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ABSTRACT

A study has been made of the evolution of the zonal-mean zonal wind and temperature in a multiyear
integration of the 40-level, 3° X 3.6° resolution “SKYHI” general circulation ‘model (GCM) that has been
developed at GFDL. In the tropical upper stratosphere the mean wind variation is dominated by a strong
semiannual oscillation (SAO). The peak SAO amplitude in the model is aimost 25 m s~ and occurs near the
1 mb level. The phase of the SAO near the stratopause is such that maximum westerlies occur shortly after the
equinoxes. These features are in good agreement with the available observations. In addition the meridional
width of the stratopause SAO in the GCM compares well with observations.

A diagnostic analysis of the zonal-mean momentum balance near the tropical stratopause was performed
using the detailed fields archived during the GCM integration. It appears that the easterly accelerations in the
model SAO are provided by a combination of (i) divergence of the meridional component of the Eliassen—
Palm flux associated with quasi-stationary planetary waves and (ii) mean angular momentum advection by the
residual meridional circulation. The effects of the residual circulation dominate in the summer hemisphere,
while the eddy contributions are more important in the winter hemisphere. The westerly accelerations in the
mode] SAO result from the convergence of the vertical momentum transport associated with gravity waves that
have a broad distribution of space and time scales. Thus, in contrast to some simple theoretical models, large-
scale equatorial Kelvin waves appear to play only a very minor role in the dynamics of the SAO in the SKYHI
GCM

A s;cond equatorial SAO amplitude maximum was found in the tropical upper mesosphere of the GCM.
This apparently corresponds to the mesopause SAO that has been identified in earlier observational studies.
While the observed phase of this oscillation is reproduced in the model, the simulated amplitude is unrealistically
small, ’

The model integration included the computation of the concentration of N,O. The results show a fairly
realistic simulation of the semiannual variation of tropical stratospheric N;O mixing ratio seen in satellite
observations.
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1. Introduction

The variations in the prevailing zonal wind in the
tropical stratopause region are known to include a
strong semiannual oscillation (SAO). This SAO has
been documented in numerous studies of tropical
rocketsonde wind measurements (Reed 1965, 1966;
Angell and Korshover 1970; Belmont et al. 1974,
Hopkins 1975; Hirota 1978; Hamilton 1982a). As an
example, Fig. 1 (adapted from Hamilton 1982a) shows
- a height-time section of the climatological monthly
mean zonal wind at Kwajalein between 12.2 and 0.01
mb (about 30 and 80 km). Near the 1 mb level the
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SAO is quite evident, with maximum easterlies occur-
ring in January and August, and maximum westerlies
in March and October. Above about 0.2 mb (~60
km) the SAQ is clearly much weaker than the annual
variation, but at still higher levels near the mesopause
(~0.01 mb or 80 km) the strong SAQ reappears. As
noted by Hirota (1978) and Hamilton (1982a) the me-
sopause SAQ is roughly 180° out of phase with the
stratopause oscillation.

Given the strong semiannual component of radiative
forcing at low latitudes, the existence of a strong SAO

.in this region may not be surprising. However, the ob-
served SAO has a number of interesting features that

require theoretical explanations, such as the strong su-
per-rotation of the equatorial flow in the westerly phase
(a puzzling aspect when the SAO was first discovered;
e.g., Reed 1966), and the downward propagation of
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FIG. 1. Time-height section showing average zonal winds for each

month of the year determined from several years of rocketsonde

observations at Kwajalein (8.7°N, 167.7°E). The contour interval

is 10 m s~! and shading denotes westerly winds. Results above 3 mb

based on the data discussed in Hamilton (1982a), below 3 mb on
the data of Cayford and Hamilton (1987).

the westerly wind accelerations (similar to those seen
in the quasi-biennial oscillation in the lower strato-
sphere). :

Unfortunately, the SAO occurs in a part of the at-
mosphere where the detailed dynamics are particularly
difficult to study. The upper stratosphere and meso-
sphere have only very sparse direct wind observations.
This problem is aggravated by the difficulty in inferring
winds from satellite-derived temperature observations
at low latitudes. Detailed diagnostic studies of the mo-
mentum budget of the SAO are not possible with cur-
rently available observations. Thus it is not surprising
that studies of the SAO dynamics have tended to em-
ploy simple mechanistic models (e.g., Meyer 1970;
Dunkerton 1979; Holton and Wehrbein 1980; Taka-
hashi 1984a,b) or to be based on rather indirect diag-
nostic inferences (Hamilton 1986; Hitchman and
Leovy 1988).

Another possible approach to the study of the SAO
dynamics is the analysis of simulations produced by
comprehensive general circulation models (GCMs).
Thus far the only published GCM results showing a
fairly realistic SAO appear to be those from the 40-
level Geophysical Fluid Dynamics Laboratory tropo-
sphere~stratosphere-mesosphere model (referred to as
the “SKYHI” model). In particular, the results for the
tropical middle atmosphere obtained with rather low

horizontal resolution versions of the model have been

briefly discussed by Mahlman and Sinclair (1980) and
Mahlman and Umscheid (1984 ). The present paper is
a much more detailed analysis of the dynamics of the
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SAO as simulated in a long integration of a higher res-
olution version of this model.

A brief review of observations and theoretical models
of the SAQ is presented in section 2. A summary of
the relevant features of the SKYHI GCM is given in
section 3. Section 4 discusses the results for the SAO
in the simulated zonal mean winds and temperatures.
Section 5 considers the transformed-Eulerian mean
zonal momentum balance in the model’s stratopause
SAO. Section 6 is a more detailed discussion of the
role of wave-driving in the simulated SAO. Section 7
is a brief examination of the dynamics of the mesopause
SAO in the model. Section 8 discusses the effects of
the SAO on the simulated distribution of a passive trace
constituent (N,O). The conclusions are summarized
in section 9.

2. Brief review of observations and theory of the SAO

The basic features of the stratopause SAQO in the
zonal wind were apparent in Reed’s early analysis of
rocketsonde observations (Reed 1965, 1966). In par-
ticular, Reed found that the zonal wind at the tropical
stratopause evolves so that easterly maxima of roughly
25-30 m s ™! occur shortly after the solstices, and west-
erly maxima of comparable magnitude just after the
equinoxes. The precise timing of the wind variations
depends on height, with later phases occurring at lower
levels. There is a strong asymmetry in this respect be-
tween the easterly and westerly acceleration regimes.
The westerly accelerations seem to propagate down-
ward in a fairly regular manner, while the easterly ac-
celerations appear almost simultaneously at all altitudes
(see Fig. 1). Observations of the zonal wind at several
stations reveal a stratopause SAO that is basically
trapped along the equator, although there is an indi-
cation of slightly larger amplitudes just south of the
equator than north of the equator (e.g., Hopkins 1975).
The wind SAO is accompanied by a SAO in temper-
ature that can be conveniently observed by satellite
radiometers (Barnett et al. 1985; Hitchman and Leovy
1986; Gao et al. 1987). The satellite data suggest that
the SAO is very nearly zonally-symmetric (Gao et al.
1987).

The occurrence of super-rotation of the equatorial
winds during the westerly phase of the SAO has nat-
urally suggested the presence of a vertical eddy trans-
port of westerly momentum into the tropical upper
stratosphere (e.g., Holton 1975; Hirota 1978). The ob-
servational analysis of Hirota (1978) showed the pres-
ence of Kelvin waves with phase speeds ~50-70 m
s”! in the tropical upper stratosphere (see also Salby
et al. 1984). Hirota suggested that these Kelvin waves
could provide the momentum transport necessary to

. explain the westerly accelerations in the SAO. This idea

has been incorporated into simple SAO models by
Dunkerton (1979), Takahashi (1984a,b), and Gray
and Pyle (1987).
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While vertical eddy momentum transports appear
to be implicated in the generation of westerly SAO
accelerations, there are other possible mechanisms for
producing the easterly accelerations. Reed (1966) sug-
gested that advection of the summer hemisphere mean
easterlies across the equator by the mean meridional
circulation could account for tropical easterly maxima
around the time of the solstices. This mechanism was
shown to account for reasonably good simulations of
the easterly phase of the SAO found in somie simple
zonally-symmetric models (Holton and Wehrbein
1980; Hamilton 1981) and in a low-resolution GCM
(Mahlman and Sinclair 1980).

