments are plotted relative 
to the normalized growth rates in the same 
manner as in Fig. 4. The locations of the maxima 
are denoted by dots, where the dots in the lower 
half are from the fplane results while those in the 
upper half are from the P-plane (the left-most dot 
and open circle from the P-plane case are from 
the same run, the latter being a secondary 
maximum). The long-wave marginal curve is 
given by the vertical line to the left while the 
short-wave analogue appears to the right, almost 
at the border of the figure. Though not as clean as 
Haidvogel and Held’s (1980) result, a clear ten- 
dency for the maxima to cluster about the mar- 
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Fig. 6. The location of the energy maxima relative to 
the marginal stability curves (denoted by the 2 thin 
vertical lines); in other words scaled as in Fig. 4. The 
/?-plane runs are plotted in the upper part of the figure 
and the j-plane results in the lower part. Note the 
concentration around the point of long-wave marginal 
stability, and the relative shift of the p-plane results 
towards long-wave stability. The linearly most unstable 
wave, on the other hand, tends to lie on the short-wave 
side of the center of the denoted unstable region. 

ginal point is evident. The r61e of structural 
determinism is also evident, as the cases which lie 
furthest to the left are those with the smallest 
amounts of dissipation and most structurally in- 
deterministic, and thus tend towards behaviors 
more in accord with turbulence theory, and vice 
versa (in the inviscid runs, the largest-scale com- 
ponent has the overwhelmingly largest energy). 
The structurally destabilizing influence of B is 
also reflected in the leftward shift of the maxima 
relative to the marginal point, even though in all 
cases but one, the nctual wavenumber of the 
energy maximum increnses upon the addition of 
P. Both the processes of structural determinism 
and homogeneous turbulences are clearly present 
in these runs, the latter becoming more signifi- 
cant as the inviscid, homogeneous environment is 
approached. 

Even if the one-wave theory can provide a 
partial explanation for the location of the energy 
peak in the numerical model, the numerical 
model spectra do not reproduce an energy spectra 
that is considered typical of the atmosphere. In 
the majority of the numerical simulations, a well- 
defined peak in the energy occurs at a scale 
considerably smaller than the largest scale 
resolvable in the model. In fact, for those par- 
ameter sets which otherwise generate zonal flows 
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and disturbance amplitudes that synoptically best 
simulate the atmosphere, the energy peak occurs 
at wavenumbers 4 or 5.  Part of this inconsistency 
appears to be due to the complete absence of 
zonally inhomogeneous external forcing mechan- 
isms (such as topography) in the numerical 
model. 

This suspicion is supported by the spectra 
generated from the rotating basin experiments of 
Li et al. (1986) with and without a wavenumber-2 
topography. In the absence of topography, the 
form of the spectrum obtained by Li et al. (1986) 
(their Fig. 7) is similar in several quantitative 
respects to the spectra obtained in the high- 
resolution model; in particular, the distinct 
energy peak at some scale smaller than the largest 
scale (in their case at  wavenumber 6) as well as 
the weak secondary maximum at the largest 
scale. In their experiment with topography, Li et 
al. (1986) find that much more of the energy is 
channeled into the large-scale harmonics of the 
topography, producing a significantly flatter dis- 
tribution than their no-mountain experiment. 

Examination of just the transient component of 
the atmospheric spectrum (Fig. l a  of Boer and 
Shepherd, 1983) further suggests that the free 
atmosphere would tend to develop a more peaked 
spectrum as in the numerical model i f  the 
orogriiphy could be removed. More solid obser- 
vational evidence for the topographic distortion 
of the energy spectrum is provided by the work of 
Salby (1982). His analysis of Southern Hemi- 
sphere FGGE data shows a distinct and domi- 
nating energy peak at wavenumber 5 that 
appears on/-v during the summer season. The r61e 
of topography is suspected to be at  a minimum 
during the Southern Hemisphere summer as the 
jet has reached its southern-most extent maxi- 
mizing its transit over the oceans. The peaking of 
the numerical model spectra appear, then, not to 
be a failure in the dynamics, but perhaps 
represents the type of spectra the atmosphere 
would obtain if the wave structures were not 
influenced by zonally inhomogeneous boundary 
forcings. 

