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ABSTRACT

The variability in a two-level nonlinear atmospheric model is examined. The model domain is spherical. The
sole forcing is a zonally symmetric parameterization of the December—February insolation. An extended 1500
day run is carefully analyzed.

Despite the absence of any asymmetric forcing the model produces a large amount of low-frequency variance
and very red temporal spectra in subtropical and polar latitudes. The spatial signature of these low-frequency
disturbances is that of quasi-stationary Rossby wave trains. It is suggested that the ubiquity of quasi-stationary
Rossby wave trains in this model with no stationary asymmetric forcing is a consequence of energy cascade
from the scale of baroclinic instability. The inertial cascade of energy toward larger spatial scales that is characteristic
of geotrophic turbulence is terminated at a wavenumber where wave dispersion becomes as important as advection.
This is precisely the scale at which Rossby waves are stationary. Hence, the cascade of energy from the scale of
baroclinic instability to larger scales deposits energy preferentially into quasi-stationary Rossby waves.

The tropical variance in this model is dominated by an abundance of mixed Rossby-gravity waves that are
driven from the extratropics. Most extratropical waves are seen to be dissipated at their low-latitude critical line

2783

Variability in a Nonlinear Model of the Atmosphere with Zonally Symmetric Forcing

if they propagate into the tropics.

1. Introduction

Two outstanding features of the temporal variability
of the geopotential height in the Northern Hemisphere
winter are the geographically localized maxima and
the dominance of the variability by fluctuations with
periods greater than ten days (Blackmon et al., 1977).
Local maxima in the variance are evident both for high-
frequency (periods less than ten days) and low-fre-
quency fluctuations. The strong zonal asymmetries in
the variance are closely related to the strong zonal
asymmetries of the time-mean atmospheric circulation.
The high frequency maxima are zonally elongated and
are associated with developing baroclinic waves to the
north and east of the major jet streams in the Pacific
and Atlantic Oceans. A dynamically consistent picture
of the high frequency eddies’ life cycle, their fluxes of
heat, momentum and vorticity, and their relationship
with the major jet streams has emerged from recent
observational and theoretical studies (Hoskins et al.,
1983 and references therein). That the variance is
dominated by low-frequency fluctuations and not by
the high-frequency fluctuations associated with syn-
optic-scale weather systems is somewhat of an enigma.
The structure, as well as dynamics of the low-frequency
variability is not well understood and is currently the
subject of intensive research.

The horizontal structure and time evolution of the
low-frequency oscillations have been documented by
Blackmon ez al. (1984a,b). They concluded that hor-
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izontal Rossby wave propagation was the dominant
process controlling the variability with periods between
10 and 30 days. These fluctuations were best defined
across the jet entrance regions in the Pacific and At-
lantic oceans. The origin of these waves is not clearly
known but appears to be in the midlatitudes. Fluctu-
ations with time scales greater than 30 days do not
seem to be associated with simple linear Rossby wave
propagation, although they appear to emanate from
low latitudes. The origin of these very low-frequency
fluctuations has been associated with anomalous trop-
ical sea surface temperatures [see Horel and Wallace
(1981) for observational evidence and Blackmon et al.
(1983) for compelling model results} and with baro-
tropic instability of the time-mean zonally asymmetric
jets (Simmons et al., 1983).

The location and magnitude of both high- and low-
frequency variability depend on geographical asym-
metries of the time-mean circulation. The high fre-
quency maxima (i.e., the storm tracks) are directly
linked to the maximum in baroclinicity of the major
zonally varying jet streams which in turn are the result
of asymmetries in conditions at the Earth’s surface. If
the low-frequency maxima are associated with baro-
tropic instability, then they are the result of strong zonal
asymmetries of the time-mean jets. Forcing by sea sur-
face temperature anomalies is also geographically fixed
on the time scale of the lifetime of the anomaly. The
results of Simmons (1982) suggest that the anomalous
forcing produces significantly different responses de-
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pending on its location with respect to the mean jet
streams. Blackmon et al. (1984a,b) postulate that the
medium frequency Rossby waves (periods between 10
and 30 days), though not necessarily forced by station-
ary zonal asymmetries, are organized into preferred
“wave guides” by the time-mean zonal asymmetries
of the jets. _

In the observational and theoretical studies so far
cited the emphasis has been on low-frequency vari-
ability and its relation to geographic features and po-
tential forcing mechanisms like sea-surface-tempera-
ture changes. It must be realized, however, that sub-
stantial low-frequency variability would exist even in
the absence of any direct forcing. The development of
low-wavenumber, low-frequency disturbances is ex-
pected as a consequence of nonlinear transfer of energy
from the scale of baroclinic instability. As demonstrated
by Fjertoft (1953) for the case of two-dimensional
nondivergent flow and extended to quasi-geostrophic
flow by Charney (1971), the requirement that energy
and enstrophy be simultaneously conserved forces a
cascade of energy from the scale of baroclinic instability
toward larger scales and inhibits the cascade of energy
toward smaller scales. As a result we expect a substantial