Another possibility for the generation of the easterly
phase of the SAO was proposed by Hirota (1978, 1980;
see also Hopkins 1975). Hirota attributed the easterly
mean flow accelerations to the effects of meridional
momentum transports associated with large-scale
quasi-stationary planetary waves generated in the ex-
tratropics. '

As noted in the Introduction, it is impossible at
present to conduct a detailed diagnostic study using
real data to identify conclusively the forcing mecha-
nisms for the SAO. Hamilton (1986 ) attempted a rather
indirect investigation of SAO dynamics based on ob-
servations. In particular he computed the residual me-
ridional circulation using diabatic heating rates ob-
tained by inserting observed temperatures into a so-
phisticated numerical radiative transfer model. He then
used this calculated residual circulation, together with
the observed mean flow accelerations, to estimate the
wave-driving of the mean flow required to balance the
momentum budget. He then interpreted the meridional
profile of the inferred wave-driving in the light of cur-
rent wave-mean flow interaction theory. In particular
Hamilton found that the wave-driving could be imag-
ined as being composed of an equatorially-centered
westerly component plus an easterly component that
is large in the winter hemisphere subtropics and de-
creases as one moves into the equatorial region. Ham-
ilton interpreted the first component as being due to
equatorial Kelvin waves, and the second as being as-
sociated with large-scale planetary waves of extratrop-
ical origin. An implication of this interpretation is that
" the easterly SAO accelerations on the winter side of
the equator are to be largely attributed to Hirota’s
mechanism, while on the summer side they are mainly
due to the effects of the residual meridional circulation
(as proposed by Holton and Wehrbein 1980, and
Mahlman and Sinclair 1980). . _

Hitchman and Leovy (1988) have attempted to use
satellite-derived temperature analyses to estimate the
amplitude of planetary-scale Kelvin waves, and hence
their contribution to the zonal-mean momentum bal-
ance in the tropical stratosphere and mesosphere. They
concluded that a significant fraction (~20%-70%) of

the observed westerly mean flow acceleration in the -

SAO can be ascribed to the effects of Kelvin waves
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with zonal wavenumbers 1-3. They suggested that the
remaining westerly forcing may be produced by dis-
sipation of small-scale vertically-propagating gravity
waves.

The results to be discussed in the present paper will
demonstrate that the GFDL SKYHI GCM does pro-
duce a fairly realistic simulation of the stratopause
SAO. The simulation will be analyzed in detail to ad-
dress the issues raised in earlier observational and
modelling studies. In particular, in the model it is pos-
sible to compute accurately the relative contributions
of the eddy forcing -and the residual circulation to the
mean flow acceleration. The model data also allows
the determination of the spatial and temporal scales of
the waves responsible for the eddy forcing of the mean
flow. Through the diagnostic analysis a rather complete
picture can be obtained of the operation of the strato-
pause SAO in the GCM.

Analysis of the relatively infrequent mesospheric
rocket soundings at Ascension Island (8°S; Hirota
1978) and Kwajalein (8.7°N; Hamilton 1982a) show
the existence of another SAO at upper mesospheric/
lower thermospheric levels. This oscillation has ap-
proximately the same maximum amplitude as the
stratopause SAO, but is roughly 180° out of phase.
Dunkerton (1982) suggested that the mesopause SAO
might be explained by the effects of small-scale gravity
waves on the equatorial mean winds. In particular, he
argued that vertically propagating waves with easterly
(westerly ) phase speeds should be filtered out at strato-
spheric levels during the (easterly) westerly phase of
the stratopause SAO. If the remaining waves break in
the upper mesosphere, then one can anticipate a wave-
driving of the mesopause winds that will be roughly
out of phase with the stratopause SAOQ.

As shown below, the SKYHI GCM produces a me-
sospheric SAO similar in some respects to that ob-
served. However, the simulation of the mesopause SAO
is much less realistic than that of the stratopause SAO.
In particular, the mesopause SAO in the model is less
than one-half as strong as that observed. Also the an-
nual-mean wind in the model’s tropical upper me-
sosphere is quite unrealistic in the GCM. Thus less
attention is paid in this paper to diagnosing the detailed
driving mechanisms for the mesopause SAO. However,
section 7 does briefly discuss how the limitations of
the model formulation may account for the relatively -
poor simulation of the tropical upper mesosphere.

3. Description of the GCM

The “SKYHI” GCM is a numerical model designed
for comprehensive, time-dependent simulation of the
dynamics of the global troposphere, stratosphere and
mesosphere. The basic description of the model is given

in Fels et al. (1980), and earlier results obtained have
been discussed in Mahlman and Sinclair (1980), An-

1
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drews et al. (1983), Hayashi et al. (1984), Mahlman
and Umscheid (1984, 1987) and Miyahara et al.
(1986). Only a very brief summary of the important
features of the model will be given below.

The GCM has 40 levels extending from the ground
to about 0.01 mb ( ~80 km). The governing equations
are discretized on a regular latitude-longitude grid. The
model has now been run at four different horizontal
resolutions 9° X 10°, 5° X 6°,3° X 3.6°and 1° X 1.2°
(thus far only a half-year of the 1° X 1.2° simulation
has been completed, and so the results are not yet ap-
plicable to the present problem). The model is for-
mulated in a vertical coordinate that approximates the
standard o system in the lower atmosphere and is iden-
tical to isobaric coordinates above 354 mb. The vertical
resolution decreases gradually with height; in the upper
stratosphere there is roughly 2.5 km separation between
levels, while at the top of the model the level spacing
is roughly 6 km.

As an upper boundary condition the isobaric vertical
velocity, w, is set to zero at zero pressure. In an attempt
to reduce spurious wave reflection from the upper
boundary, an eddy Newtonian cooling term is added
to the thermodynamic equation and an eddy Rayleigh
friction is added to the horizontal momentum equa-
tions at the top level.

The model was run with seasonally varying solar
insolation and (specified) sea surface temperatures. No
diurnal cycle of solar radiation was included, however.
Realistic longwave and shortwave radiative heating
rates were computed every six hours using a specified
distribution of clouds. Parameterizations are included
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FIG. 2. Zonal-mean zonal wind averaged over January *“1984,”
“1985” and *1986.” The interval between solid contoursis 20 ms™*
and regions of mean westerlies are shaded. The dashed contours are
for x10 ms~.
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for various subgrid-scale processes (e.g., moist convec-
tive adjustment ). Of particular interest for the present
paper is a parameterized Richardson number-depen-
dent vertical mixing of heat and momentum (see Fels
et al. 1980).

The simulated data to be analyzed in this paper rep-
resent part of a five-year integration of the 3° X 3.6°
version of the model. This integration began in October
using initial conditions interpolated from a multiyear,
seasonally marched integration of the 5° X 6° version
of the model. In the actual solar astronomy dating sys-
tem used at GFDL, the higher-resolution model inte-
gration began on astronomical date 1 October “1982.”
The results of the integration for the three year period
from July “1983” through June “1986” were analyzed
in the present project. Throughout most of this period
“snapshots” of the model fields were saved to tape once
each day. During the period 15 December “1983”
through 23 March “1984” all of the variables were
saved twice a day, and the wind and temperature fields
were saved every two hours.

4. Results for the zonal-mean zonal wind and temper-
ature

Figures 2-5 show meridional cross sections of the
zonally averaged zonal wind, #Z, above 100 mb for the
three year means in January, April, July and October.
Outside of the equatorial region these figures can be
compared to the geostrophic wind observations shown
in Hamilton (1982b,c), Geller et al. (1983) and Barnett
and Corney (1985). In common with most other
GCMs, the simulated polar night jets in the winter
hemisphere are stronger and are located farther pole-
ward than those actually observed. This problem is
particularly severe in the Southern Hemisphere during
July (Fig. 4); in this month the simulated jet strength
is greater than 160 m s~!, far in excess of the 103 m
s~! maximum # reported for July by Barnett and Cor-
ney (1985, their values are for the geostrophic wind
which is presumably somewhat stronger than the actual
7). The simulated easterly jets in the summer hemi-
sphere are in reasonably good agreement with obser-
vations (although displaced rather too far poleward),
except in the upper mesosphere (above about 0.05 mb).
In this high altitude region the observations suggest
that the easterly jet closes off and weakens quickly with
height, whereas the simulated easterlies continue to in-
crease right up to the highest model level. In this context
it should be noted that the model does not include any
parameterization of the drag effects due to unresolved
gravity wave motions.

