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Abstract. An analysis is presented of the stratospheric zonall Introduction and background
wind and temperature variations supplied by the National
Center for Environmental Prediction (NCEP). The derived At equatorial latitudes in the stratosphere, the mean zonal
zonal-mean variations are employed. Stimulated by mod-<irculation is dominated by the quasi-biennial oscillation
eling studies, the data are separated into the hemispher{QBO) and semi-annual oscillation (SAO). Reviewed by
cally symmetric and anti-symmetric components, and specBaldwin et al. (2001), the QBO has periods between 22 and
tral analysis is applied to study the 12-month annual oscilla-34 months and originates in the lower stratosphere (Reed,
tion (AO) and the quasi-biennial oscillation (QBO). For data 1965); while the 6-month SAO is more important in the
samples that cover as much as 40 years, the zonal wind respper stratosphere (Hirota, 1980). It was demonstrated by
sults reveal a pronounced 5-year modulation of the symmett indzen and Holton (1968), Holton and Lindzen (1972), and
ric AO in the lower stratosphere, which is confined to equato-others (e.g. Plumb, 1977; Dunkerton, 1985) for the QBO,
rial latitudes. This modulation is also seen in the temperatureand by Dunkerton (1979) and Hamilton (1986) for the SAQ,
variations but extends to high latitudes, qualitatively consis-that these equatorial oscillations can be driven by the mo-
tent with published model results. A comparison betweenmentum deposition from eastward propagating Kelvin waves
different time intervals of the data indicates that the signa-and westward propagating Rossby gravity waves. Later mod-
ture of the 5-year oscillation is larger when the QBO of 30 eling studies with observed planetary waves led to the con-
months is more pronounced. Thus there is circumstantial evelusion that small-scale gravity waves (GW) appear to be
idence that this particular QBO period is involved in generat-more important (e.g. Hitchman and Leovy, 1988). With a
ing the oscillation as was shown in a modeling study (Mayr etgeneral circulation model (GCM) that resolves the planetary-
al., 2000). In agreement with the model, the spectral analysiscale waves, Hamilton et al. (1995) showed that the QBO in
also reveals a weak anti-symmetric 5-year oscillation in thethe stratosphere was an order of magnitude smaller than ob-
zonal wind data, which could interact with the strong anti- served, thus providing further circumstantial evidence for the
symmetric AO to produce the modulation of the symmetric importance of GWs. Except for a few attempts at simulating
AO. The 30-month QBO is well suited to be synchronized the QBO with resolved GWs (e.g., Takahashi, 1999), these
by, and phase-locked to, the equatorial semi-annual oscillawaves need to be parameterized for global-scale models (e.g.,
tion (SAQ), and this may explain why this QBO periodicity Giorgetta et al., 2002).
and its 5-year spin-off are observed to persist for many cy- |n the context of this paper, we wish to review the dy-
cles. namical properties that control the equatorial oscillations,
which were discussed by Lindzen and Holton (1968) in
Keywords. Meteorology and atmospheric dynamics (Gen- their seminal theory for the QBO. At low latitudes, and at
eral circulation; Middle atmosphere dynamics; Waves andithe equator precisely, the Coriolis force vanishes so that
tides) the wave momentum source is dissipated only by diffu-
sion. At the equator, the meridional circulation does not
come into play to redistribute the flow momentum. (To
first order, the equatorial QBO can be described with a one-
Correspondenceto: H. G. Mayr dimensional model, Lindzen and Holton referred to as “pro-
(hans.mayr@gsfc.nasa.gov) totype model”.) Wave-mean-flow interactions are thus very
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38 H. G. Mayr et al.: Equatorial annual oscillation with QBO-driven 5-year modulation