5. Summary 

The results of the numerical experiments 
clearly demonstrate that the p-effect is one of the 

principal means for establishing equivalent 
barotropic structures and high zonal flow speeds. 
The larger scale disturbances in the f-plane ana- 
logues have much greater westward phase tilts 
with height and, at almost all scales, an enhanced 
baroclinic component (and thus greater poleward 
heat-transport efficiencies leading to markedly 
reduced zonal flow magnitudes) with respect to 
the /3-plane runs. Comparisons between the 
eigenmode structures computed utilizing the 
time-averaged gravest zonal mode flow of the 
numerical model as a basic state with those 
generated numerically, are consistent with the 
concept that the equivalent barotropization by p 
occurs through the same dynamical process of 
asymmetric influence upon the vorticity and 
thermal advections as in the one-wave model. 
The idea proposed by Salmon (1980) that 
barotropization occurs as the baroclinic energy 
input source moves downscale allowing more 
room in spectral space for the homogeneous 
turbulence concepts to apply, seems to be 
swamped by the occurrence of preferred struc- 
tures in our model. 

In the atmosphere. the r81e of structural deter- 
minism is clearly much more complicated, 
as zonally inhomogeneous sources of external 
forcing lead to nonzonal time-averaged states. 
Both the forcings and the non-zonal time mean 
states modify the determined structures in 
manners which are currently poorly understood. 
Disturbances then possess not only preferred 
vertical configurations, but horizontal modu- 
lations such as storm tracks, which, through their 
feedbacks, can lead to features such as weather 
regimes. This more general interpretation of 
structural determinism appears to be consistent 
with the work of Shepherd (1987). The organiz- 
ation of the baroclinic disturbances into preferred 
configurations determines the consequent feed- 
backs and transports, modifying and biasing the 
scrambling effects of pure turbulence. 

Though the numerical model is not the 
atmosphere, the robustness of this influence by p 
in the quasi-geostrophic model strongly suggests 
that the spherical geometry of the earth, through 
similar means, is a major factor behind the 
equivalent barotropic structure and zonal flow 
speeds of the statistically equilibrated flow. The 
common practice of applying barotropic physics 
to simulate the atmosphere would probably be 
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much less popular if the earth were on an f-plane, 
due to the occurrence of much greater westward 
vertical phase tilts. On the other hand, the 
deterministic nature of the structures would prob- 
ably give rise to an equally as effective handling 
by barotropic physics as on the /?-plane. 

A partial explanation for the large-scale energy 
distribution also appears to be provided by 
the structural efficiency- (heat transport) zonal 
driving balance argument elucidated by the one- 
wave model, though it is clear that there are 
several deficiencies. In spite of the host of wave- 
wave energy transfer processes in the numerical 
model, both organized and turbulent, enough 
signal remains from the zonal flow-wave transfer 
process of the one-wave model that it is able to 
qualitatively locate a t  which scale the energy 
tends to maximize. Consequently, in the crudest 
qualitative sense, the establishment of the energy 
into the larger scales distinct from those scales 
which are traditionally most baroclinically un- 
stable, is a result of the lowered efficiency of 
these waves, which then must attain greater 
amplitudes in order to transport a given amount 
of heat poleward. (From another point of view, 
the degree to which the one-wave model de- 
scribes the location of the energy maximum is a 
measure of the degree to which Stone's (1978) 
baroclinic adjustment is applicable.) 

We do not mean to imply here that turbulence 
processes are unimportant, but that they are 
modified by the occurrence of preferred struc- 
tures, the latter of which only arise in forced- 

dissipative systems. Preferred structures imply 
preferred feedbacks which bias the statistically 
homogeneous feedbacks present in geostrophic 
turbulence. Though a matter of taste, we view the 
structural determinism concepts as conceptually 
advantageous, since one can understand equili- 
bration as a consequence of specified disturb- 
ances (which are easy to picture) instead of a stat- 
istical ensemble. The price one pays, of course, is 
that it is currently very difficult to understand the 
details of how a given structure arises, even in 
very simple contexts. Full understanding of stat- 
istical equilibrium in forced-dissipative systems 
will require the understanding of both the 
influences of turbulent scrambling as well as the 
details of structural determinism, which together 
determine the nonlinear feedbacks. 
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