The simulated # field in April (Fig. 3) is in reasonable
agreement with observations, although the Southern
Hemisphere westerly jet in the model is somewhat too
strong and located too far poleward. The simulated
westerly jets in October are realistic, except above about
5 mb in the Southern Hemisphere. In this region ob-
servations suggest a sharp decrease in the jet strength
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F1G. 3. As in Fig. 2, but for April.

with altitude, with weak easterlies filling most of the
mesosphere. By contrast, the model has quite strong
westerlies in this part of the atmosphere.

The general picture that emerges is of a model sim-
ulation with fairly realistic extratropical zonal-mean
wind structure, but with the model generally displaying
jets that are too strong. These strong jets are associated
with enhanced equator-to-pole temperature contrasts
in the model. The obvious implication is that the eddy
fluxes in the GCM are too weak, so that the model
develops a temperature structure that is somewhat too
close to radiative equilibrium. This problem was shared
to a much more acute degree by the lower resolution
versions of the SKYHI model (Mahlman and Sinclair

1980; Mahlman and Umscheid 1984 ), and appears to
be substantially alleviated in the very high 1° X 1.2°
version (Mahlman and Umscheid 1987).

The winds in the equatorial region shown in Figs.
2-5 display a clear stratopause SAO, with the summer
hemisphere easterlies extending across the equator in
January and July, and the appearance of westerlies at
the equatorial stratopause in April and October. The
general pattern is similar to that-seen in climatologies
based on rocket observations (e.g., Murgatroyd 1969;
CIRA 1972). The principal deficiency in the simulated
equatorial winds occurs in the upper mesosphere,
where the model produces weak westerlies while the
observations (e.g., CIRA 1972) show strong mean

~ easterlies. This problem may be due to the lack of ther-
mally forced tides in the model, since the tides are
thought to produce an intense easterly mean flow driv-
ing near the tropical mesopause ( Miyahara 1978a,b;
Hamilton 1981).
Figure 6 shows a time-height section of the monthly-
average, zonal-mean zonal wind at the equator for the
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FIG. 4. As in Fig. 2, but for July “1983,” “1984” and “1985.”
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full three years of simulation. One striking aspect of
this figure is the very small interannual variability ev-
ident in the lower stratosphere (where the real atmo-
spheric circulation is dominated by the quasi-biennial
oscillation). This lack of a quasi-biennial oscillation is
shared by all other comprehensive GCMs. No definitive
explanation for this deficiency in GCMs is_currently
available (although there have been speculations that
the problem results from either inadequate vertical
resolution or a too strong damping of the mean flow
by subgrid scale processes in the models; e.g., see Plumb
1977; Hamilton 1981; Plumb and Bell 1982).
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FIG. 5. As in Fig. 4, but for October.
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FIG. 6. Height-time section of the monthly-averaged zonal-mean zonal wiﬁd at the
equator during three years of model simulation. The equatorial winds are estimated
as the average of those at 1.5°S and 1.5°N. The contour interval is 10 m s~ and

shading indicates westerly winds.

By contrast, the simulation in the equatorial upper
stratosphere and lower mesosphere is impressively re-
alistic. The semiannual oscillation is clearly well de-
veloped in the vicinity of the stratopause, with maxi-
mum easterlies at the 1 mb level in January and July,
and maximum westerlies in April and October. The
first easterly and westerly maxima in each year seem
to be somewhat larger than the second, in agreement
with observations (Delisi and Dunkerton 1988). In
contrast to the observations, however, both the westerly
and easterly acceleration phases appear to display a
gradual downward phase propagation.

The equatorial winds in the upper mesosphere dis-
played in Figs. 6 show the westerly bias relative to ob-
servations that was noted earlier. However, there is
some evidence of the mesopause SAO in the model,
since the strongest westerlies occur in both January
and July. The peak-to-peak amplitude of this variation
appears to be between 10 and 20 m s, i.e. considerably
less than actually observed.

Figure 7 shows the meridional cross section of the
amplitude of the semiannual harmonic of the # vari-
ation determined from the monthly mean values
throughout the three years of model simulation. The
maximum near the equatorial stratopause is very ev-
ident. There is a slight tendency for the SAO to be
stronger in the Southern Hemisphere than in the
Northern Hemisphere (at least equatorward of 15°).
This apparent asymmetry is rather more pronounced
in observational SAO cross sections- that have been
published (e.g., Belmont et al. 1974; Hopkins 1975).
However, it is important to remember that the obser-
vational estimates of the asymmetry near the equator

have been largely based on rocket data from just three
stations (Kwajalein, 8.7°N, Ft. Sherman, 9°N, and
Ascension Island, 8°S).

The observations of Hopkins (1975) indicate a
maximum amplitude for the zonal wind SAO of just
over 25 m s~!, while the model results in Fig. 7 show
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FI1G. 7. Contours of the amplitude of the semiannual harmonic of
the zonally-averaged zonal wind. Contour labels are in m s,
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a slightly smaller maximum amplitude. The largest
amplitudes are just below the 1 mb level. The merid-
ional width of the SAQ indicated in Fig. 7 is similar
to, but slightly less than that seen in the observed cross-
sections. The amplitude of the & SAO in the upper
mesosphere of the model is less than 10 m s™!, con-
trasting with the-roughly 20 m s~' that has been ob-
served (Hirota 1978; Hamilton 1982a).

Figure 8 displays the phase of the semiannual har-
monic of the zonal wind variation in the model. The
results show a very regular downward propagation of
the SAQO over almost the whole equatorial middle at-
mosphere. There is also a slight indication of phase
propagation outward from the equator, at least at al-
titudes above 1 mb. These features are in good agree-
ment with the observations of Hopkins (1975). The
main discrepancy with observations is in the region
" below about 5 mb ( ~40 km); here the model results
show a continuing downward propagation, in contrast
to the roughly constant phase found in the rocket data
(Hopkins 1975).

Figure 9 shows the amplitude of the semiannual
harmonic of zonally averaged temperature, 7, in the
three years of model simulation. This can be compared
with results based on temperatures retrieved from sat-
ellite radiometer data shown in Fig. 10 (redrafted using
the data in Barnett et al. 1985). The model results near
the stratopause are in good agreement with observa-
tions, with maximum amplitudes in each case of just
over 4°C. The model 7 SAO may be very slightly nar-
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FIG. 8. Phase of the semiannual harmonic of the zonal-mean zonal
wind. The contour labels give the time of the maximum westerlies
associated with the SAQ, in months after 1 January.
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FIG. 9. Amplitude of the semiannual harmonic of the zonally-averaged
temperature in the model. Contour labels in °C.

rower in latitude than that observed, and the peak am-
plitude in the GCM occurs slightly lower than in the
observations. However, the overall agreement for the
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RaG. 10. As in Fig. 9, but for the satellite-based observational analysis
of Barnett et al. (1985).
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stratopause SAQ is impressive (although it should be
noted that the use of radiometer data with limited ver-
tical resolution would be expected to somewhat sup-
press the observational estimates of the amplitude).
The phase of the semiannual harmonic of 7 in the
model (not shown) displays regular downward phase
propagation near the equator (similar to that seen for

the # SAO in Fig. 8). There is a large phase shift be- -

tween the equatorial and subtropical regions in the T
SAO (a phase shift of between about 90° and 180°,
depending on altitude). These features are just those
expected for a temperature SAO that is in approximate
thermal wind balance with the # SAO shown in Figs.
7 and 8.

The model results in Fig. 9 diverge quite noticably
from the observations above about 0.5 mb. In partic-
ular, the observed T SAO amplitude grows strongly
with height between about 0.5 and 0.08 mb, while the
model results display a gradual decline in the amplitude
throughout the mesosphere. The smallness of the tem-
perature SAO in the model mesosphere is consistent
with the weakness of the mesospheric wind SAO noted
above.

In summary, it appears that the SKYHI GCM with
3° X 3.6° horizontal resolution produces a quite re-
alistic simulation of the SAO in the zonally averaged
flow in the vicinity of the tropical stratopause. The
good quality of this simulation justifies the more de-
tailed analysis of the dynamics of the model’s SAO
that is presented in the following sections. By contrast,
there are serious deficiencies in the model simulation
of the mesospheric SAO (as well as the annual mean
winds in the tropical upper mesosphere).

