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ABSTRACT

Observations of zonally averaged temperature from the Nimbus 7 Stratospheric and Mesospheric Sounder
(SAMS) in 1979-82 demonstrate that a significant seasonal variation or asymmetry exists in the equatorial
semiannual oscillation (SAQ) in the sense that the *“first” semiannual cycle beginning in the Northern Hemisphere
winter (December~May ) is much stronger than the “second” cycle beginning six months later (June-November).
Calculation of balanced winds from the satellite data indicates a corresponding seasonality in SAO wind regimes:
equatorial easterlies are stronger in December-February than in June-August and are followed by stronger
westerly mean flow accelerations and, as a result, stronger westerlies in March-May than in September-November.
This observation is in agreement with previous studies of the semiannual oscillation.

Strong coupling is observed during the first SAQ cycle between equatorial and North Polar temperature. A
model of this coupling via a mean meridional circulation suggests that planetary Rossby wave momentum
deposition in the northern winter is the underlying cause of the seasonal variation in the easterly phase of the
SAQ. This circulation can produce significant horizontal advection of angular momentum in the tropics even
when the body force is confined to midlatitudes. At higher levels, the reverse component of the circulation or
a reduced diabatic circulation combine with equatorial Kelvin and westerly gravity waves to produce the large
westerly mean flow accelerations in the first SAO cycle.
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1. Introduction

Since its discovery in the early 1960s, the semiannual
oscillation (SAO) of the middle atmosphere has come
under increasing observational scrutiny (Reed 1962,
1966; Quiroz and Miller 1967; Angell and Korshover
1970; Van Loon et al. 1972; Groves 1972; Hopkins
1973, 1975; Fritz 1974; Belmont et al. 1974a,b, 1975;
Barnett 1974; Nastrom and Belmont 1975, 1980;
McGregor and Chapman 1978; Hirota 1978, 1980;
Crane 1979; Hamilton 1982, 1986; Salby et al. 1984;
Koshelkov 1984; Devarajan et al. 1985; Reddy and
Reddi 1986; Hitchman and Leovy 1986, 1988; Hitch-
man et al. 1987; Gao et al. 1987; Delisi and Dunkerton
1988). Development of a rocketsonde-based climatol-
ogy of the oscillation has been followed by numerous
individual studies utilizing radiance data from satellite
remote sensing, These complementary approaches have
produced a fairly consistent pmmre of several SAO fea-
tures:

Descending equatorial westerlies. Absolute westerlies
of significant magnitude (20-40 m s™') descend from
a region of time-mean westerlies in the tropical middie
mesosphere every six months, beginning near the sol-
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stices and achieving maximum depth and overall mag-
nitude soon after the equinoxes.

Relatively uniform easterly onset. Approaching the
solstices, the westerly phase is replaced, more or less
at once, by easterlies in a deep layer. Maximum east-

“erlies in the upper stratosphere lie in the range ~20 to

~60 m s~!, with significant cross-equatorial shear in

- this phase.

Distinct “mesopause” SAO. Above the time-mean
westerlies a second semiannual oscillation is found,
distinct in amplitude and nearly opposite in phase from
the underlying “stratopause” SAO.

Extratropical SAO. Winter polar regions exhibit,
most prominently in the Northern Hemisphere, an out-
of-phase temperature SAQ in relation to the equatorial
time series. Because the secondary maximum in high
latitudes is associated with midwinter warmings, the
connection between the two semiannual harmonics has
been controversial. Nevertheless, the anticorrelation
between high- and low-latitude temperature trends
supports the idea that the equatorial SAO is in some
way affected by extratropical phenomena in the north-
ern winter.

Hemispheric or seasonal asymmetry. Fourier anal-
ysis of zonal wind time series reveals a stronger annual
and semiannual signal just south of the equator. The
phenomenological explanation of this result is that the
“first” semiannual cycle in a given year is usually
stronger than the “second™ cycle beginning six months
later. Notably, both easterly and westerly phases of the
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FIG. 1. (a) Latitude-time composite of rocketsonde winds at 50
km and (b) time-height composite at the equator (based on inter-
polation between near-equatorial rocketsonde stations), both adapted
from Belmont et al. (1975). Westerlies are shaded.

wind oscillation are stronger in the first cycle. As a
general rule (valid about two-thirds of the time) sum-
mer easterlies intrude farther across the equator in De-
cember-February than in June-August and are fol-
lowed by stronger equatorial westerlies in March-May
than in September-November.