effective in generating and amplifying the equatorial zonal spheres are then reproduced by the addition of the symmet-
wind oscillations. This is evident from models with latitude- ric and anti-symmetric components, i.e.,DS+DA, and
independent wave source, which produce a QBO that stilD,=DS+DA;. As discussed above, DS would describe pri-
peaks at the equator and is confined to low latitudes (e.g.marily the QBO and SAO that characterize the nearly sym-
Mengel et al., 1995). metric atmospheric oscillations around the equator, while
For the wave forcing around the equator to be so effec-DA,=—DA, would represent to first order the dominant 12-
tive, it is essential that the generated oscillations are hemimonth AO with opposite phase in the two hemispheres.
spherically symmetric, which applies to the QBO and SAO Employing different data samples, the hemispherically
to first order. Waves propagating up around the equator thesymmetric and anti-symmetric components are spectrally an-
can generate flow oscillations that tend to be in phase acrosalyzed to describe the AO, QBO and long-term variations.
the region. Phenomena that are to first order hemispheriThe important spectral features are then synthesized to re-
cally anti-symmetric, in contrast — primarily the 12-month veal, for comparison, the different oscillations embedded in
annual oscillation (AO) with opposite phase in the Northernthe data. Our analysis is restricted to the stratosphere at alti-
and Southern Hemispheres — tend to vanish at the equatotudes above 10 km.
The opposite wave forcing in the two hemispheres is then
relatively ineffective in generating and amplifying coherent
oscillations around the equator. 3 Analysisresults
Our data analysis has been stimulated by a recent study
(Mayr et al., 2005), which shows that, in addition to the clas- The more extensive R-1 reanalysis (R-1) data cover the years
sical equatorial oscillations of the QBO and SAO, a symmet-from 1958 to 2006, and for ease of reference we count the
ric 12-month AO is generated in the model. In the zonal years by starting with 0 in 1958. With this notation, the time
winds, this oscillation is confined to low latitudes. Ob- coverage goes from O to 48 years for the R-1 data and from
served annual oscillations at tropical latitudes have been doc21 to 48 years for the CPC data.
umented for the temperatures (e.g., Reed and Vicek, 1969;
Pawson and Fiorino, 1998) and zonal winds (COSPAR Inter3.1 R-1 zonal winds
national Reference Atmosphere, 1986). Our analysis is also
guided by model predictions (Mayr et al., 2003), which show For reasons that will become clear subsequently, we present
that the QBO — depending on its periodicity — can generatevith Fig. 1 the analysis results for Sample A (defined in
long-term internal oscillations through interaction with the Fig. 2b) from the R-1 data set, which is restricted to the range
seasonal cycles. between 7 and 47 years. Shown in Fig. 1a is the hemispher-
ically symmetric component of the amplitude spectrum for
the zonal winds at O degrees latitude (virtually identical at 5
2 Dataanalysis degrees), which is plotted versus altitude from 10 to 30 km.
The spectrum is obtained from a Fourier analysis of the 40-
In our study, we employ data from two sources: (1) Nationalyear time span, and we present it in terms of the discrete har-
Center for Environmental Prediction (NCEP)/National Cen- monics, h, in the range from 0 to 60. As indicated in the fig-
ter for Atmospheric Research R-1 reanalyses (Kalney et al.ure, the frequencies (cycle per year) are determined by h/40,
1996) from 1958; and (2) NCEP Climate Prediction Cen- and the corresponding periods are given by 40/h (years). Pre-
ter (CPC) stratospheric analyses (Gelman et al., 1994) fronsenting the spectrum in terms of harmonics instead of periods
1979. The R-1 data extend from the surface to 10 hPa (approves to be convenient because it allows us to interpret the
proximately 31 km) and are spaced at 2.5 degrees in latitudespectral features more readily.
The CPC data extend to 0.4 hPa (approximately 55km) and In the spectrum of Fig. 1a for the equator, as expected,
are spaced at 2.0 degrees in latitude. We use zonal-medarge amplitude signatures are apparent that describe the
zonal winds from the R-1 analysis and temperatures from theéQBO at altitudes above 15 km. The dominant period is about
CPC analysis. 28.2 months, and the periods of 24 and 30 months are also
Considering the above-discussed characteristics and imidentified. Of special interest for the present analysis is
portance of wave forcing, which controls the equatorial os-the sharp spectral feature at h=40, which represents the 12-
cillations, we shall delineate for diagnostic purposes themonth annual oscillation (AO). Also apparent is a spectral
NCEP data in terms of their hemispherically symmetric line at h=32 that peaks at about 26 km altitude. Removed by
and anti-symmetric components. For this purpose, the dat8 wave numbers from h=40, indicated with solid arrow, this
(D) at the same latitude in the Northern (n) and South-is the signature of a 5-year modulation of the symmetric AO.
ern (s) Hemispheres, ,Dand D, respectively, are split up Such a side lobe can be generated by non-linear processes
into the symmetric (S) and anti-symmetric (A) elements that multiply in effect the dominant anti-symmetric AO with
by computing respectively DS=(B3D;)/2 and DA,=(D,— an anti-symmetric 5-year oscillation (O5). With simplified
Dy)/2, DA;=(D,—D,)/2. The original data in the two hemi- complex notation, the product between AO, Aexpli, and
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Data Sample A
Zonal Wind Spectrum (m/s): 7—47y, L= 0, symmetric
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Fig. 1. Sample A (defined in Fig. 2b) of R-1 zonal wind data. Zonal-mean zonal winds are analyzed. The data were selected for a limited
time span of 40 years (i.e., 7 to 47 data yeafa) The amplitude spectrum is obtained from Fourier analysis and shows the hemispherically
symmetric component at O degrees latitude (L=0), virtually identical at 5 degrees. Plotted versus Fourier harmonics, h, the corresponding
frequencies for the 40-year time span analyzed are given by h/40 in cycles per year (cpy), and the periods by 40/h (years). [With contour
intervals of 0.3 m/s, the lowest 4 levels are suppressed to eliminate clutter.] At h=40 is the signature of the 12-month annual oscillation (AO),
h=20 and 16 represent the 24- and 30-month QBO signatures, and the dominant QBO period of about 28.2 month appears at h=17. Displace
by h=8 from h=40, at h=32, is the signature of the 5-year modulation of the AO, as indicated with solid arrow and discussed in the main
text. (b) Spectrum of hemispherically anti-symmetric component at 20 degrees latitude (L=20) reveals the weak 5-year signature with small
contour intervals of 0.05 m/¢c) Synthesized winds at 26 km (A=26) employing the symmetric spectral features at h=40, 32. The synthesis
represents the 40-year average; thus the patterns repeat exactly in 5-year intervals over the entire time span (7 to 47 years) of the analysis.