-amount of low-wavenumber and low-frequency energy
even in the case where the only driving of the system
is a steady forcing of a pole to equator thermal gradient.
The nature of the low-frequency variability in this sim-
ple case is the basis upon which variability associated
with orography and sea surface temperatures is super-
imposed. In considering the influence of orography and
other surface interactions in generating low frequency
variability it is important to have in mind a clear un-
derstanding of the low-frequency variability that is
present in the absence of these interactions. The pur-
pose of this paper is to investigate the baseline low-
frequency variability that exists in a model of the at-
mosphere driven only by pole to equator heating gra-
dients. ,

Numerous theoretical results suggest that for a re-
alistic zonally symmetric midlatitude jet structure, the
fastest growing baroclinic normal mode will have a
zonal wavenumber of 8 or greater. If nonlinearity and
dissipation are included, waves that develop the most
energy will be at smaller wavenumbers, around 5 or 6
(Gall et al., 1979a). If baroclinic instability at inter-
mediate wavenumbers is the dominant eddy energy
source, then as argued by Kraichnan (1967) and Rhines
(1975) we should expect a nonlinear cascade of energy
upscale and enstrophy downscale from the scale of
maximum eddy energy production. Enstrophy is dis-

.sipated at the smallest scales by turbulent mixing. The
variation of the Coriolis parameter with latitude will
prevent the wavenumber spectrum of kinetic energy
from becoming excessively red (Rhines, 1975). Rossby
wave propagation becomes important for k < k,,, = (8/
2U)"? where U is the rms velocity. For these small
wavenumbers the transfer of energy towards larger
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scales will cease. The resulting spectrum will be essen-
tially red for k > k,, and white for k < k,,,.

The degree to which Rhines’ ideas apply to a spher-
ical domain with realistic wind structure is not clear.
For instance, baroclinic instability can act on the very
longest scales and may be as important for the pro-
duction of the long wavelength eddies as the nonlinear
cascade to large scales. In a spherical domain, wave
activity can be expected to propagate out of midlati-
tudes, where it is produced, into low latitudes where it
is dissipated and (or) excites equatorially trapped waves.
It is of interest to know how the spectrum of variability
changes as one moves north and south of the main-
wave production region in midlatitudes. Presumably
the spectrum of spatial and temporal variability in re-
gions removed from the main production zone is con-
trolled more by wave propagation than by nonlinear
energy exchanges. :

To investigate these questions and as a step toward
understanding the importance of geographically fixed
asymmetries in determining the nature of the observed
atmospheric variability, a model atmosphere with no
time-mean asymmetries is examined. This is accom-
plished by integrating a GCM on a spherical domain
with a flat surface. The only forcing applied to the
model is zonally symmetric heating with latitudinal
structure consistent with the December-February
mean conditions. The zonally averaged basic state and
eddy energies produced by the model are similar to
those of the observed atmospheric circulation. Partic-
ular emphasis will be given to the structure and dy-
namics of the low-frequency fluctuations and their
contribution to the general circulation. The formula-
tion of the two-level primitive equation model is de-
scribed in section 2. Analysis of the variability in the
model is presented in section 3. Comparison of the
model variability to the atmosphere, the applicability
of the model resuits to understanding the real atmo-
sphere, and future experiments are described in sec-
tion4. :

2. Model development

Numerical simulations of atmospheric variability,
until quite recently, have been limited to short inte-
grations of “realistic” GCMs or extensive integrations
of severely truncated or limited area models. With the
advent of supercomputers and spectral transform
models with semiimplicit time stepping, extended in-
tegrations of comprehensive GCMs are now econom-
ically feasible (Manabe and Hahn, 1981). The benefits
of integrating realistic GCMs are, of course, that the
results may be directly compared to the observed at-
mosphere. The simple truncated models, while not di-
rectly comparable to the real atmosphere, allow for
easier interpretation of the dynamics involved and for
longer integrations and more numerous experiments.

The goal of this study is to examine carefully the
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atmospheric variability that is present in the absence
of any asymmetries in the Earth’s surface. For both
economy and ease of interpretation, the simplest model
that will include the fundamental dynamics is desired.
Since we are interested in the variability in both the
extratropics and tropics, a global domain is necessary.
The simplest model which will represent the nonlinear
life cycle of baroclinically unstable eddies (the domi-
nant eddy energy source in midlatitudes) is a two-level
nonlinear model. The exclusion of moisture is a major
simplification that will make physical interpretation
easier, but comparison to the real atmosphere more
dubious, especially in the tropics.