A caveat at this point is that true equatorial winds
have never been routinely observed. Our understanding
of near-equatorial winds relies on interpolation of data.
Rocketsonde wind stations lying about 8° off the equa-
tor on either side provide most of the available sound-
ings (viz., Fort Sherman, 9.3°N, Kwajalein, 8.7°N, and
Ascension, 8.0°S, plus a small number from Natal,
5.8°S). Reliable zonal mean balanced wind fields de-
rived from satellite radiances can be obtained at the
same latitudes, but the attempt to derive useful winds
closer to the equator is problematic due to the vanishing
Coriolis parameter and lack of data validation.

The climatological evidence is summarized in Figs.
1-3, showing the rocketsonde wind composites of Bel-
mont et al. (1975) for 1961-71, zonal mean gradient
winds derived from the Barnett and Cormney (1985)
SCR /PMR climatology (1973-78), and a comparison
of the two near the equatorial stratopause. In Fig. 2,
linear interpolation was used between 10°N and 10°S.
Also note that the top frame (June) was reversed for
comparison to the bottom frame (December). SAO
features, including the seasonal asymmetry, can be seen
in each of the figures. The general agreement in Fig. 3
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is encouraging inasmuch as different data sources and
times of observation contributed to the respective cli-
matologies. One aspect of the seasonal asymmetry,
however, is seen more clearly in Fig. 2 in the intrusion
of summer easterlies: satellite-derived winds in De-
cember suggest a distinct easterly maximum near 10°S
at about z* = 7.5 scale heights. The magnitude and
equatorward extent of this feature cannot be deter-
mined due to the equatorial singularity.

Two further observations pertinent to the SAO are
the following:

Longitudinal variations. There is limited evidence
that SAO wind amplitudes vary zonally as well as me-
ridionally near the equator (Reddy and Reddi 1986).
High-latitude zonal asymmetries in SAO temperature
have also been found, mainly due to zonal wavenumber
one (Gao et al. 1987). Some of this variation might

~ be attributable to quasi-stationary Rossby waves. In

addition to these waves are peculiar layered structures
in near-equatorial temperature in the SAQO easterly
phase (Hitchman et al. 1987).

Trace constituent SAO. Satellite instruments have
shown that trace constituents are advected by the SAO
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FIG. 2. Latitude-height cross section of zonal mean gradient winds,
derived from the Barnett and Corney (1985) climatology for (a) June
and (b) December. Contour interval is 10 m s™' and easterlies are
shaded. Linear interpolation was used between 10°N and 10°S. Note
reversal of the horizontal axis in (b) relative to (a). On the vertical
axis, one pressure scale height is approximately 7 km.
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FiG. 3. Comparison of zonal wind time series near the equator derived from the .
rocketsonde and satellite climatologies of Figs. 1 and 2. Rocketsonde winds (solid
lines); satellite-derived gradient winds (dot-dash). Arrows demonstrate that, using either
dataset, the (interpolated) equatorial transition to westerlies in the “first” SAO cycle
is approximately twice as large as that of the “second” cycle, assuming that linear
interpolation across the equator is reasonably valid.

in the meridional plane (Jones and Pyle 1984; Rems-
berg; Remsberg et al. 1984) as simulated by Gray and
Pyle (1986, 1987); see also Solomon et al. (1986) and
Gille et al. (1987).

The importance of the stratopause semiannual os-
cillation has been established by virtue of its relation-
ship to the upper mesospheric SAQ, its anticorrelation
with polar warming events, and its visible influence on
trace constituents, Rocketsonde and satellite measure-
ments have contributed much to our understanding of
this remarkable phenomenon. Observational short-
comings nevertheless persist. 1) Wind measurements
are relatively scarce and do not provide either an ac-
curate zonal average or an understanding of the lon-
gitudinal wave spectrum. 2) Balanced winds are in-
conclusive near the equator. 3) Vertical resolution of
satellite radiometers is generally inadequate given the
narrow vertical scale of the SAO and that of the Kelvin
and gravity wave spectrum believed to be important
in its generation (e.g., Dunkerton 1982).