05, Oexpliv,t], namely generates the side lobes with fre- but the anti-symmetric AO at 20 degrees latitude is relatively
quenciesw,+w,, w,—w,, and the longer one of the corre- strong (about 12 m/s); the non-linear interaction between the
sponding two periods is apparent in the spectrum. two thus could produce the symmetric side lobe at h=32 in
Evidence for the involved 5-year oscillation itself is shown Fig- 1&. The dominant symmetric QBO ath=17 in Fig. 1a ac-
in Fig. 1b, where we present the spectrum of the antj-Counts for the anti-symmetric side lobes at h=23 (i.e., 40-17)
symmetric component at 20 degrees latitude (this componerfnd 57 (i-e., 40+17), identified with dashed arrows in Fig. 1b,
vanishes at the equator). Atwave number h=8 is the signatur®/nich produce a modulation of the AO with the period of
of the 5-year oscillation, and the dominant 12-month AO ap-28-2 months.
pears at h=40. The 5-year feature is weak, less than 0.5 m/s,
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Wind Amplitude (m/s); P= 2.50, A= 31, L= 0, symmetric
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Fig. 2. (a) Amplitude of 30-month (2.5-year) symmetric QBO at 31 km and O degrees latitude, computed from a moving window displaced
by one day. Solid line for the first harmonic with 30-month window; dashed line for the third harmonic with 90-month window. As expected,
the 3rd harmonic amplitudes tend to be smalle) Effective “phase speed” for the moving 30-month window normalized to one as discussed

in the text. Deviations from one are a measure of the variability for the oscillation period. It shows that the QBO is highly variable during the
first 5 years, then again between 12 and 16 years, and again after 37 years. The most stable time interval is between about 17 and 37 year
labeled B, and it is discussed in Fig. 3.

To show the symmetric 5-year modulation of the AO, we vincingly. While the QBO in the spectrum has a 30-month
present in Fig. 1c the latitudinal variations at 26 km altitude component, its dominant period is 28.2 months.
obtained from a synthesis of the spectral features h=40 and In search of a time span that may contain a predominant
32 that are prominent in Fig. 1a. Around the equator, the30-month QBO, we analyzed the entire 48-years of R-1 data.
wind amplitudes vary over a period of 5 years by about 5 m/s.For the equator at 31 km altitude, a running window of 30
At higher latitudes, the winds are much larger, but the 5-yearimonths is applied, shifted by one day, to compute the ampli-
modulation is negligible when compared with the amplitude tude of the first harmonic. The resulting amplitudes for the
differences near the equator. Our analysis thus shows thaseriod of 30 months are shown with solid line in Fig. 2a. The
the synthesized 5-year modulation of the symmetric AO invalues are around 20 m/s but are variable to indicate in part
the zonal winds is confined to low latitudes. that the QBO is not phase locked. Further evidence of this