The primitive equations on a sphere, written in terms
of the vorticity, divergence, thermodynamic energy,
continuity and hydrostatic equations are:
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Here F represents the parameterization of dissipative
processes in the model; Q is the prescribed diabatic
heating and & is the geopotential. The other notation
is standard. These equations are finite differenced at
two levels in the vertical as in Smagorinsky (1963) and
Held and Suarez (1978):
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where the overbar and caret represent vertical mean
and vertical difference field, respectively. For example,

- 1
0= 5(0250 mb + 0750 mb)

1)

A 1
0= 5(0250 mb — 8750 mb)

and
\

L(g h) = 1/a cos2¢( + cos¢ az}

U= ucos¢

V = v-cos¢ -
B = —(p/po)/*

Do = 1013 mb

a (the radius of the earth) = 6.37 X 10° m

The governing equations (6-10) assumed w = 0 atp
= poand p = 0, so that D = 0.

The coefficient of diffusion K, has been set to 2.5
X 10° m s~ as in Bourke (1974). The coefficient of
surface drag is C,; = (10 days)~'. The Newtonian cooling
coefficient « is set to (15 days)™'. The radiative equi-
librium potential temperature 6, is prescribed (see
below).

The definition of 8 = §, + §', where 6, is a global
average and #’ is the deviation from that average, fa-
cilitates the use of an implicit time step applied to the
inertia-gravity terms in the thermodynamic energy
equation. Provided 6, > ', a computationally stable
implicit time step can be applied to the 6,D term in
the 6 equation. Note that the corresponding term
80D in the § _equation does not appear in this formu-
lation. The 8'D term can be treated explicitly along
with the other nonlinear terms in the 8 equation pro-
vided 8'D < 8,D.

Following Bourke (1972), we write the velocity vec-
tor in terms of a stream function and velocity potential;
the variables are expanded in spherical harmonics and
the nonlinear terms are calculated using the transform
method, (Orzag, 1970). The spherical harmonic ex-
pansion is truncated rhomboidally at 15.

A time stepping scheme of the following form is used:

¢n+l — ¢n-—1

27 = (advection + other nonlinear terms)”

+ (dissipation™*! + dissipation”!)/2
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+ € (inertia~gravity terms)™*!

+ (1 — ¢) (inertia-gravity terms)" !

where n indicates the time step.

As in Held and Suarez (1978) we choose € = 1 for
the eddy components and ¢ = 1 for the zonal mean
component. This semiimplicit scheme conserves the
amplitude of the eddy inertia-gravity oscillations while
slowing them down, and damps the zonally symmetric
oscillations. It allows the use of a one-hour time step.
To control the growth of the computational mode, a
forward time step is taken every 25 time steps. One
day of model integration requires about 2 s on the Cray-
1 or equivalently about 12 min per year.

The specifications of 6, are chosen to represent De-
cember-February mean conditions. We take 6, as

6,=C, + C, cos2e,
Ci=30K,C,=35K: ¢>0
Ci=310K, G, =25K: ¢<0
=15K, —n/2<¢=<nu/2

The integrations are started from rest with 8 set to

b

the global average of 6, and 8 = 6, everywhere. Small

perturbations in @ are introduced at the initial time
step to instigate the growth of baroclinically unstable
waves. The radiative driving is gradually turned on over
a period of 15 days. After an initial spin-up period of
50 days, model data are saved once per day.

The time-mean zonally averaged winds for a 1500
day run are displayed in Fig. 1. These winds are com-
parable to the observed wintertime mean winds at 250
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FI1G. 1. The 1500 day time-mean zonally averaged upper-level zonal
wind (solid line), lower level zonal wind (dotted line) and upper level
meridional wind (dashed line). The units are m s™! for the zonal wind
and cm s™' for the meridional wind.
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and 750 mb (Webster, 1983). The position of the mid-
latitude jets is about 10° poleward of the observed jet
axes, however. At the upper level easterly winds occupy
the region between about 10°N and 15°S. The reduc-
tion of the low-level easterlies just south of the equator
(evident in the observations also) is the result of the
eastward Coriolis torque associated with flow across
the equator in the lower half of the Hadley cell.

