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ABSTRACT

The evolution of the zonal mean state in the equatorial middle atmosphere is investigated with the use of
daily mapped temperatures derived from the Limb Infrared Monitor of the Stratosphere (LIMS) experiment.
These quasi-global, high vertical resolution data cover the pressure range 100-0.05 mb and the period 25
October 1978-28 May 1979. The equatorial semiannual oscillation (SAO) in zonal mean temperature, derived
zonal wind and meridional shear of the zonal wind is described in detail. Rocket profiles are used to validate
features seen in LIMS data. These include ranges in temperature and zonal wind of 20 K and 100 m s™%, and
cross-equatorial shears of at least 3 day™!.

Consistent with the theory that the wave-mean flow interaction is essential to the SAQ, flow accelerations
over the equator exhibit strong week-to-week variations. While easterly accelerations are moderate and occur
in deep cool layers, westerly accelerations are generally stronger and occur in shallow warm layers which descend
with time at a mean rate of about 0.3 cm 5.

A detailed heating algorithm is used to estimate residual circulations. Wave-driven residual mean circulation
cells associated with the SAQ are found to extend well into midlatitudes, their latitudinal scale expanding from
December through February as newly formed SAO westerlies descend in the lower mesosphere. In the descending
branch of the SAO circulation over the equator, estimated downward advection is very similar to observed
westerly acceleration in pattern and magnitude. Cross-equatorial shear and mean meridional wind both maximize
beneath the descending zero wind line, which is also the level of maximum penetration of easterlies into the
winter hemisphere. Inertial instability may enhance meridional circulations, especially during November through
mid-January in the lower mesosphere. The vertical distribution of wave driving over the equator, inferred as a

3159

residual in the zonal momentum equation, is compatible with expectations from gravity wave theory.

1. Introduction

During the last 20 years the equatorial middle at-
mosphere has been the site of discovery of many un-
expected dynamical phenomena, including the strong
semiannual variations in the zonal mean state (SAQO)
prevalent in the altitude range 30-90 km. Until very
recently, rocketsonde and nadir satellite data have been
the chief sources for an observational description of
these variations. The latitude and time resolution of
rocket profiles is limited, however, while nadir-viewing
radiometers cannot resolve phenomena with vertical
wavelengths smaller than ~20 km. The Limb Infrared
Monitor of the Stratosphere (LIMS) instrument, active
aboard the Nimbus 7 spacecraft during 25 October
1978-28 May 1979, has provided a uniquely detailed
picture of the temperature structure of the equatorial
middle atmosphere. The LIMS dataset combines the
advantages of rocket and nadir-sounder data: high ver-
tical resolution (~3 km) and daily quasi-global cov-
erage. These properties enable derivation of wind fields
which are reliable even at low latitudes.

Monthly mean values have traditionally been used
in documenting flow evolution in the equatorial middle
atmosphere above 30 km. This has led to a description
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in terms of semiannual, annual and time mean com-
ponents. A semiannual harmonic need not be directly
related to a single sinusoidally varying forcing mech-
anism, We will use the term SAO in a broader sense,
where a spectrum of variations, including important
week-to-week components, are considered to be aspects
of a cyclic evolution of the flow field with about a 6-
month period. In contrast, the term SAO -harmonic
will be reserved for phases and amplitudes computed
from a harmonic analysis of monthly mean data. The
nature of our data forces us to examine only one SAO

“cycle, but it has the advantage of allowing a very de-

tailed analysis of that cycle. The particular details of
this cycle are likely to be different from those of other
cycles. We therefore emphasize the underlying mech-
anisms that emerge from studying this detailed record.

The week-to-week variations of the zonal mean SAO
are strongly suggestive of forcing by wave driving. Both
Rossby waves and Kelvin waves vary on these time
scales. In order to gain insight into the mechanisms of
the SAO, we use a detailed radiative algorithm to derive
the zonal mean diabatic circulation. This is a very good
approximation to the residual mean circulation, and
our calculation allows us to estimate all terms in the
residual mean zonal momentum equation except the
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wave driving terms. The time and altitude dependence
of these terms is deduced as a residual. An independent
assessment of wave-driving based on observed eddy
quantities will be reported in a future paper.

A concise review of previous observations of the
equatorial middle atmosphere is given in section 2.
LIMS temperatures and derived wind fields have been
exhaustively validated by comparison with rocket
soundings. The characteristics of LIMS and rocket data
are described in section 3. The evolution of the zonal
mean state at low latitudes and the relationship with
extratropical changes during the LIMS data period are
described in section 4. Advection by the residual mean
circulations is discussed in section 5. The low-latitude
winter hemispheric flow structure is found to satisfy
‘the inviscid criterion for inertial instability. In section
6 the possible role of inertial acceleration in “spinning
up” mean meridional circulations is explored. Section
7 contains concluding remarks.

2. Background
a. The observed equatorial SAO

The equatorial SAO was discovered by Reed (1962)
in radiosonde temperature data, which extend to 10
mb. Reed (1966) subsequently used rocket zonal winds
to describe the SAO in the altitude range 28-64 km.
More recently, Hirota (1978) and Hamilton (1982)
used special rocket data with vertical coverage reaching
75-90 km. The rocket and radar-meteor zonal wind
studies of Kantor and Cole (1964), Quiroz and Miller
(1967), Groves (1972), Belmont et al. (1974, 1975),

and Hopkins (1975) have also contributed greatly to -

the following picture of flow structure and evolution.

Substantial vertical variations occur in the time
mean profile of equatorial zonal wind. Time mean
westerlies prevail in the lower mesosphere, reaching
~20 m s~! near 65 km, while easterlies prevail else-
where, maximizing near 35 km (~ —10 m s™!) and
near 85 km (~ —20 m s™!). The annual cycle has largest
amplitude (~10 m s™!) near the stratopause and me-
sopause, with strongest equatorial easterlies during
~ Northern Hemisphere winters. The SAO harmonic
westerlies exhibit continuous downward phase pro-
gression from 90 to 30 km at a rate of about 10 km/
mo. At the mesopause maximum, westerlies occur near
the solstices. They occur at the stratopause about one
month after the equinoxes. The SAO harmonic am-
plitudes are largest (~30 m s™') near the mesopause
and stratopause, with very small amplitudes near 65
km and below 30 km.