5. Zonal-mean momentum balance

The model variables (including subgrid scale terms)
at all grid points and levels are normally archived once
per day. Since the SKYHI model integration involves
the explicit solution of the zonal momentum and ther-
modynamic equations on pressure surfaces (above 354
mb), the numerics were formulated so that the usual
isobaric zonal-mean zonal momentum-and heat bal-
ances are satisfied “exactly” (i.e., to the roundoff pre-
cision of the computer). As shown in Andrews et al.
(1983) the archived variables can be used to construct
“exact” isobaric transformed-Eulerian (TE) momen-
tum balances as well. In this section the diagnosed TE
balances near the tropical stratopause in the model
simulation will be presented, with a view to explaining
the mechanisms responsible for the SAO.

One difficulty that arises in using the archived data
is related to the once-per-day sampling. The model
fields have so much high-frequency and small-scale
variability at upper stratospheric/mesospheric levels
that instantaneous values of a quantity like the accel-
eration of the zonal-mean zonal wind can have a very
noisy meridional profile. Even when a “monthly mean”
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is computed as an average of 30 of these instantaneous
snapshots, some of this small-scale variability in the
spacial structure of the di/d¢ field remains. It turns
out that application of a simple 1-2—-1 smoothing across
successive latitude rows produces a reasonably smooth
meridional profile of “monthly mean™ diz/d¢. It appears
that this smoothed profile is generally a better approx-
imation to the profile of the true monthly mean of the
acceleration (which can be computed from a knowl-
edge of the actual # saved at the beginning and end of
each month). It seems reasonable that this smoothing
would also improve the results for the other compo-
nents of the TE momentum balance. Thus all the pro-
files of the various terms in the momentum balance
presented below have been 1-2-1 smoothed in latitude.

Figure 11 shows the terms in the TE momentum
equation (e.g., equation 2.7 of Andrews et al. 1983) at
the 1.08 mb level averaged over the three simulated
February months. The “*CIRCULATION” term is
the contribution to the mean flow acceleration from
the vertical and horizontal advection of angular mo-
mentum associated with the residual meridional cir-
culation. “EPFD” is the contribution to the mean flow
acceleration from the divergence of the EP flux asso-
ciated with the resolved eddies in the model. “DIF-
FUSION?” is the contribution from the parameterized
subgrid scale momentum diffusion. The actual zonal-
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F1G. 11. Components of the transformed-Eulerian zonal-mean

momentum balance at the 1.08 mb level in the model. Results are
averages over February “1984,” “1985” and *“1986.” The curve
marked “*CIRCULATION” represents the contribution of the re-
sidual mean meridional circulation. The curve labelled “EPFD” is
the zonal force/unit mass associated with the EP flux divergence of
the eddies. “DIFFUSION” is the contribution from the parameterized
subgrid scale mixing.
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-mean zonal wind acceleration (not shown ) is obtained
simply as the sum of these three terms (thus, for ex-
ample, in Fig. 11 the sum of the terms is clearly positive
at low latitudes, reflecting the fact that February is
in the westerly acceleration phase of the strato-
pause SAO).

One striking point about Fig. 11 (and succeeding
figures showing the same quantities) is that the “dif-
fusion” term is generally small (typically 20% or less
of the EPFD term). This is a comforting result, since
in the lower resolution versions of the SKYHI model
(Mahlman and Sinclair 1980; Mahlman and Umscheid
1984 ) the subgrid-scale momentum diffusion played a
significant role in the dynamics of the simulated SAO.
Equally reassuring is the diagnosis of the relative con-
tributions of the vertical and horizontal components
of the parameterized momentum diffusion in the pres-
ent version of the model. The result (not shown) is
that the convergence of the vertical component is typ-
ically five to ten times larger than that of the horizontal
component. Thus the subgrid-scale horizontal mo-
mentum transport is a negligible factor in the dynamics
of the stratopause SAO in the 3° X 3.6° resolu-
tion GCM. A

The February results shown in Fig. 11 have a number
of interesting features. At most latitudes there is an
apparent tendency for the effects of the residual cir-
culation to oppose those of the wave driving. This
compensation was noted earlier by Andrews et al.
(1983) in an analysis of an earlier version of the model.
Howeuver, at low latitudes the compensation is far from
perfect, and the dit/dr can actually be comparable in
magnitude to the eddy driving itself. The overall pattern
of the eddy forcing seen in Fig. 11 agrees well with the
observationally-based inferences of Hamilton (1986).
There is westerly wave-driving at the equator and in
the summer hemisphere and easterly wave-driving
poleward of about 12° in the winter hemisphere. The
effects of the residual circulation can be divided into
those due to meridional advection and vertical advec-
tion. The results (not shown) demonstrate that the ef-
fect of vertical advection, at least at the stratopause
level, is rather small (typically less than 20% of the
horizontal advection ). The model’s residual circulation
in February (not shown) has strong (~0.5 m s ") flow
at the stratopause from the Southern Hemisphere into
the Northern Hemisphere. This produces an easterly
mean flow forcing at the equator in the manner de-
scribed by Holton and Wehrbein (1980) and Mahlman
and Sinclair (1980). Thus in the westerly acceleration
phase of the SAO the westerly wave-driving at the
equator must fight this easterly forcing as well as ac-
count for the actual acceleration of the mean wind.

Figure 12 shows the same terms in the TE momen-
tum balance averaged over the three August months
in the simulation. The general pattern is similar to that
seen in February, but with the Northern and Southern
hemispheres interchanged. Thus, in August, there is a
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FIG. 12. As in Fig. 11, but for August.
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westerly maximum in EP flux divergence displaced
somewhat into the summer hemisphere. Also apparent
is an easterly mean flow driving from the residual cir-
culation at the equator and on the summer side of the
equator. The most striking differences between Figs.
11 and 12 are in the winter hemisphere where in Feb-
ruary both the easterly wave-driving and the effects of
the residual circulation are much stronger than in Au-
gust. This is consistent with the weaker planetary wave
activity expected in austral winter than boreal winter.
The weakness of the waves presumably leads to a tem-
perature structure closer to radiative equilibrium (and
thus a weaker residual circulation) in austral winter.

Figures 13 and 14 show the TE balance at 1.08 mb
during November and May (i.e., near the maximum
easterly SAO accelerations). It can be seen that the
easterly acceleration on the autumn side of the equator
is largely provided by the effects of the residual circu-
lation, while on the spring side easterly wave-driving
is important. Thus it appears that both the Holton-
Wehrbein /Mahlman-Sinclair mechanism and Hiro-
ta’s mechanism are important in producing the easterly
acceleration phase of the SAO. In light of these results,
it is not surprising that the easterly phase of the SAO
has been found to be poorly developed on the winter
side of the equator in zonally symmetric models (Hol-
ton and Wehrbein 1980; Hamilton 1981) or low-res-
olution GCMs which are strongly deficient in planetary
wave activity (Mahlman and Sinclair 1980).

The diagnostic observational analysis of Hamilton
(1986) produced estimates of the meridional structure
of the EP flux divergence that are quite similar to those
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FIG. 13. As in Fig. 11, but for November.

found in the present model simulation, particularly in
February. Hamilton interpreted his results for the total
wave-driving as being the sum of two components: a
(roughly) equatorially trapped westerly contribution
attributable to a vertically propagating Kelvin wave,
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FI1G. 14. As in Fig. 11, but for May.
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FI1G. 15. Zonal force/unit mass due to the divergence of the vertical
component of the EP flux, and that associated with the divergence
of the horizontal component. Results for the 1.08 mb level and av-
eraged over three Februaries.

and an easterly contribution from meridional propa-
gation of planetary waves that is strong in the subtropics
of the winter hemisphere and decreases toward the
equator. This interpretation can be tested more thor-
oughly in the GCM results. Figure 15 shows the de-
composition of the total EP flux divergence at 1.08 mb
in February into that due to the vertical and horizontal
EP flux components. The results show that the vertical
EP flux does indeed act to produce an equatorially
centered westerly mean flow forcing, while the profile
of the divergence of the horizontal EP flux is just as
inferred by Hamilton (1986). Similar results (although
with much weaker easterly EP flux in the winter hemi-
sphere) are obtained for August (Fig. 16).

The vertical /horizontal decompositions of the wave-
driving in November and May are shown in Figs. 17
and 18. These reveal an easterly forcing from the hor-
izontal component “eating into” the tropics from the
autumn hemisphere. Once again, this component is
much stronger in boreal autumn than in the austral
autumn. The contribution to the mean flow forcing by
the divergence of the vertical EP flux is small in both
November and May.