To confirm that the model energetics are similar to
those of the observed atmosphere, the energy cycle has
been calculated. The definitions of the kinetic energy,
available potential energy, conversion, generation, and
dissipation terms in the two-level formulation are
standard (see, e.g., Gates, 1961). The comparison to
the observed atmosphere is meant only as a qualitative
check that the external parameters 6., K, Cy, J, and
« are producing a circulation with realistic gross ener-
getics. As can be seen in Fig. 2 the energy amounts and
exchange rates are similar to those estimated from at-
mospheric data by Oort and Peixoto (1983). The kinetic
energy dissipation is divided about equally between
surface drag and diffusion.

3. Analysis of model data
a. Time and space scales of temporal variability

We describe here the analysis of the variability pro-
duced in the 1500 day model run with zonally sym-
metric forcing. Globally and zonally averaged diag-
nostics are calculated which can be compared readily
to the observed atmosphere. Particular attention also
will be given to the longitudinal as well as latitudinal
structure of the variability.

As a measure of global variability, the distribution
with zonal wavenumber of the globally integrated
transient kinetic energy is shown in Fig. 3. Three main
features are seen which also occur in the observed at-
mosphere’s energy spectrum (Wiin-Nielsen, 1967) and
in theoretical two-dimensional turbulence studies on
a beta-plane (Rhines, 1975) and on a sphere (Basdevant
et al., 1981). These are the spectral peak around wave-
number 3, the sharp drop in kinetic energy at wave-
numbers greater than 5, and the relatively flat spectrum
at wavenumbers less than 5.

The use of logarithmic axes in Fig. 3 emphasizes the
decrease of kinetic energy obeying a power law with a
slope between —2 and —3 as predicted by two-dimen-
sional turbulence theories. An inertial range is proposed
to exist with enstrophy cascading from the injection
scale (the baroclinically unstable waves in midlatitudes)
to the dissipation scale at a constant rate equal to both
the injection rate and dissipation rate. The coefficient
we have used for momentum conserving diffusion is
sufficiently small that nonlinear terms dominate the
diffusive terms in the vorticity balance at all scales re-
solved by the model. Therefore the range of zonal
wavenumbers above about 7 are truly in an inertial
range. Because of the weak cascade of energy to small
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FIG. 2. The globally averaged energy cycle (see text for definitions).
The units of available potential energy P and kinetic energy K are
10* J m™2 The units for the generation term G conversion C diffusion
D, and surface drag D, are W m™2, The values in parentheses are for
the December-February global average for the observed atmosphere
taken from Oort and Peixoto (1983).

scales characteristic of quasi-geostrophic flow, it is not
necessary to explicitly resolve a viscous subrange.

The flat spectrum seen in Fig. 3 for wavenumbers
less than 5 agrees well with the prediction by Rhines
(1975) that the cascade of energy to larger scales will
be inhibited by Rossby wave propagation for k < (8/
2U)"2. This critical wavenumber can be obtained by
a scale analysis equating the magnitudes of the relative
and planetary vorticity advection in the vorticity equa-
tion or, equivalently by equating the rms particle ve-
locity with the Rossby wave phase speed. For smaller
wavenumbers than this, vorticity maxima can be dis-
persed by linear processes before they are distorted by
advection. It is interesting that this wavenumber is also
the stationary wavenumber for an equivalent barotro-
pic flow.

In linear theory (e.g., Hoskins and Karoly, 1981) we

obtain
ks = VB/2[U)

where k; is the root mean wavenumber required for a
stationary wave and [U] is the zonal mean wind. If we
can equate the rms velocity scale with the mean zonal
wind, which is reasonable for terrestrial conditions,
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“then we expect the energy cascade to low wavenumbers

to terminate at about the spatial scale required for a
linear Rossby wave with zero phase speed. We have
looked at a series of 90-day averages taken from our
1500 day run and find that significant zonal asym-
metries with meridional velocity perturbations on the
order of 20% of the mean zonal wind appear in these
seasonal averages. These tend to occur in middle and
high latitudes and have the structure of Rossby wave
trains (e.g., Hoskins and Karoly, 1981).

The actual spectral peak at wavenumber 5, also seen
in the observed spectrum, though less distinct (Wiin-
Nielsen, 1967), may also be explained by the domi-
nance of the global energy spectrum by midlatitude
baroclinically unstable waves at this wavenumber. As
hypothesized by Gall et al. (1979a), the maximum eddy
energy attained by baroclinically unstable eddies grow-
ing nonlinearly on a realistic jet will be for eddies with
significantly smaller wavenumbers than that predicted
by the fastest growing linear eddy. The inclusion of
nonlinearity allows eddies with wavenumbers around
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FIG. 3. The globally averaged transient kinetic energy as a function
of zonal wavenumber. The solid line is total transients, the dashed
line low-pass eddies, and the dotted line high-pass eddies. The units
of kinetic energy are 10° J m~2,