Continuous downward phase progression of actual
westerlies from the mesopause to the stratopause is nof
always observed. Time mean easterlies occur where
the SAO and annual harmonics maximize. Because
SAO and annual harmonics are very small in the lower
mesosphere, where time mean westerlies exist, separate
mechanisms are probably responsible for stratopause
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easterlies and for mesopause easterlies (Dunkerton,

- 1982).

The view taken in this paper is similar to that of
Quiroz and Miller (1967). By presenting time series of
zonal wind profiles rather than harmonic amplitudes
and phases, they emphasized the complexity of the ac-
tual evolution of the zonal wind. During 1966 the range
in zonal wind near the stratopause at Ascension Island
was 125 m s}, in contrast with the SAO harmonic
amplitude of ~30 m s™. There is a similar difference
between SAO harmonic temperature amplitude and
the range in LIMS and contemporaneous rocket tem-
perature profiles which have not been monthly aver-
aged.

The SAO temperature harmonic reaches maximum
amplitudes of 2-3 K near 40 km and 2 K near 80 km.
Results from studies using rocket temperatures (Cole,
1968; Angell and Korshover, 1970; Groves, 1972;
Nastrom and Belmont, 1975; Koshelkov and Butko,
1980) agree well with those from studies using nadir
satellite temperatures (van Loon et al., 1972; Barnett,
1974; McGregor and Chapman, 1978; Crane, 1979).
High temperatures occur at 60 km near 1 February
and 30 km near 1 May, preceding maxiraum westerlies
by 20-60 days. Consistent with the likelihood of sep- -
arate mechanisms for the stratopause and mesopause
SAQ, in the layer 50-60 km, SAO harmonic temper-
ature amplitudes are smaller than 1 K and phase pro-
gression is variable. '

b. Relationship with extratropical circulations

A semiannual variation in temperature and zonal
wind also occurs at high latitudes. The SAO temper-
ature harmonic amplitudes are largest near 40 km
(~10 K at 80°N.and ~5 K at 65°S) and near 80 km
{~20 K near both poles). There is no coherent vertical
phase progression and amplitude minima occur near
30°S and 30°N (Groves, 1972; Nastrom and Belmont,
1975; McGregor and Chapman, 1978; Crane, 1979).
Highest temperatures near 40 km occur at the solstices,
at which time temperatures are lowest near 80 km.
The high latitude SAO near 40 km may be accounted
for by the summer radiative maximum plus a second-
ary winter maximum due to Rossby wave driving
(Barnett, 1974). '

Near each winter solstice, low and high winter lati-
tudes appear to be coupled. Temperature trends on the
time scale of Rossby wave-driving that occur in the
polar winter stratosphere are accompanied by trends
of the opposite sign in the polar mesosphere and equa-
torial stratosphere, and of the same sign in the equa-
torial mesosphere (van Loon et al., 1972; Hirota and
Barnett, 1977; Chandra, 1985; Al-ajmi et al., 1985).
The spatial pattern of temperature changes during a
winter polar stratospheric warming is compatible with
large-scale residual mean circulations having vertical
divergence near the high latitude stratopause, poleward
flow in midlatitudes and vertical convergence at low
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latitudes extending into the summer hemisphere. As
illustrated in Fig. la, Rossby wave-driving near the
midlatitude stratopause could produce such a pattern.

¢. Comparisons between the QBO and SAO

Below 30 km the dominant pattern of flow evolution
in the equatorial stratosphere is the quasi-biennial os-
cillation (QBO). Alternating layers of easterlies and
westerlies form and descend with time, the pattern re-
peating every 22-34 months (Coy, 1979). Plumb and
Bell (1982) have shown that QBO temperature pertur-
bations have meridional circulation cells associated
with them and that these circulations affect the rate of
descent of shear zones. Figure 1b illustrates the effects
of Kelvin and westerly gravity wave absorption, over
the equator. Wave driving by Kelvin and gravity waves
is the likely cause of equatorial SAO westerlies (Lindzen
and Holton, 1968; Hirota, 1978; Hayashi et al. (1984),
Coy and Hitchman (1984). The resulting induced re-
sidual mean circulations will contribute to the descent
of a westerly shear zone.

Temperature and zonal wind amplitudes are similar
for the SAO and QBO, but the descent rate of the SAO
zero wind line is about ten times faster. Because the
radiative damping rate is greater at the higher altitudes
of the SAQ, stronger subsidence velocities are required
to maintain a given positive temperature anomaly.
Moreover, the poleward extend of QBO circulation
cells is ~15°-20°, while it is ~30°-40° for the SAO.
Thus, it will be argued that larger, more vigorous re-
sidual mean circulations are associated with the SAO
and that advection plays a more important role.

Using radiosonde data with high latitudinal resolu-
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FIG. 1. Schematic diagrams of temperature anomalies and merid-
ional circulations associated with (a) easterly wave driving and (b)
westerly wave driving, centered near “DF”, after Plumb and Bell
(1982).
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tion, Hamilton (1984) and Dunkerton and Delisi
(1985) have shown that the initial westerly acceleration
of the QBO is concentrated within a few degrees of the
equator. A similar feature occurs in the LIMS data for
the descending SAQ westerlies. In section 5b a possible
explanation will be offered.

3. Data and analysis
a. LIMS data

The LIMS experiment has been described by Gille
and Russell (1984). Gille et al. (1984) compared in-
dividual temperature retrievals with approximately
contemporaneous and co-located rocket and radio-
sonde profiles, and described possible sources of sys-
tematic error. Absolute accuracy is thought to be better
than 2 K in the pressure range 100-1 mb. Precision is
better than 0.6 K in the 100-0.1 mb layer.

The most useful product to study synoptic features
is the set of mapped temperature fields, which was de-
rived from the individual profiles using the Kalman
filter sequential estimation technique (Rodgers, 1976).
In making mapped fields, the profiles of temperature
values at irregular pressure levels were interpotated-to
the 18 standard levels 100, 70, 50, 30, 16, 10, 7, 5, 3,
2,1.5,1.0,0.7,0.5,0.4,0.2,0.1 and 0.05 mb (a spacing
of about 3.5 km). These were binned in 4 degree boxes
from 64°S to 84°N. For each latitude and pressure
level 13 harmonic coefficients (the zonal mean plus the
sine and cosine coefficient for the first six zonal wave-
numbers) were updated for each new data value. Both
ascending and descending orbital data were used. The
Kalman filter interpolates coefficients to synoptic times
1200 GMT.