The general pattern of the TE momentum balances
seen at 1.08 mb is also found at all levels near the
stratopause. As an example, Fig. 19 and 20 show the
detailed TE balances for February at the 0.53 mb level.
The westerly forcing from the vertical component of
the EP flux has roughly the same meridional profile as
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FI1G. 16. As in Fig. 15, but for August.

at 1.08 mb, but is rather larger. However, the com-

pensating easterly accelerations from the residual cir-
culation are also larger at 0.53 mb than at 1.08 mb.
This more complete cancellation means that the SAO
actually decreases in amplitude above 1.08 mb, despite
the larger westerly wave-driving at the higher levels.
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FIG. 17. As in Fig. 15, but for November.
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6. Details of the wave-driving

The broad features seen in the TE diagnostics dis-
played in Figs. 11-20 appear, at least at first glance, to
be consistent with earlier ideas concerning the forcing
of the SAO. The westerly wave-driving is associated
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* FI1G. 19. As in Fig. 11, but for the 0.53 mb level.
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only with the vertical EP flux and is equatorially
trapped with a trapping width comparable to that an-
ticipated for the 50-70 m s ' Kelvin waves discovered
by Hirota (1978). The easterly wave-driving comes
from the horizontal EP flux, and has a meridional pro-
file consistent with a simple view of how midlatitude
planetary waves might be dissipated as they propagate
from the winter hemisphere into the tropics. The de-
tailed data available from the model simulation allow
these interpretations to be more rigorously tested.
One fairly simple computation that can be per-
formed is the decomposition of the EP flux divergence
into different zonal wavenumbers. In the present pro-
ject this was done for two 34-day segments of the period
of high-frequency sampling during the *“1983/84”
winter (see last paragraph in section 3). The first of
these segments was 15 December—17 January (i.e. dur-
ing the easterly acceleration phase of the stratopause
SAO), and the second was 8 February-12 March (dur-

ing the westerly acceleration phase). The computation

was performed by simply Fourier analyzing the fields
around each latitude circle at each available time, and
then reconstructing the variables including only a cer-
tain range of zonal wavenumbers. The reconstructed
fields were then used to compute vertical and horizontal
EP flux divergences.

The results for the honzontal EP flux divergence
during 15 December-17 January at 1.08 mb are sum-
marized in Fig. 21. This shows profiles of the wave-
driving computed for zonal wavenumbers 1, wave-
numbers 1 and 2, and for all wavenumbers (heavy
curve). The results demonstrate that wavenumbers 1
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and 2 account for nearly all the easterly wave-driving
associated with the horizontal EP flux. This is consis-
tent with the usual view that in the winter extratropics

- only wavenumbers 1 and 2 can effectively propagate

into the upper stratosphere (e.g., Charney and Drazin
1961). Very similar results are obtained for the 8 Feb-
ruary-12 March period (Fig. 22).

Figure 23 shows the same kind of analysis conducted
for the vertical EP flux divergence during 15 Decem-
ber-17 January. The ranges of zonal wavenumber dis-
played are 1-5, 1-10, 1-20, and all wavenumbers (i.e.,
1-50, heavy curve). The contrast with the results in
Figs. 21 and 22 is striking. The wave-driving from the
vertical component of EP flux is distributed rather
evenly over a large range of zonal scales. The contri-

bution from the planetary scales normally associated

with the observed Kelvin waves (e.g., Hirota 1978;
Salby et al. 1984) appears to be quite small. The same
picture emerges from analysis of the simulated data
during the 8 February-12 March period (Fig. 24).
The existence of a rich spectrum of vertically prop-
agating gravity waves has been documented in earlier
studies of the SKYHI GCM (Miyahara et al. 1986).
The present results imply that the vertical momentum
transport associated with these gravity waves is critical
to the generation of the westerly phase of the SAO in
the model. Preliminary results in a study of the 1°
X 1.2° version of the model support this implica-

o
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FIG. 21. The thick curve shows the total mean flow forcing from
the divergence of the horizontal component of the EP flux during
the period 15 December “1983” through 17 January “1984.” The
curve marked “1” is the same quantity computed when only zonal
wavenumber one is considered. The curve labelled “2” shows the

result when wavenumbers one and two are included.
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HG. 22. As in Fig. 21, but for the period 8 February through
14 March “1984.”

tion (Hayashi et al. 1988). In order to understand
better the nature of this contribution to the wave-
driving, space-time spectral analysis was applied to the
simulated fields. The analysis was performed using the
two-hourly snapshots saved during two eight-day pe-
riods: 15-22 December “1983” and 8-15 February
“1984.” The quantity actually computed was the cos-
pectrum of the zonal velocity and the isobaric vertical
velocity w. Thus the result can be envisaged as a par-
titioning of the vertical eddy momentum flux into the
various Fourier frequencies and zonal wavenumbers.
The space-time periodogram' was computed in the
straightforward manner described by Hayashi (1971).
In order to produce the spectral estimates shown below,
the periodogram was smoothed by taking a running
mean over five adjacent Fourier frequencies (i.e., a
band-pass of 0.026 h™').

The results for 1.5°S during 8-15 February are
shown in Figs. 25 and 26 for the 1.08 and 103 mb
levels, respectively. The spectrum at 1.08 mb is quite
similar to that seen at low latitudes in the earlier study
of the SKYHI model by Miyahara et al. (1986). For
the most part, waves with westerly (easterly) phase
speeds are associated with vertical transport of westerly
(easterly) momentum. For zonal wavenumbers 1-20
the activity for the westerly propagating waves tends
to be concentrated in a band of zonal phase speeds
centered around 55 m s~'. As the zonal wavenumber
increases above about 25, the dominant frequencies
actually begin to decrease. As noted by Miyahara et al.
(1986), this behavior is consistent with the existence
of a spectrum of waves with varying zonal scales, but
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FIG, 23. The thick curve shows the total mean flow forcing from
the divergence of the vertical component of the EP flux during the
period 15 December “1983” through 17 January “1984.” The curves
marked “5,” “10” and “20” show the same quantity computed when
only zonal wavenumbers 1-5, 1-10 and 1-20 are included.

with a dominant vertical wavelength (~25 km at
stratopause heights). For waves with horizontal
wavelengths much larger than the numerical grid
spacing, the usual gravity-wave dispersion relation
would predict constant horizontal phase speeds for all
components, i.c.

c=N/m
where ¢ is the horizontal phase speed, m the vertical
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FIG. 24. As in Fig. 23, but for the period 8 February through
14 March “1984.”
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FIG. 25. Space~time cospectral density of the vertical eddy momentum flux — u'w’
at 1.5°S and the 1.08 mb level during 8 through 15 February “1984.” The contour
interval is 4 X 10”7 mb m s~ day, but no zero contour is plotted. Negative values of
magnitude larger than 4 X 1077 have been shaded.

wavenumber, and N the Brunt-Viisild frequency.
However, thosé waves with horizontal scales compa-
rable to the grid spacing will have frequencies signifi-
cantly less than that predicted on the basis of the con-
tinuous gravity-wave dispersion relation.

The easterly propagating waves at 1.08 mb are
weaker than the westerly waves. However, the general
form of the distribution of the #'w’ in the wave-
number—frequency domain for the easterly waves is
actually rather similar to that found for the westerly
waves (this is more apparent when Fig. 25 is replotted
using a smaller contour interval). Given the dominance
of the westerly waves at this level, it is not surprising
that the net effect of the vertical EP flux in February
(Fig. 22) is to produce a westerly mean flow forcing.

The results at 103 mb (Fig. 26) are similar to those
shown in Fig. 25, but with a much larger fraction of
the wave activity at lower frequencies. One odd feature
of the results at this level is the concentration of power
in easterly waves with horizontal wavelength very close
to twice the grid spacing. There is no obvious expla-
nation for this phenomenon. Fortunately, these very
short wavelength waves tend to disappear very rapidly
with height (presumably because of their very small
frequencies), and thus they do not directly affect the
simulation in the stratopause region.

From the space-time spectra it is straightforward to
compute the total vertical momentum flux associated
with all westerly waves or that associated with all east-
erly waves. In Fig. 27 these two quantities for the 8-

15 February period are plotted as a function of latitude
at the 103 mb level. The result shows that the wave
fluxes for both the easterly and westerly waves emerging
from the troposphere have an equatorially trapped
structure. By the time the waves reach the stratopause
(Fig. 28) the wave fluxes have been strongly reduced
at all latitudes, but the reduction in the flux of easterly
waves is more pronounced than that of the westerly
waves. The maximum in the profile of the ©'w’ for the
westerly waves is shifted significantly into the Southern
Hemisphere relative to that seen at 103 mb. There also
seems to be a slight shift into the Northern Hemisphere
in the profile for the easterly waves.