Unquestionably, the most detailed observations of
the stratopause SAO have been provided by the Limb
Infrared Monitor of the Stratosphere (LIMS) aboard
Nimbus 7, as described by Hitchman and Leovy (1986,
1988) and Hitchman et al. (1987). Their studies have
added significantly to most aspects of the SAO men-
tioned above, with the exception of the seasonal vari-
ation (on account of the short 7-month LIMS data
record ). Recently, Delisi and Dunkerton (1988) com-
pared temperature data from LIMS to that of the
Stratospheric and Mesospheric Sounder (SAMS) also

aboard Nimbus 7 (Drummond et al. 1980; Barnett
and Corney 1984; Rodgers et al. 1984) and presented
evidence for the seasonal asymmetry of the SAO in
the SAMS data period (1979-83). The SAMS vertical
field of view was intermediate between that of LIMS
and nadir-viewing instruments. Consequently, the
SAMS data provide a somewhat vertically smoothed
picture of the SAO relative to LIMS, but over a much
larger number of SAO cycles.

As a sequel to that paper, we present SAMS-derived
balanced winds near the equator, showing the asso-
ciated seasonal asymmetry, and we also discuss the
global SAO and polar-tropical coupling. These two
subjects (asymmetry and coupling) are closely related:
the seasonal asymmetry of the stratopause SAQO ap-
parently owes at least part of its existence to hemi-
spheric differences in winter planetary wavedriving
which, as is well-known, are also responsible for dif-
ferences in midwinter warming behavior in the two
hemispheres. It is also apparent that Northern Hemi-
sphere warming events are in some way modulating
or perhaps controlling the descent of equatorial wind
regimes in the first semiannual cycle. This evidence of
polar-tropical coupling is not the first of its kind, but
the SAMS data provide a detailed view of the coupling
in the descending phase of the first SAO cycle.

The outline of this paper is as follows. Section 2
discusses the data sources, and section 3 compares
SAMS and Singapore radiosonde temperatures. Section
4 reviews the seasonal asymmetry in equatorial tem-
perature and presents a composite time-height cross
section of SAMS interpolated equatorial winds. Section



1 OCTOBER 1988

5 then examines the relationship between polar and
equatorial phenomena. The significance of polar-
tropical coupling and its role in the seasonal variation
is discussed further in section 6.

2. Data sources

Zonally averaged temperatures from the Nimbus 7
Stratospheric and Mesospheric Sounder (SAMS) were
used in this study. SAMS data were available as in-
verted temperatures, having on average three data days
every four days. The data record extended from 24
December 1978 to 9 June 1983 with a data gap from
29 September 1982 to 12 February 1983. The data grid
extended from 50°S to 67.5°N in 2.5° intervals and
from 1.4 to 13.6 scale heights in 0.2 scale height inter-
vals (which is oversampled relative to the SAMS ver-
tical resolution of about 8-10 km ). Accuracy of SAMS
temperatures relative to other instruments has been
discussed by Barnett and Corney (1984 ). Standard de-
viations of difference between SAMS temperature and
temperature measured by other sensors are typically
1-3 K up to 8 scale heights.

Radiosonde data from Singapore (1.3°N, 256.1°W)
were also used for comparison to SAMS equatorial
temperatures and to provide a tie-on for the wind cal-
culation, The radiosonde coverage at Singapore was
satisfactory only up to about 20 mb in the SAMS time
period. Data at Singapore were available at this level
70% of the time in 1978-83.

Data from the Limb Infrared Monitor of the Strato-
sphere (LIMS) aboard Nimbus 7 were used briefly in
section 6 because of their slightly greater latitudinal
coverage relative to SAMS (64°S to 84°N in 4° inter-
vals). The LIMS data had superior vertical resolution
(18 levels from 100 to 0.05 mb, based on an instrument
resolution of 2-3 km) but were available for only one
complete semiannual cycle (25 October 1978 through
28 May 1979).

3. Comparison of SAMS and Singapore radiosonde
temperatures

It was of interest to compare SAMS equatorial tem-
peratures to radiosonde data for several reasons, e.g.,
to measure the effect of decreased vertical resolution
of the SAMS instrument relative to radiosondes—an
important question given the narrow vertical scale of
temperature anomalies associated with the lower
stratospheric quasi-biennial oscillation (QBO)—and
to validate the observed effect of the El Chichdn erup-
tion in April 1982. The radiosonde wind data were
also valuable as a tie-on in the lower stratosphere. As
it turned out, we were constrained to use the highest
radiosonde wind data routinely available at this time
(20 mb at Singapore ) because the SAMS data missed
most of the QBO in the lower stratosphere, presumably
on account of their vertical resolution.
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Figure 4a shows the time series of monthly mean
temperatures at Singapore compared to monthly mean
zonally averaged SAMS temperatures at the same lat-
itude and heights (50 and 30 mb). (Enough zonal
symmetry exists in the lower stratosphere to warrant
this comparison; e.g., see Dunkerton and Delisi 1985a.)
There is superficial agreement between the two datasets.
Both show a substantial perturbation in 1982 evidently
due, in part, to El Chichén. Annual and semiannual
cycles were also present.