Two main profile inversion algorithms have been
used, resulting in some differences for phenomena with
vertical scales smaller than ~20 km. LIMS versions
one-four (V1-V4) were created at the National Center
for Atmospheric Research (Bailey and Gille, 1986).
Version five (V5) was created at the Langley Research
Center (Gordley and Russell, 1981; Remsberg et al.,
1984a; Gordley et al., 1986, manuscript in preparation).
Due to superior results for constituent fields, the V5
version was archived by the LIMS Nimbus Expen'ment
Team. Version V5 mapped ozone values are used in
the heating algorithm described in section 3d.

An extensive comparison of V4 and V5 mapped
temperatures and derived zonal winds with rocket
temperatures and zonal winds was carried out for the
purpose of determining the relative utility of V4 and
V5 data in studying zonal mean and wave quantities
in the equatorial middle atmosphere (Appendix B,
Hitchman, 1985). In general the V4 and V5 mapped
datasets are very similar. When. atmospheric phenom-
ena vary slowly in space, as is typical of extratropical
latitudes, rocket-V5 agreement is somewhat better in
the range 50-0.5 mb. However, when rocket profiles
exhibit strong variations in the vertical, as in the strong
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westerly shears of the SAQ, the features are represented
significantly better by V4 than by V5 mapped data.
Based on information content for phenomena which
vary rapidly in the vertical, V4 mapped temperatures
are used in this study.

b. Rocketsonde data

Rocketsonde profiles of temperature and wind at
LIMS standard pressure levels were obtained in com-
puter tape format from the National Meteorological
Data Center. Rocket profiles typically cover the range
50-0.1 mb. Nestler (1983) and Finger et al. (1975) de-
scribe the error characteristics of U.S. rocketsonde
profiles. The rms differences for paired rocketsondes
launched 5 minutes apart are less than 3 K and 10 m
s~! below 50 km. Fall rates are very large at low density,
being ~200 m s~! near 70 km. Decreased air to wire
conduction, aerodynamic heating and lag errors cause
temperature data quality to decrease rapidly above 50
km. Typical corrections applied are —2 K at 40 km
and —8 K at 60 km. Winds are measured independently
from temperature by precision radar tracking of the
payload as it descends. Above 50 km, zonal wind pro-
files provide a more accurate check on LIMS meridi-
onal temperature gradients. However, radiosonde tie-
on pressure errors, short time-scale atmospheric vari-
ability and the discrepancy in sample volume can
_contribute to LIMS-rocket profile differences.

¢. Wind determination from LIMS

Geostrophic zonal winds are calculated from fields
of geopotential height derived from LIMS thicknesses
and National Meteorological Center (NMC) 50 mb
height fields which have been Fourier analyzed. Time
and longitude variations of tropical deep convective
systems can cause sampling biases in LIMS data below
50 mb, so 50 mb tie-on heights are used to prevent
upward propagation of these errors. To reduce day to
day noise, all 50 mb height coefficients were smoothed
once in time with an elemental Gaussian filter having
weights Y, ¥, Y4 (“1-2-1 smoothing™).

The time variation of the resulting zonal mean tie-
on heights at 8°N is shown in Fig. 2. The long-term
trend is very similar to the trend in 50 mb temperature
reported at Balboa (9°N) by Reed (1962), with mini-
mum values occurring in February. Week-to-week
variations that are confined to low latitudes are also
seen. In order to suppress propagation of this signal to
higher altitudes, each height field was smoothed 1-2~
1 in latitude between 16°S and 16°N before building
from each level to the next higher level.

The leading terms in the zonal mean meridional
momentum equation are #(f + i tang/a) = —3®/dy,
where # is the zonal wind, = 2 sing, ¢ is latitude, a
the earth’s radius,  the angular frequency of the earth’s
rotation, and ® the geopotential. If the zonal mean
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FIG. 2. Time variation of NMC 50-mb zonal
mean geopotential height at 8°N.

wind inside the parentheses is approximated by the
geostrophic value, i, = —(1//)(%®/3dy), then

w, 1
U=t +——"—| .
g{ 2Qa cosd)]
A consistent grouping of terms for the perturbation

meridional momentum equation gives
24 tanq&]’1 ik

3.1)

. 3 (3.2)
The perturbation zonal wind is used in this paper to
compare longitude-dependent zonal winds derived
from LIMS with rocketsonde zonal winds at individual
stations. Inclusion of planetary curvature modifies the
solution only slightly at low latitudes. Therefore, (3.1)
and (3.2) will be referred to as geostrophic winds. Cen-
tered differences are used to compute all derivatives.
Equatorial values are taken to be the mean of values
at 4°S and 4°N. Perturbation zonal winds are
smoothed 1-2-1, once in latitude at each level.
Finite differences of 8if/dr and 47/t made from
LIMS observations are noisy on a day-to-day basis. Six
day averages are used to study acceleration, allowing
for an even 36 periods for the 216 day record. These
block averages are long enough to provide smooth
trends, but week-to-week variations are still captured.

u’=—[f+

d. Radiative calculations

To estimate meridional circulations we require ac-
curate heating rates. The radiative heating code of
Wehrbein and Leovy (1982) has been rodified by T.
Yamasaki and made available to us for this purpose.
The code accounts for diurnally varying solar radiation
absorption by O, and O3 in the UV and by CO, and
H,O in the near-IR. Emission and exchange of IR ra-
diation is calculated using the CO, transmission func-
tions of Fels and Schwarzkopf (1981), the O; trans-
mission functions of Ramanathan and Dickinson
(1979), and the Goody random model rodified to al-
low for Voigt line shape by H,O. The code employs
monthly mean climatological values of tropospheric
and mesospheric temperature and ozone fitted
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smoothly to the LIMS data, and monthly mean plan-
etary albedo and outgoing longwave radiation. Further
details and applications of this model will be described
elsewhere (Yamasaki, 1987).

Global mean heating rates in a given layer are ex-
pected to be very small. These are estimated by assum-
ing that values from 84° to 68°S are the same as at
64°S, then averaging from 84°S to 84°N, weighting by
cos¢. Each 6-day global average profile of global mean
heating is subtracted from each 6-day average heating
rate cross section to provide our best estimate of heating
rates. Departures of global mean heating from zero are
generally much less than 1 K day™, but they increase
above 0.4 mb, reaching almost +3 K day™! at 0.1 mb.
These departures are apparently due to some combi-
nation of temperature underestimate and ozone over-
estimate in the LIMS retrievals.