The results shown in Figs. 24-28 can be fit into a
consistent picture of the generation of-the westerly
forcing for the SAO in the model. At-the stratopause
level the accelerations are produced by waves with a
broad spectrum of zonal scales and frequencies (Figs.
24 and 25). In fact most of the waves have horizontal
scales sufficiently small and frequencies sufficiently
large to regard them as “‘small scale” gravity waves
(i.e., waves that are not significantly affected by the
equatorial waveguide). In this case the equatorially
trapped profile for the wave fluxes emerging from the
troposphere (Fig. 27) must be attributed to a similar
shape for the wave excitation. This, in turn, suggests
moist convection as the dominant forcing mechanism
for the vertically propagating waves in the tropics.

As the waves propagate vertically they will be subject
to various dissipative effects. Radiative cooling acts on
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FIG. 26. As in Fig. 25, but for the 103 mb zlevel. The contour interval is 8§ X 107® mb
m s~* day.

time scales in the range of 5-50 days throughout most
of the stratosphere (e.g., Fels 1982), and so is likely
important only for the very low frequency waves seen
in Figs. 25 and 26. The waves may also be dissipated
by subgrid scale momentum and heat mixing in the
model. In particular, the Richardson number-depen-
dent vertical mixing is activated frequently during the
model simulation. These vertical mixing events pre-

103mb
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30°s 20°5 10°s 0° 10°N 20°N 30°N

FIG. 27. Meridional profile of the total eddy vertical momentum

flux associated with westerly-propagating waves (curve marked “W™)

" and easterly-propagating waves (curve marked “E™). Results for 8-
15 February at the 103 mb level.

sumably provide an effective background viscosity for
the whole spectrum of vertically propagating waves.-
The effects of such a viscosity will be stronger for those
waves with shorter vertical wavelengths, i.e. smaller
Doppler-shifted horizontal phase speeds (e.g., Matsuno
1982). The February mean i field for the model sim-
ulation (not shown) is reasonably similar to that in
January (Fig. 2). It is easy to see that waves emerging
above 100 mb will encounter mean easterlies through-

“out most of the tropical stratosphere. This may account

for the enhancement of the ratio of the westerly-to-

1.08mb
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FIG. 28. As in Fig. 27, but for the 1.08 mb level.
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easterly wave flux at 1.08 mb relative to that at 103
mb (Figs. 27 and 28). The horizontal gradient in the
mean winds (westerly north of the equator, easterly
south of the equator) may explain the fact that the
enhancement of the westerly waves is more pronounced
south of the equator.

Thus, the tendency for the peak in the meridional
profile of westerly wave flux to move into the summer
hemisphere (Figs. 25 and 26) can be understood if the
waves are regarded as small-scale gravity waves unaf-
fected by the equatorial waveguide, but subject to a

0
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vertical-scale-dependent dissipation. By contrast, the
meridional profile of wave amplitude for a Kelvin mode
in cross-equatorial shear like that seen in February
should actually be peaked in the winter hemisphere
(e.g., Boyd 1978).

The interpretation of the eddy motions in the trop-
ical stratosphere as small-scale gravity waves, rather
than as equatorially trapped waves, is supported by
inspection of the raw fields produced during the model
simulation. Figure 29 shows several snapshots of the
eddy components (i.e. deviations from the zonal mean)

FIG. 29. The five panels on the left show instantaneous values of the eddy component of the zonal wind at 1.08 mb for five consecutive
days, 15-19 December *“1983.” The right panels show the corresponding eddy meridional winds. The contour interval is 10 m s~ and
negative values are shaded. The maps are drawn so that the meridional and zonal coordinates are scaled correctly at 15° latitude.
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of the zonal and meridional winds at the 1.08 mb level.
Only the eastern hemisphere is shown and the projec-
tion was chosen so that the ratio of zonal to meridional
scales is true at 15° latitude (and thus is close to being
true over the full 30°S-30°N latitude band displayed).
There is little indication of a significant tendency for
dominant zonal propagation or dominant north-south
orientation of phase lines. Indeed the wind fields in
the snapshots look so complicated and chaotic that it
is rather surprising that the space-time spectra reveal
so much regularity in the wave fields.

The general pattern of gravity wave momentum
fluxes discussed above for a period in February (i.e.,
during the westerly acceleration phase of the SAO) was
also found in the analysis for 15-22 December “1983”
(during the easterly mean flow acceleration). The
principal difference in the December period is a smaller
westerly /easterly momentum flux ratio at the strato-
pause. This can be seen in Fig. 30, which shows the
meridional profiles of the vertical eddy momentum flux
associated with easterly and westerly waves at 1.08 mb
during 15-22 December. The difference from the Feb-
ruary results (Fig. 28) may be due to the presence of
somewhat weaker mean easterlies in the tropical middle
and upper stratosphere in December than in February
(there are actually weak mean westerlies at the equator
in December between about 5 and 10 mb; see Fig. 6).

The total equatorial vertical eddy momentum flux,
—u'w’, in each month of the year is shown in Fig. 31
for both the 1.08 and 103 mb levels. The results display
a small semiannual signal in the momentum flux
emerging from the troposphere, with maximum west-
erly flux in February and July. However, there is a
more pronounced annual cycle apparent, with the July
maximum much stronger than that in February. It is
not known how much of this seasonal variation in
u'w’ results from changes in the westerly / easterly flux
ratio or from actual changes in the total wave activity.

1.08mb
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FIG. 30. As in Fig. 27, but for the 1.08 mb level
during 15-22 December “1983.”
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The results shown in Fig. 31 for 1.08 mb are in sharp
contrast to those at the tropopause. In particular, the
semiannual modulation of the momentum flux is very
pronounced. It thus appears that the ssmiannual char-
acter of the westerly wave-driving should be attributed
primarily to the effects of wave dissipation and/or re-
fraction in the stratosphere. In this sense at least, the
present results may lend some support to models
of the SAO which employ fixed eddy fluxes at the trop-
ical tropopause (e.g., Dunkerton 1979; Takahashi
1984a,b).

Another interesting feature of Fig. 31 is the reversal
of the phase of the annual cycle at 1.08 mb relative to
that at 103 mb. At the stratopause the larger values of
momentum flux (and hence presumably flux conver-
gence) in January-February relative to July-August
help balance the stronger easterly mean flow forcing
associated with planetary waves in boreal winter (see
Figs. 15 and 16).

The results discussed above suggest that large-scale
Kelvin waves play a rather insignificant role in the mo-
mentum balance of the tropical stratopause region. It
is natural to ask whether the model simulation really
lacks the Kelvin waves seen in observational studies
such as that of Salby et al. (1984). A detailed analysis
of the large-scale equatorial waves in the model is be-
yond the scope of the present study. Hayashi et al.
(1984) determined that the temperature variance at-
tributable to wavenumber one Kelvin waves in the 5°
X 6° version of the SKYHI model was roughly com-
parable to that found by Salby et al. A preliminary
examination (Hayashi, private communication ) sug-
gest that the results in the 3° X 3.6° version are similar.
Figure 32 shows a 34-day time series of the amplitude
and phase of the zonal wavenumber one component
of the temperature averaged at the four grid rows near-
est the equator (4.5°S-4.5°N) at the 3.83 and 5.16 mb
levels. This should be roughly comparable to the
“equatorial” results presented for the 5 mb level in Fig.
3 of Salby et al. The model results display a predom-
inant eastward propagation with a rather variable am-
plitude. Overall, Fig. 32 does resemble the comparable
observations of Salby et al. although the model am-
plitude may be somewhat smaller than observed.

7. The simulated mesopause SAQ

The 9° X 10° version of the SKYHI GCM produced
a simulation of the equatorial winds that was domi-
nated by a SAO nearly in-phase at all heights through-
out the stratosphere and mesosphere (Mahlman and
Sinclair 1980). This is a very unrealistic feature, since
observations indicate a roughly 180° phase difference
between the SAO at the mesopause and that at the
stratopause (Hirota 1978; Hamilton 1982a). Mahiman
and Umscheid (1984) discussed the simulation ob-
tained with the 5° X 6° version of the model, and
noted an improvement in the phase of the mesospheric
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FIG. 31. Total vertical eddy momentum flux, —u'w’ for each month
of the year at the equator (average of 1.5°N and 1.5°S). Results are
shown for 1.08 mb (top) and-103 mb (bottom ) and represent averages
over the three years of model integration.