The difference between the two datasets, shown in
Fig. 4b, is illuminating : there was a distinct quasi-bien-
nial signal, particularly at 50 mb, such that SAMS
temperatures were several degrees cooler in the QBO
warm phase, and vice versa. In other words, SAMS did
a poor job of capturing the QBO, especially at this level,
relative to the radiosondes. The arrival of westerlies at
each level is indicated roughly by the arrows in Fig.
4b. Westerly shear zones coincide with QBO warm
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FIG. 4. (a) SAMS monthly mean zonally averaged temperatures
at 1.25°N (solid) vs Singapore monthly mean radiosonde tempera-
tures (dot-dash) at 30 and 50 mb. (b) SAMS minus Singapore
monthly mean temperatures at 30 and 50 mb. Arrows denote ap-
proximate onset of QBO westerly phase. Thin lines indicate values
interpolated over data gaps.
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FI1G. 5. Zonal wind tie-on at 20 mb derived from Singapore
radiosonde data, with 31-day running mean.

anomalies at the equator (Dunkerton and Delisi
1985a), but were apparently too shallow to be fully
resolved by SAMS. At 50 mb, westerly shear persists
somewhat longer (Naujokat 1986), and, as a result,
SAMS temperatures remained excessively cool for well
over a year.

For the wind calculation of the next section, which
required a low-level boundary condition, it seemed ap-
propriate to take the highest reliable radiosonde wind
level at this time (20 mb at Singapore ). This was done
to avoid as much of the QBO region as possible. The
20 mb tie-on is shown in Fig. 5. This time series was
obtained by performing a 31-day running mean on the
individual Singapore soundings. The running mean
was used on the assumption that it would provide a
more faithful representation of the zonal average than
the daily single-station data. .

The QBO at 20 mb has a peak-to-peak amplitude
of about 50 m s, with a relatively abrupt westerly
onset. Maximum easterlies are significantly stronger
than maximum westerlies, and easterlies persist some-
what longer than westerlies. The converse is true near
50 mb (Dunkerton and Delisi 1985a; Naujokat 1986).
This asymmetry in length of phases reflects the differ-
ence in descent rate between the easterly and westerly
shear zones.

4. The SAMS interpolated equatorial winds

The seasonal asymmetry in SAO temperature during
the SAMS period was shown in Delisi and Dunkerton

(1988, Fig. 1 of that paper). To summarize those re-

sults, Fig. 6 shows a composite of SAMS equatorial
temperature for 1979-81 (deviation from time mean
over this period ). The first SAO cycle was characterized
by a descending region of sharp vertical temperature
gradient, which was much less visible in the second
cycle. The corresponding positive { negative ) anomaly
above (below) this region of strong gradient was also
relatively larger in the first cycle. At upper levels around
seven scale heights, however, the negative anomalies
were of comparable magnitude in the two cycles. The
positive anomalies near five scale heights were also
comparable. (Relative to LIMS, the range of temper-
ature and especially its vertical gradient due to the SAO
are reduced in the SAMS data.)

Delisi and Dunkerton (1988) also showed a corre-
sponding seasonal asymmetry in the temperature cur-
vature about the equator, implying via thermal wind
balance that the pronounced temperature anomalies
in the first SAO cycle were accompanied by stronger
vertical mean wind shears. Thus, as shown in Fig. 7,
the SAMS data for 1979-81 yield a composite picture
of SAO wind regimes substantially like that of Fig. 1b.
These winds were derived using the 20 mb Singapore
zonal wind tie-on described in the previous section,

‘together with geostrophic thickness winds obtained by

linear interpolation between +8.75° latitude. (Similar
results were obtained using data from +6.25° but,
closer to the equator, the derived winds were unsatis-
factory because d7°/dy generally did not vanish at the
equator, as required by geostrophic balance.)