4. Evolution of the zonal mean state

a. Daily evolution at low latitudes

The daily evolution of the zonal mean state over the
equator is presented in Fig. 3. The altitude scale is the
time mean profile of geopotential height. In Fig. 3a the
time mean vertical temperature stratification has been
removed so that temporal changes are more readily
seen. In spite of the approaching equinox, lower strato-
spheric temperatures reach a minimum in February
(Fig. 3a, Fig. 2; Reed, 1962). This suggests that dynam-
ically-driven ascent (cf. Fig. 1a) is particularly strong
in February, reaching to 40 km.

In the lower stratosphere QBO easterlies overlie QBO
westerlies throughout the LIMS period (Fig. 3b), (La-
bitzke and Goretzki, 1982). Above 30 km a twice yearly
cycle of variation in temperature and zonal wind is
suggested in this 7-month data record. Westerlies form
near 65 km in late December with maximum westerlies
descending to the stratopause by April. The region of
maximum westerlies near 40 km in November appears
to have descended from about 50 km in October. From
November onward easterlies strengthen at each level
until the descending westerlies arrive. The lowest layer
of westerlies near 35 km disappears just before the be-
ginning of rapid westerly acceleration in the meso-
sphere.

Both westerly layers overlie shallow warm layers,
while easterlies occur in a deep cool layer. A warm/
cool pair descends with the primary zero wind line (the
line separating easterlies from overlying westerlies and
extending from 0.1 mb in December to 7 mb in May).
This thermal pattern may be explained by convergent
mean vertical motion, which in turn implies the exis-
tence of residual mean circulation cells centered about
the equator. The warm and cool anomalies are sepa-
rated by 10-15 km. This pattern evolution results in
ranges of 21 K and 105 m s™! in the lower mesosphere
(cf. Quiroz and Miller, 1967).
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Time mean westerlies are present above 55 km. An
asymmetry between the two SAO cycles for this period
is also apparent: easterlies appear just above the stra-
topause in mid-November, but not in mid-May. Bel-
mont et al. (1975) found that during 1961-71 en-
croachment of easterlies at 50 km into the winter
hemisphere was generally more extensive in northern
winters. The weaker easterly acceleration in May is
insufficient to help shape a well-defined westerly max-

“imum which descends with time, such as that seen near

2 mb in November. In contrast, descent of the zero
wind line below 5 mb is similar during November and
May. The descent rate of the primary zero wind line
decreases with decreasing altitude and increasing am-
bient density. From late December through late April
the zero-wind line descends from 65 to 35 km at an
average rate of 7 km/mo or 0.3 cm s™'.

Strong week-to-week variations occur. Note the rapid
formation of the warm/cool pair and intensification of
westerly shear in late December. Another interesting
sequence is the cooling and reduction of westerlies in
mid-January near 60 km followed by warming and
westerly acceleration two weeks later. .

Cross-equatorial shear (Fig. 3¢) helps determine me-
ridional advection and the likelihood of inertial insta-
bility, and so plays a fundamental role in the SAO. In
November, #, increases with altitude to 7 day ! at 70
km. Thereafter, the maximum descends with time,
lying between the warm/cool pair, at the level of max-
imum equatorial easterlies. In December the reduction
of i, near 0.2 mb coincides with the rapid formation
of the warm/cool pair and intensification of westerly
vertical shear (Fig. 3b). The most rapid descent of the
zero wind line is observed at this time. After 4 April
i1, reverses and strengthens at all levels.

b. Structure in latitude-height

Latitude-height sections of zonal mean temperature
and zonal wind depicting structure in November, De-
cember, January and May are shown in Figs. 4-7. Also
shown are sections of the quantity

7 i)

o5 ), y¥O

p={l/I \'" Ri @.1)
0, y=0,

where n = f— i, + @ tang/a is absolute vorticity, Ri
= N?/(di7/dz)* is Richardson number, and N is buoy-
ancy frequency; P has units of vorticity and is closely
related to both the zonal mean Ertel potential vorticity
and the isentropic gradient of angular momentum per
unit mass (cf. section 6). Unless @,/ > (1 — Ri""), P
= 0. This exceptional condition is the necessary con-
dition for inviscid inertial instability, and it will be re-
ferred to in the following as anomalous P.

By early November a westerly jet is already well-
established near 50°N, 0.3 mb, with a subtropical me-
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FI1G. 3. Time-height sections of LIMS zonal mean (a) temperature, (b) zonal wind and (c) northward shear of zonal
wind, with contour intervals 2 K, 10 m s~ and 1.0 day™, averaged in the latitude band 8°S-8°N. In (a) the time mean
profile has been subtracted out. In c, values exceeding +3 day™' are shaded. The values have been smoothed 1-2-1 in
time.
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F1G. 4. Latitude-height sections of zonal mean LIMS (a) temper-
ature, (b) zonal wind and (c) the quantity (4.1), an indicator of anom-
alous angular momentum gradient for the period 31 October-5 No-
vember 1978, with contour intervals 5 K, 10 m s™' and 1.0 day™.
Values of temperature and zonal wind have been smoothed 1-2-1
in latitude. The schematic arrows indicate possible meridional cir-
culations which could account for the observed temperature pattern.

sospheric jet near 10°N, 0.05 mb (Fig. 4b). The summer
hemisphere easterly jet near 25°S, 0.05 mb is not yet
well developed. A lobe of SAO westerlies is centered
over the equator near 2 mb, overlying a core of QBO
easterlies. In the equatorial mesosphere meridional
temperature gradients are weak (Fig. 4a) and cross-
equatorial shears are moderately strong. The value of
Pis anomalous in the winter mesosphere equatorward
of ~10°N (Fig. 4¢).

An interesting temperature pattern exists in the re-
gion 30°S-30°N, 30-3 mb. Below 10 mb, isotherms
are deformed upward over the equator and downward
in the subtropics, with the opposite pattern above 10
mb. This structure is verified by rocket profiles at Kwa-
jalein (8.7°N) and Barking Sands (22°N) (not shown).
The schematic arrows in Fig. 4a suggest mean merid-
ional circulations which could account for this tem-
perature pattern. Downward motion is inferred in the
westerly shear, with meridional divergence near the
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level of maximum easterlies. This inferred circulation
appears to have advected low values of P poleward
near 10 mb (Fig. 4c).