SAO. The present results for the 3° X 3.6° version of
the model represent a further improvement in this re-
gard (note the almost three month phase difference
between 0.01 mb and 1 mb shown in Fig. 8). However,
as discussed in section 4, the amplitude of the SAO
near the mesopause even in the 3° X 3.6° model is less
than one-half that actually observed.

The dynamics of the mesopause SAO as simulated
in the GCM differ in some respects from those proposed
by Dunkerton (1982). Dunkerton imagined that both
casterly and westerly accelerations of the equatorial
mean wind are driven by the EP flux divergences as-
sociated with vertically propagating waves. By contrast,
in the model the effects of the residual circulation are
implicated in the easterly acceleration phase. Figure
33 shows the components of the TE momentum bal-
ance at the 0.07 mb level (the third-highest level in the
model) averaged over the three August months ana-
lyzed. The net easterly accelerations near the equator
are due to the dominance of the momentum advection
from the residual circulation over the westerly forcing
from the EP flux divergence. The situation in the west-
erly acceleration phase is shown in Fig. 34 (TE balance
at 0.07 mb in May). Here the westerly wave-driving
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at the equator dominates the combined effects of the
residual circulation and the subgrid-scale momentum
diffusion. The wave-driving (at least in the tropics) at
these high levels is attributable almost entirely to the
vertical component of the EP flux (presumably asso-
ciated with vertically propagating gravity waves).

There are many possible causes for the unrealistically
small amplitude of the mesospheric SAO in the model.
One possibility is that the dissipation associated with
the subgrid-scale mixing may be too strong and may
simply act to damp the mean flow oscillation. The re-
sults in Figs. 33 and 34 show that (in contrast to the
situation at the stratopause) the subgrid-scale mixing
does play a very significant role in the zonal-mean mo-
mentum balance. Unfortunately, it is impossible to
know whether the model’s subgrid-scale mixing does
represent a serious overestimate of the actual effects of
small-scale turbulence at these heights.

Another potentially serious limitation of the model
in the upper mesosphere is the imposition of a zero
vertical velocity boundary condition at the top (see
section 3). This may obviously affect the wave prop-
agation through spurious downward reflection from
the “lid.” The upper boundary condition also acts as
a constraint on the residual meridional circulation. The
cross-equatorial flow associated with the residual cir-
culation becomes very intensified at the top three model
levels (particularly near the solstices when U* at the
equator can exceed 20 m s~!). This may reflect the
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FIG. 32. Daily values of the amplitude (top) and phase (bottom)
of the zonal wavenumber one component of temperature near 5 mb
averaged between 4.5°N and 4.5°S. Negative slopes indicate eastward
propagation with time and phase jumps of 2 are to be ignored.
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FIG. 33. As in Fig. 11, but for the 0.07 mb level in August.

fact that the rising (sinking) motions in the summer
{winter) hemisphere are forced to abruptly stop at the
model “lid.” :

Another obvious limitation of the model in the me-
sosphere is the coarse vertical resolution (note that over
6 km separate the top model level from the next high-
est). This could clearly affect the treatment of wave-
mean flow interactions at these mesospheric heights.

A final concern in the mesospheric simulation is the
omission of a diurnal radiative cycle in the model. The
diurnal tide is thought to generate a strong easterly
forcing of the mean flow near the tropical mesopause
(Miyahara 1978a,b; Hamilton 1981). This may well
account for the significant westerly bias seen in the
simulated annual mean winds in the tropical upper
mesosphere (see section 4). It is also possible that the
rather poor simulation of the annual mean wind may
contribute to the problems found in the model’s me-
sopause SAO.

.8. Simulation of the SAO in N;O concentration

Jones and Pyle (1984) and Gray and Pyle (1986,
1987) studied satellite-retrieved values for the strato-
spheric concentration of N,O and CH,. These are long-
lived trace constituents with strong vertical stratifica-
tion in the stratosphere, and thus. they should act as
tracers of vertical air motion. A particularly interesting
finding in these studies was a semiannual variation in
the tracer concentrations in the tropical upper strato-
sphere. In particular, the N,O and CH, mixing ratios
in the upper stratosphere at the equator tend to be a

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 45, No. 21

minimum around April and October and maximum
in January and July. Gray and Pyle (1986) suggested
that this tracer SAQ was connected directly to the dy-
namical SAQ. In particular, the periods when there is
westerly vertical shear at a particular level on the equa-
tor are also times of positive equatorial temperature
anomalies in the SAO (consistent with thermal wind
balance for the mean zonal wind). The warm temper-
atures should produce anomalous radiative cooling,
and hence sinking of air parcels. Then the maximum
downward displacement of the air parcels on the equa-
tor should occur when the descending westerly shear
region has just passed, i.e., at the time of the maximum
westerlies around April and October. Gray and Pyle -
(1987) showed that quite a realistic simulation of this
effect could be obtained when a simple representation
of a Kelvin wave-driving of the mean flow near the
stratopause is included in a two-dimensional dypam-
ical/chemical model.

Throughout the SKYHI model integration discussed
in the present paper, the concentration of N,O was
carried as a predicted variable. The treatment of N,O
chemistry in the model was somewhat simplified, how-
ever. The N,O field was initialized with realistic tro-
pospheric values and then no new sources were in-
cluded (a reasonable approach since the tropospheric
N,O lifetime is thought to be over a century (e.g., Levy
et al. 1979). As the N,O mixes into the stratosphere it
is subject to photochemical destruction, which in the
model is assigned a rate constant dependent on height
and latitude, but not on season. The photochemical
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FIG. 34. Asin Fig. 11, but for the 0.07 mb level in May.
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FIG. 35. Destruction rates used for the N,O in the model simulation,
Contour labels are in s,

destruction rates used in the GCM are shown in Fig.
35. The use of annual-average destruction rates is
clearly unrealistic in the high latitudes (where the real
photochemical destruction must go to zero in the polar
night), but may be reasonable in the tropics. The dis-
cussion below is confined to a brief look at how well
the model reproduces the observed SAO in N,O. Work
is currently in progress to address the larger issues re-
lated to the global tracer transport in the model sim-
ulation.

The results obtained for the zonal mean N,O cli-
matology in January, April, July and October in the
model are shown in Figs. 36-39. These can be com-
pared to the satellite-derived observations shown in Fig.
1 of Gray and Pyle (1986). The overall pattern of the
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FI1G. 36. Simulated zonal-mean N,O concentrations averaged over
three Januaries. Contour labels are in parts per billion by volume.

KEVIN HAMILTON AND J. D. MAHLMAN

3231

Ol

APRIL

PRESSURE (mb)

60S 40s 20s o] 20N 40N 6ON

FI1G. 37. As in Fig. 36, but for April.

N,O isopleths is similar in the model and in observa-
tions, with a bulge (N;O maximum) in the summer
hemisphere in both January and July, and a “two-
peaked’ structure with an intervening equatorial min-
imum in April and October. The principal deficiency
of the simulation lies in the failure to transport enough
N,O to upper stratospheric levels. For example, at 1
mb in January the model has less than 5 ppb of N,O
at any latitude, while the observations suggest that over
10 ppb are found at 1 mb. Similar discrepancies are
apparent at other times of the year. It is encouraging
to note that this problem is much less severe in the 3°
X 3.6° model than in the lower-resolution versions
(preliminary results suggest a further improvement in
the 1° X 1.2° SKYHI model).

The seasonal variation of the equatorial N,O values
in the middle and upper stratosphere is in general
agreement with the observational results in Gray and
Pyle (1986). It is noteworthy, however, that the equa-
torial minimum in the model is more pronounced in
October than in April, while the observations show the
opposite interhemispheric asymmetry.