From early November to mid-December very strong
changes are observed in the mesosphere. Above 0.4
mb equatorial temperatures are now considerably
higher than subtropical temperatures (Fig. 5a). The
easterly jet near 25°S has strengthened greatly, with
large values occurring very close to the equator near
0.4 mb. Although the equator appears to act as a barrier
to these easterlies, the zero wind line has moved from
10°S as far as 16°N during this time. The low latitude
mesospheric westerly wind maximum at 0.05 mb is
now near 4°N. Above 0.4 mb westerly vertical shear
has greatly increased, while meridional shears in the
latitude band 4°-12°N have decreased (compare Figs.
4b, 5b), in opposition to the seasonal trend of thermal
wind expected from radiative forcing approaching the
solstice. The region of anomalous P near 4°N has de-
scended and two secondary regions have developed
near 8°S and 20°N at 0.4 mb (Fig. 5c). The details of
the P distribution very close to the equator may not
be precisely depicted by these data, but it is clear that
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Values of Ri™! are contoured in the lower panel, with interval 0.05.

low or even anomalous values of P extend poleward
to beyond 20°N and 10°S near the 0.3 mb level.

The meridional circulation inferred from the tem-
perature distribution in mid-December (Fig. 5a) gives
descent in the westerly shear zone and divergent me-
ridional flow at the level of maximum easterlies near
0.4 mb. A dramatic redistribution of angular momen-
tum in the equatorial mesosphere appears to be asso-
ciated with amplification of SAO mendlonal circula-
tions in mid-December (cf. Fig. 3).
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During the next three weeks further strong changes
in the latitudinal temperature structure occur in the
mesosphere (Fig. 6a). Above 0.4 mb latitudinal vari-

_ation increases and the temperature minima shift pole-
~ward. In the layer 0.7-0.4 mb subtropical temperature-

gradients reverse (compare Fig. 5a). A double strato-
pause structure exists near the equator. SAO westerlies
have begun to descend and the easterlies below have
intensified further (Fig. 6b). The winter westerly jet has
moved poleward and downward, while the zero-wind
line has advanced poleward over the deep layer 30-
0.4 mb. The weak meridional shear evident near 0.5
mb, 10°N (Fig. 6b) has been verified by comparing
rocket profiles at Antigua (17°N) and Kwajalein
(8.7°N). Easterlies have reached Antigua (17°N) near
0.5 mb (not shown). During the northern midwinter
it is common for lower mesospheric easterlies to reach
~20°N, and in some years as far as 30°N (Belmont
et al., 1975). . _

The regions of anomalous P have descended with
the zero-wind line and are smaller in rnagnitude than
they were in December (Figs. 5c, 6¢). In fact, by late
January, the secondary regions have disappeared, co-
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inciding with the disappearance of the SAO westerlies
near 3 mb (not shown).

By May the equatorial SAO warm anomaly has
reached 7 mb (Fig. 7a), with inferred circulation cells
similar to those in November. Once again, strong west-
erlies have formed in the winter hemisphere well before
strong easterlies in the summer hemisphere. The rather
uniform strong cross-equatorial shear above 7 mb is
unaccompanied by any noteworthy vertical shear (Fig.
7b). The region of anomalous P is again located in the
winter hemisphere and is restricted to a narrow latitude
band. :

¢. Validation

Time series of 6-day average binned rocket profiles
and LIMS profiles of zonal wind, obtained by linear
latitudinal interpolation and longitudinal expansion of
coeflicients to station locations, are compared in Fig.
8. The mean time between rocket profiles is 2.8 days.
Bins with no rocket data are left blank.

Figure 8 illustrates how well LIMS captures the lo-
cation and magnitude of intense vertical shear. Al-
though ranges in LIMS geostrophic winds are 10%-
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25% larger than for rocket winds, the relatively good
agreement supports the use of geostrophic winds for
large-scale phenomena, even near the equator.

The rocket LIMS comparison in Fig. 9 for early Jan-
uary illustrates the typical scatter in rocket profiles
during a 12-day period. At Ascension Island and Kwa-
jalein rocket profiles also exhibit a double stratospause,
an easterly jet near 0.7 mb, and very strong westerly
vertical shear above that level, The asymmetry between
8°S and 9°N in the descending westerlies near 0.4 mb
is also evident (Fig. 6b). Cross-equatorial shears of ~3
day™! near 1 mb are substantiated (Fig. 3c).

Wind shear agreement implies that horizontal tem-
perature gradients are well represented by LIMS.
Rocket values at 0.4 mb (Fig. 10) validate the large
variation of temperature with latitude seen by LIMS
in early January (Fig. 6a).

d. Relationship between tropics and extratropics

An overview of latitudinal relationships is afforded
by examining latitude-time sections at selected levels.
In Fig. 11 the equatorial SAO warm layer begins to
form near 0.2 mb in early December, but does not
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reach 1.0 mb until late January (cf. Fig. 3a). The SAO
cold layer passes through the 1.0 mb level from late
November through early January. As the equatorial
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warm anomaly at 0.2 mb amplifies and spreads in lat-
itude, flanking cold anomalies also amplify and migrate
poleward, with larger amplitudes in the winter hemi-
sphere. Amplitude variations near 0° and 40°N are
correlated in time. Relative maxima on the equater
correlated with midlatitude minima occur near 1 Jan-
uary at 0.2 mb and near 1 February at both levels.
This simultaneity is further evidence that these tem-
perature anomalies are manifestations of large-scale
meridional circulations that are spun up on the time

scale of wave driving. By comparing Figs. 12a and 3a

it can be seen that near 1 February the inferred cir-
culation near the stratopause is similar to Fig. la: ver-
tical divergence at high latitudes, convergence over the
equator, and poleward motion at midlatitudes. Rossby
wave driving in the winter hemisphere can induce a
polar stratospheric warming and amplify vertical mo-
tions over the equator.

To contrast and compare the equatorial and high
latitude SAO, time-height sections of temperature at
60°-64°N and 64°-60°S are shown in Figs. 12b, c.
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During the overlapping transitional periods, 24 April-
28 May and 25 October-28 November, temperature
values and trends are quite similar in the two hemi-
spheres. Figures 12b, ¢ may be regarded as a rough
estimate of a full year’s variation in either hemisphere.
Mesospheric cooling and stratospheric warming can
be described as a lowering of the stratopause altitude.
The stratopause altitude reaches a smooth minimum
near the summer solstice (Fig. 12¢) and is highest in
early winter (late November, Fig. 12b; late May, Fig.
12c¢). During winter there is an irregular downward
trend varying on the time scale of wave driving. This

trend is an accumulation of individual short events

which interrupts the smooth annual cycle and imparts
a semiannual component to the variation. These events
appear to be distributed globally through meridional
circulations such as those in Fig. la.

At 0.5 mb the westerly jet near 40°N begins to mi-
grate poleward as easterlies penetrate across the equator
in mid-December (Fig. 13a). In fact, from mid-De-
cember to early February the westerly jet steadily moves
poleward and downward (Figs. 5b, 6b, 13a, b) as the

AND CONWAY B. LEOVY 3169

zero wind line migrates northward and the equatorial
stratosphere cools (Fig. 3a). At 7 mb (Fig. 13b) the zero
wind line advances all the way to 45°N by Feb-
ruary, followed by the well-known flow reversal at high
latitudes. ‘

5. Advection by mean meridional circulations
a. Estimation of the residual mean circulation

In this section the inferred mean meridional circu-
lations and their effects are described quantitatively,
based on calculations for successive 6-day mean tem-
perature and ozone cross sections. The transformed
Eulerian zonal mean primitive equations in log-pres-
sure coordinates are (Dunkerton et al., 1981)

du

o
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o no* +w %2 DF 5.1
2iftang\ 9 g b
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— o —+ * =0+D 5.4
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Here 8, I, Q are the zonal mean potential temperature,
mechanical dissipation due to small scale eddies and
diabatic heating; 6, and po are the global mean profiles
of potential temperature and density; o* and w* are
the components of the residual mean circulation, which
corresponds approximately to the actual material
transport and is nonzero only if there are nonconser-
vative processes: diabatic heating, wave transience or
dissipation (Andrews and MclIntyre, 1976; Boyd, 1976;
Edmon et al., 1980). The full representation of the
terms DF and DQ due to large-scale eddies is given in
Appendix A of Dunkerton et al. Wave temperatures
were used to estimate DQ. For most situations it was
found to be much smaller than the remaining terms.
To a good approximation (5.4) may be rewritten

8T TN?

aT
— —+

ot ay
where J is the radiative heating rate and g 1s gravita-
tional acceleration.

Equations (5.1)—(5.4) may be combined into a single
equation for meridional streamfunction which, from
scale analysis, reduces to

8Po 3_j

9 (x )

dy \cosp/ TNZ?3y
at low latitudes (Meyer, 1970; Plumb and Bell, 1982),
where -

-*_i

(5.3

(5.6)

Xy = Po COSW™*;  x. = —ppcosgD*.  (5.7)

To obtain a first-guess residual circulation, (5.6) is
solved by the tridiagonal method with the assumption
of zero meridional motion at 64°S and 84°N. Using
this solution as the first guess for *, a more accurate
estimate of the residual circulation is obtained by it-
erating (5.5) and (5.3). First, d7/dy is smoothed 1-2-
1 in latitude. Then (5.5) is solved for w* using the first
guess for 0*. The global mean profile of w* is then
subtracted, (a very small correction), and (5.3) is solved
for a new estimate of o*. In solving (5.3), v* = 0 at
84°N, but is allowed to be nonzero at 64°S. Then v*
is smoothed 1-2-1 in latitude and (5.5) is solved for
w* again. This procedure is repeated five times. Ex-
cellent convergence is obtained, with rms differences
between successive fields of w* being very small after
the second iteration. _

Deduced equatorial profiles of J, w* and 0* are
shown in Fig. 14. In (5.5) over the equator subsidence
warming is balanced primarily by radiative cooling,
except at the base of the warm anomaly where the
time derivative in (5.5) is significant. Over the equator,
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the time and vertical mean of the ratio |37/d¢|/|J|, cal-
culated on a point-by-point basis, is 0.31. Meridional
advection, 0*T), also plays a role in the mesosphere.
The effect of including it is to shift the w* pattern
southward and enhance w* in the region of ascent in
the northern subtropics by a factor of ~2. The 11 and
—11 K mesospheric anomalies in Decernber (Fig. 3a)
are maintained by w* ~ —0.31 cm s™' and ~ 0.45
cm s~! (Fig. 14b). The —7 K anomaly near 10 mb in
early February requires only w* ~ 0.08 cm s™!, due
to the longer radiative decay time scale and increased
static stability of the stratosphere. Bands of cooling in
Fig. 14a are centered on the descending SAO zero-
wind lines (Fig. 3b). Note that calculated descent ve-
locities are comparable to the rate of descent of the
zero wind lines (Fig. 14b).

In the mesosphere, cross-equatorial flow is from the
summer to winter hemisphere, the flow reversing in
March (Fig. 14c). A local maximum in ©* occurs at
the level of vertical convergence (Fig. 14b) which de-
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scends during December-January. The structure of the
deduced residual mean circulation in the meridional
plane is illustrated in Figs. 15 and 16.

Superimposed on the basic mesospheric pattern of
summer ascent in a cold region and winter descent in
a warm region is a pattern which is nearly symmetric
about the equator, where vertical convergence over the
equator pairs with vertical divergence in midlatitudes
(Fig. 15). As this equatorially symmetric residual mean
vertical velocity pattern descends from mid-December
through early February, its latitudinal scale expands
from ~30° to ~45° (cf. Fig. 11a). In early January a
jetlike maximum of 9* extends from ~10°S to ~50°N
near 0.5 mb, reaching a maximum speed of ~5 m s™!
near 16°N (Fig. 16). Interhemispheric flow is concen-
trated between the warm/cool pair at the level of max-
imum %, (Fig. 3c) and level of minimum P, enabling
advection of easterlies across the equator where P is
anomalous (Fig. 6b, ¢).

The equatorially symmetric part of the calculated
residual mean circulation is quite similar to that an-
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ticipated from the temperature distribution (Figs. 5a,
15a). In the lower mesosphere near 40°N, this circu-
lation may contribute to the poleward and downward
displacement of the main westerly jet (Figs. 5b, 6b,
13a). Near 40°N, 7 mb in Figs. 16 and 17, o* ~ 0.6
ms™! ~ 0.5° day™, a rate that is similar to the pole-
ward advance of the jet maximum in Fig. 13b. Potential
vorticity has been used as an indicator of the shape of
the polar vortex (Mclntyre and Palmer, 1983). The
rate of northward shift in locations of the 8 and 12
contours of P near 50°N from mid-December to early
January (Figs. Sc, 6¢) is similar to 0*. It is likely that
meridional potential vorticity advection contributes to
shrinking of the polar vortex. ‘

Figure 17 shows the residual (nearly the Lagrangian)
mean meridional circulation near 1 February in vector
form. The stratospheric mass flow is similar to that
found by Murgatroyd and Singleton (1961), with ascent
over the equator and descent at high latitudes. The
descending SAO pattern that includes descent over the
equator and rising motion in the subtropics near 0.5
mb in Fig. 17 will modify the distributions of water
vapor (Remsberg et al., 1984b, Gordley et al., 1985),
and methane and nitrous oxide (Solomon et al., 1986,
Gray and Pyle, 1986).