Given the simplicity of the “chemistry” employed,
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FIG. 38. As in Fig. 36, but for July.
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it is clear that the SAO in equatorial N,O values in the
model must be attributed to dynamical effects. No de-
tailed diagnosis of the mechanisms responsible has been
attempted. However, it turns out that one quantity that
can be easily computed is the contribution to the zonal
mean N;O budget from the transport due to the Eu-
lerian meridional circulation. In Fig. 40 this quantity
is plotted for each month of the year for the equator
at 3.8 mb. This contribution is usually positive, pre-
sumably reflecting a general upward vertical velocity
at the equator. However, it is modulated quite strongly
by a semiannual cycle (minima in April and October).
This is consistent with the mechanism advanced by
Gray and Pyle (1986, 1987). Further work will be
needed to elucidate other potentially important aspects
of the tropical N;O budget (such as transports from
planetary waves), and to explain the difference between
the equatorial N,O fields seen in April and October.

9, Conclusion

The realistic simulation of the circulation in the
tropical stratosphere and mesosphere represents a se-
vere challenge for comprehensive GCMs. Adequate
simulation of the mean zonal flow in the tropical mid-
dle atmosphere may well require realistic representa-
tions of (i) the generation of both tropical and extra-
tropical planetary-scale waves, (ii) the vertical and
horizontal propagation of such waves and their inter-
action with the mean flow, (iii) the generation and
absorption of smaller-scale gravity waves, and (iv) the
cross-equatorial flow associated with the residual me-
ridional circulation (which will depend on the radiative
heating rates throughout the global atmosphere). Given
all the different kinds of dynamical processes that may
be involved, it is encouraging to see that the 3° X 3.6°
40-level SKYHI model has been able to produce a sim-
ulation that is realistic in some important respects. In
particular, the mean flow evolution near the tropical
stratopause is dominated by a SAO of realistic ampli-
tude, phase, and meridional width. The flow in the
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upper mesosphere in the model displays a SAO which
has the correct phase (although with a weaker ampli-
tude than actually observed). It is encouraging that
these desirable features of the simulation (especially
the width of the stratopause SAQ and the phase of the
mesospheric SAO) have improved considerably with
increasing horizontal resolution in the model.

There are also some disappointing aspects to the
SKYHI simulation déscribed here. Most notable is the
absence of a quasi-biennial oscillation in the tropical
lower stratosphere. In addition, the detailed vertical
structure of the stratopause SAO has the unrealistic
feature of a gradual downward propagation of the east-
erly acceleration phase. Finally, the annual-mean zonal
winds in the tropical upper mesosphere are quite un-
realistic in the model (simulated westerlies rather than
the strong easterlies actually observed).

The rather good simulation of the stratopause SAO
encouraged a further investigation of the detailed dy-
namics of this phenomenon. The results show clearly
that the easterly accelerations are to be attributed
largely to the effects of the residual circulation in the
summer hemisphere, and to the effects of horizontal
EP fluxes from planetary-scale waves in the winter
hemisphere, as indicated earlier by Mahlman and Um-
scheid (1984). The westerly mean flow accelerations
are forced by a vertical EP flux convergence with an-
equatorially trapped profile. While this profile looks
superficially like that anticipated for a large-scale Kel-
vin wave, the actual EP flux is distributed over a very
broad spectrum of zonal scales and frequencies. Much
of the wave activity is in quite high frequency waves
(periods of less than one day) that may not be strongly
influenced by the equatorial waveguide. Thus it may
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FIG. 40. Contribution to the rate of change in zonal-mean N,O
mixing ratio at the equator (average of 1.5°S and 1.5°N) due to
transport by the Eulerian mean meridional circulation at the 3.8 mb
level in the model. Results are plotted for each month of the year
and are connected by straight lines. Each dot represents an average
for a three year climatology.
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be most appropriate to regard the westerly mean-flow
forcing as resulting from dissipation of a wide spectrum
of vertically-propagating gravity waves. Hitchmann and
Leovy (1988) estimated that large-scale Kelvin waves
(zonal wavenumbers 1-3) actually account for between
20% and 70% of the westerly EP flux convergence near

the equatorial stratopause. The present results might -

be reconciled with the 20% figure, but clearly disagree
with any higher estimate of the Kelvin wave forcing.
It must be noted, however, that the results of Hitch-
mann and Leovy are based on a rather indirect analysis.
For example, they estimate the Kelvin wave EP fluxes
from the observed temperature variance in certain
wavenumber-frequency ranges.

The diagnostic analyses described in sections 5 and
6 have led to a fairly complete picture of how the
stratopause SAO operates in the GCM. There remain
aspects of the simulation that should be investigated
further, however. In particular, the processes involved
in the generation and dissipation of gravity waves in
the model need to be elucidated.

While it is a reasonably straightforward matter to
diagnose the mechanical processes in the GCM, it is
more difficult to determine the relevance of the detailed
dynamics in the model to the real SAO. However, it
is possible at least to speculate on how the SAO in the
real atmosphere might differ from that documented in
the SKYHI model. In particular, the principal defi-
ciency in the overall model simulation is the tendency
to be too close to radiative equilibrium in the strato-
sphere and mesosphere. This presumably results in ra-
diative heating/cooling rates of too small a magnitude
in both winter and summer hemispheres. This, in turn,
should lead to a simulation with an unrealistically small
cross-equatorial residual flow. It is possible that this
could result in an underprediction of the effects of the
residual circulation in generating the easterly phase of
the SAO. If this is the case, then presumably the plan-
etary wave effects will be less important for generating
the easterly accelerations in the real atmosphere than
in the model. It is thus tempting to speculate that in
the model the planetary wave flux tends to be refracted
more into the tropics than in the real atmosphere. This
would result in enhanced local easterly wave-driving
in the tropics and might also account (at least in part)
for the tendency of the waves in the model extratropics
to be too weak (and hence for the global stratospheric
temperature structure to be too close to radiative equi-
librium).

It is also possible that the model might misrepresent
the cause of the westerly SAO acceleration, of course.
Indeed if the results of Hitchman and Leovy (1988)
are correct, then the model may produce a simulation
in which too small a fraction of the vertical momentum
flux in the tropics is concentrated in planetary-scale
Kelvin waves. On the other hand, it is clear that the
3° X 3.6° model does not include any momentum
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fluxes from gravity waves with horizontal wavelengths
less than about 600 km (and probably significantly
misrepresents those waves with wavelengths shorter
than about 1200 km). It is quite possible that in the
real atmosphere these smaller-scale waves could play
an important role in the dynamics of the SAO.

Another interesting question is how the model sim-
ulation of the SAO would be affected if the model had
arealistic QBO in the lower stratosphere. In particular,
the dominance of westerly over easterly-propagating
waves at the equatorial stratopause (e.g., Fig. 28)
might not be so pronounced during the period when
the lower stratosphere was filled with mean westerlies.
This would presumably reduce the westerly accelera-
tions in the SAQ.

The present work is now being extended at GFDL
through further detailed analysis of the existing sim-
ulation, and through new model developments. The
simulation is being examined to determine the detailed
forcing and dissipation mechanisms of the gravity
waves in the model. Another project involves the ver-
ification of the statistical features of the high-frequency/
small-scale wind and temperature fields in the GCM
against historical rocketsonde and lidar observations.
Such a study could aid in assessing the credibility of
the model results concerning the spectrum of vertical
eddy momentum fluxes.

The SKYHI model is also being extended and de-
veloped in various ways. Given the improvement in
the SAO simulation in the 3° X 3.6° model over earlier
lower-resolution versions, it is reasonable to attempt a
further increase in horizontal resolution. A 1° X 1.2°
version of the SKYHI model is now running. However,
it will be several years before even a single model year
of simulation will be available. Another project in pro-
gress involves a significant increase in vertical resolu-
tion, along with an extension of the model domain
into the lower thermosphere. This version of the model
will also include diurnal tides. The hope is that this
model may produce a better simulation of both the
annual mean wind structure and the SAO in the me-
sosphere. It is also possible that an increase in the ver-
tical resolution in the tropical lower stratosphere could
allow the model to better represent the wave-mean
flow process for slow phase speed (i.e., short vertical
wavelength) gravity and equatorial waves. It is con-
ceivable that this might lead to the appearance of a
quasi-biennial oscillation in the model (or at least some
more interesting time-dependence to the mean winds
in the tropical lower stratosphere).

Finally, it is worthwhile emphasizing that numerical
models, no matter how sophisticated, can provide only
limited insights into the behavior of the real atmo-
sphere. Definitive understanding of the dynamics of
the SAO will require acquisition of more observational
data. A very useful contribution could be made by the
installation of MST radars at one or more tropical lo-
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cations. It is also to be hoped that further advances in
satellite-based remote sensing will lead to a more de-
tailed observational picture of the SAO. '
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