Equatorial time-height sections of observed accel-
eration, vertical advection, and the sum of terms on
the lhs of (5.1) are shown in Fig. 18. In December
easterly accelerations of ~ 1.0 m s~ per day occur over
a deep layer centered near the stratopause (Fig. 18a).
Westerly accelerations are typically stronger 2.0 m s~
per day) and occur in shallow layers that descend with
time. As a consequence of the fact that w* ~ —~§T and
the thermal wind law, &, ~ —T, oc 87T, acceleration
of the zonal flow by vertical advection, —W*iz, oc (372,
is predominantly in the westerly sense (Fig. 18b). Much
of the observed westerly acceleration can be explained
by downward advection in SAO westerly shear layers.
Shapes and, to a lesser extent, magnitudes are quite
similar in Figs. 18a, b. Figure 18b even picks up the
secondary region of westerly acceleration beginning
near 0.1 mb in late January, and descending above the
main band of westerly acceleration. However, the ef-
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fects of vertical advection are more than offset by those
of meridional advection (Fig. 18c). During November-
February northward mesospheric flow (Fig. 14c) ad-
vects easterly angular momentum across the equator,
so that the lhs of (5.1) is largely positive in this region.

The residual (Fig. 18c) shows the distribution of the
body force per unit mass due to eddies of all scales
which is required to complete the momentum budget
over the equator. Calculations of DF due to LIMS-
observed Kelvin and Rossby waves can partially ac-
count for the required westerly and easterly wave driv-
ing. It is apparent, however, that some other mecha-
nism must also be operating. The correlation of positive
and negative regions in Fig. 18c with regions of positive
and negative vertical shear in Fig. 3b suggests that ab-
sorption of gravity waves is probably important. These
results will be described more extensively in a future

paper.

b. A possible explanation for the “‘nose”

A peculiar aspect of the SAO westerlies at 7 mb dur-
ing December and May is their narrow latitudinal scale
(Fig. 13b). Even with the limited latitudinal resolution
of the LIMS data, a “nose” clearly seems to be char-
acteristic of the leading edge of the descending SAO
westerlies in the stratosphere. This is similar to the fea-
ture discussed by Hamilton (1984) and Dunkerton and
Delisi (1985) for the QBO. Moreover, the latitude of
maximum values is shifted to 4°N during the northern
winter and to 4°S-during the southern winter. The nar-
row scale and skewing of the westerly maximum toward
the winter hemisphere can also be seen near 7 mb in
Figs. 5b, 6b and 7b.

At the level of maximum wave driving near “DF”
in Fig. 1b, w* ~ 0. Ignoring vertical advection and
mechanical dissipation at this level, the latitudinal

profile of zonal flow acceleration for a wave driving
event may be estimated from (5.1): di/dt ~ DF
+ n0*. To fix ideas, specific shapes are assumed for
v*, DF and #,. The assumed shape for 0* is 0* = 1
X sin (5.7y) where vp = —1 m s™" and y is in degrees
latitude. Maximum equatorward motion occurs near
16°, with the cells extending to 32° (e.g., near 3 mb in
Fig. 4). The shape for DF is DF = DF, exp[—(y/L)*]
where DF, = 4.0 X 107> m-s™? and L = 17°, since a
typical quarter-power latitude for Kelvin waves is 20°
(Salby et al., 1984). We assume that @, == T' = 2.0 day ™"
(Fig. 3c).

Without any residual circulation, the latitudinal
profile of 311/t should have the same shape as the curve
DF in Fig. 19a. When this wave driving event occurs
in the presence of previously established circulation
cells but no meridional wind shear, Coriolis torques
will effectively narrow the latitudinal scale of zonal flow
acceleration, as suggested by the dashed curve in Fig.
19a. In the presence of meridional shear the peak is
shifted into the winter hemisphere (Fig. 19b).

While this problem really should be treated in a nu-
merical model, allowing for a latitudinal dependence
of i, this simple analysis suggests that when back-
ground SAO or QBO westerlies experience accelera-
tions such as those shown in Fig. 19, a local wind max-
imum can form. When this maximum is advected
downward, the first westerlies to arrive will be in a
narrow band. If this interpretation is valid, the nose
seen in descending equatorial westerlies can be ex-
plained by the modification of a wave driving event by
the extant residual circulation.

6. The possible role of inertial instability

The inertial stability of a region depends on the sign
of the potential vorticity, or equivalently, of the angular
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FIG. 18. Asin Fig. 14, except of (a) observed acceleration of zonal
mean zonal wind, contour interval 0.5 m s™' per day, (b) vertical
advection, —w*iZ, and (c) the sum: &, + w*i, — #9*. In (b) and (c)
the zero contour is omitted for clarity. In (b) contours begin at +0.2,
with interval 0.5 m s™ per day. In (c) they begin at +0.5, with interval
2.0 m s™! per day.

momentum gradient. The criterion for 1nv1$c1d sym-
metric inertial instability is

JSin—fIR1)<0 6.1)
(Eliassen and Kleinschmidt, 1957).
The zonal mean Ertel potential vorticity is
_ 6, .
P =;;(11 —fIRi) (6.2)

(Hoskins et al., 1986). In the absence of shear P in-
creases monotonically from the South Pole to the North
Pole, is zero at the equator, and fP > 0 everywhere.
The northward gradient of angular momentum, M
= rii + r’Q, along an isentropic surface is

4

where r = a cos¢. In (6.3) it is assumed that the thermal
wind law is valid. In the absence of shear M is largest

VeM = —r( (6.3)
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at the equator, and fV, M < 0 everywhere. From (6.2)
and (6.3) it can be seen that

_ (]
P=——2V,M. (6.4)
Tpo
Using definition (4.1), (6.1) may be written
5. S
P=——-Y M< 0 6.5
Tk )

Wherever shears are such that environmental angular
momentum increases inward toward the rotation axis
along accessible parcel trajectories, a region of anom-
alous P exists. Regions of anomalous P in Figs. 4c-7c
are almost entirely due to meridional shear. They may

F1G. 19. Expected latitudinal profiles of westerly acceleration
(dashed line), given the wave driving profile DF and convergent me-
ridional flow at the equator in-the case of (a) no meridional shear
and (b) constant northward shear.
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thus be appropriately referred to as regions of anom-
alous absolute vorticity. In such regions displaced par-
cels will accelerate, the energy coming from the kinetic
energy of the zonal flow. Just as convection tends to
mix § to produce a uniform distribution, circulations
arising from inertial acceleration would mix M to pro-
duce a uniform distribution in a nondissipative at-
mosphere.

The possible relevance of symmetric inertial insta-
bility in the equatorial middle atmosphere came to light
with the theoretical work of Dunkerton (1981) and the
modeling results of Hunt (1981). Dunkerton found
that, in the inviscid case, growing modes exist for any
nonzero shear, the growth rates being fastest for the
gravest latitudinal mode and shortest vertical scale. He
found that a finite vertical scale could be produced by
including dissipation. With N = 0.02s ' and 8 = 2.3
X 107" m~'-s™!, Dunkerton’s dissipative formulae give
the cutoff values for inertial stability:

L,~24*° and TI.~2.60" (6.6)

where v is in m? s™!, L. in km, and T in day™". Suffi-
ciently strong dissipation (T'; > i) will eliminate any
inertial accelerations. For i, = T'. modes with L, < L,
will be dissipated. If 7, > I'. a spectrum of inertial
. circulations will arise which will mix M until i, is re-
duced to T'.. For the gravest neutral viscous mode,
symmetric overturning is expected to occur in a stack
of cells, with vertical motions at the boundaries of the
region where (6.5) occurs.

Hunt (1981) presented evidence of inertial instability
in a GCM. His January case exhibited strong meridi-
onal shear, with a region of reduced shear just north
of the equator. Between 0° and 16°N in the layer 30—
78 km, mean meridional motions occurred in layers
of opposite sign separated by 5 km (twice the model
resolution), with maximum amplitudes at 62.5 km. At
that level (6.1) was satisfied in the band 2.25°-15.75°N.
He attributed the greatly inhibited penetration of east-
erlies into the winter hemisphere to mixing by circu-
lations, arising from inertial instability.

Both the appearance and inferred effect of the me-
sospheric meridional circulations during November-
January at low latitudes are somewhat compatible with
expectations from inertial instability theory. These cir-
culations are centered about regions of anomalous P
(Figs. 5 and 6), are stronger in the winter hemisphere
(Fig. 11), and the area-averaged values of iz, ~ 3 day™’
and L, ~ 25 km correspond roughly to values from
(6.6) for an eddy viscosity » ~ 100 m?s™!, which might
be attributed to breaking gravity waves (Lindzen, 1981).
During December-January at 0.5 mb the region 0°-
.20°N resembles a shelf, with strong meridional shears
concentrated at the boundaries (Fig. 13a). The merid-
ional “jet” in Fig. 16 accelerates near 4°N and de-
celerates near 24°N. Finally, amplification of SAO cir-
culation cells in December coincides with a reduction
in #, (Fig. 3a, c).
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On the other hand, the poleward extent of the SAO
residual circulation cells is ~30°-40°, rather than
~20°, which is the: maximum extent of P < 0. This
discrepancy increases during December-February.
Most importantly, the existence of a region of anom-
alous P is not a sufficient condition for inertial accel-
eration. Any wave-driven circulation like that in Fig.
1b will produce similar effects on the mean state, help-
ing to confine easterlies to the summer hemisphere and
reduce #,. The observed redistribution of M is by no
means proof of the importance of inertial acceleration.

If spinup of SAO circulation cells by inertial accel-
eration does occur, the mechanism is tied to the de-
scending zero-wind line by the coincident maximum
in #,. The effects are expected to be strongest during
December in the mesosphere, where i, is largest and
Ri is smallest, and to weaken thereafter as the zero
wind line descends into the stratosphere. It is intriguing
to note that certain peculiar vertically layered structures
in the zonally asymmetric temperature field are ob-
served over the equator (Fig. 2a, Coy and Hitchman,
1984) only when P is negative over a fairly broad re-
gion in latitude. This occurs only during November
through mid-January in the lower mesosphere. This
unusual phenomenon is described in a companion pa-
per (Hitchman et al., 1987).

7. Concludinig remarks

- Most previous studies have described the evolution
of the zonal mean state of the equatorial middle at-
mosphere in terms of time mean, annual and semi-
annual components. Here the week-to-week evolution
is considered. This approach emphasizes the actual
changes that occur, lending insight into which mech-
anisms are likely to be responsible. Strong week-to-
week variations indicate the importance of wave driv-
ing. The pattern of radiative heating and inferred re-
sidual circulation is consistent with wave driving rather
than seasonal changes in solar heating. Deep easterly
accelerations implicate meridional advection and wave
driving by Rossby and gravity waves. Shallow layers
of westerly acceleration that descend with time reflect
the influence of vertical advection and wave driving
by Kelvin and westerly gravity waves.

Local momentum budgets are strongly modified by
advection. The rate of descent of the zero wind line is
similar to downward velocities which maintain the ac-
companying warm anomaly against radiative damping.
Observed westerly acceleration is very similar to esti-
mated vertical advection. Maximum penetration of
easterlies into the winter hemisphere occurs at the level
of maximum cross-equatorial shear, just below the de-
scending zero wind line. Advective circulations re-
sponsible for this easterly penetration are organized
into circulation cells which extend to midlatitudes, in-
fluencing the pattern of zonal mean potential vorticity
there. Thus, the low-latitude circulation can be affected
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by extratropical Rossby wave driving and higher lati-
tudes can be indirectly affected by wave driving due to
vertically propagating equatorial waves. These circu-
lation cells can also be important for tracer transport.

Temperature gradients are detected quite well by the
LIMS instrument, as evidenced by the fact that the
intense vertical wind shears seen in tropical rocket pro-
files are reasonably well represented by LIMS geo-
strophic winds. Rocket profiles support ranges in LIMS
temperature and zonal wind of 20 K and 100 m s™*
and cross-equatorial shears exceeding 3 day'. This
study provides the first quantitative estimates of the
distribution of regions of anomalous gradients of an-
gular momentum. Inertial instability may enhance ad-
vection by SAO circulation cells, particularly near the
solstice when SAQO westerlies begin to descend in the
lower mesosphere.
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