It has been shown with a modeling study (Mayr et al., variability is apparent from the result in dashed line, which
2000) that an anti-symmetric 5-year oscillation is generatedvas obtained from a running window of 90 months, with the
by a 30-month QBO that interacts through wave filtering 3rd harmonic applied to extract the 30-month QBO. In this
with the dominant anti-symmetric AO. In this mechanism, case, the QBO was phase locked for 3 cycles, and the ampli-
the waves propagating up through the nodes of the QBO aréudes are therefore reduced in general and in particular dur-
less attenuated and therefore are more effective in amplifying certain time spans (e.g., between 10 and 17 data years).
ing the AO. Since the phase of the AO completely reverses Another measure of variability is presented in Fig. 2b,
in time intervals of 30 months between the QBO nodes, thewhere we present the so-called “phase speed” for a 30-month
corresponding wave filtering effects produce amplificationsmoving window. If the oscillation were perfectly phase
in opposite directions to generate the 5-year oscillation. Thidocked, its phase would change by a constant value as the
requires that the QBO nodes are aligned with the oppositevindow is moved forward in time from day to day. The re-
phases of the AO, which is assured considering that the QBQulting gradient, equivalent to a “phase speed”, is normalized
in the stratosphere slowly propagates down with a velocityto a value of one for the 30-month period. From Fig. 2b
of about 1.2 km/months to cover the entire 12-month cycleit is apparent that there are certain time spans in the data
within an altitude range of 10 km. The results in Fig. 1a sup-set where the “phase speed” deviates significantly from the
port a QBO connection to the 5-year oscillation but not con-norm. This is true for the initial few years, which are not
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included in the Data Sample A of Fig. 1. The variability is outside the tropics.

also large for the years between 10 and 17. ButFig. 2b ShOWS  gjce the anti-symmetric 5-year oscillation is at the core
that there is a time interval between about 17 and 37 yearg; {he gata study presented here, we show in Fig. 3c

(identified with B) where the “phase speed” varies relativelyfOr 26km altitude, a synthesis of the harmonic h=4 plot-

little around one, thus indicating that the 30-month period-,.,§ \.ersus latitude and time. With opposite phase in the

ic?ty IS closer_to beir_1g p_hase Iock_ed. This Is als_o consist_enttwo hemispheres, the magnitude of the 5-year oscillation
with the amplitudes in Fig. 2a, which are less variable during;¢ small, about 0.5m/s, but it could interact with the large

these years. anti-symmetric AO to produce the symmetric modulation

Having thus identified a data stretch in which the 30-; Fig. 3a. This 5-year modulation of the AO is shown in
month QBO is expected to be more coherent and stable, W%ig. 3d. Plotted versus latitude and time, we present a syn-

presentwith Fig. 3 an analysis of the Data Sample B for oM+ aqiq of the harmonics h=20 and 16. As in Fig. 1c for Data

parison with Fig. 1. This specifically selected and more re'SampIe A, the 5-year modulation of the AO is confined to

stricted time span covers only 20 years instead of 40. ASit des around the equator. And the modulated oscillations
seen from Fig. 3a, the symmetric 30-month signature now

X ) o R in Fig. 3d are in phase with those shown in Fig. 1c.
dominates the QBO, in contrast to its signature in Fig. la
that is relatively weak. Commensurate with that, the signa-
tures of the 5-year oscillation are now also much stronger3.2 CPC temperature variations
and more ubiquitous, as indicated with solid line arrows. The
5-year side lobe at altitudes around 25 km, which describes

the modulation of the symmetric AO at h=16 (removed from I Contrast to the zonal winds from the R-1 data, which ex-
h=20 by 4 wave numbers), is now much stronger than thetend only to altitudes of about 31 km, the CPC temperatures

corresponding one at h=32 in Fig. la. The anti-symmetriccoverthe entire stratosphere and go up to about 55 km. Since

5-year oscillation at h=4 in Fig. 3b, believed to be the Causethe latter data set includes only the years between 21 and 48,

for the symmetric modulation, is also more pronounced, and"® have chosen the Sample C identified in Fig. 2b. Covering

it peaks near 25km altitude. The analysis of the R-1 data® time span of 20 years, as in Fig. 3, the last few years of data

presented in Figs. 3a and b thus provides considerable furdre eliminated where the QBO is more variable.
ther evidence for the reality of the 5-year oscillation and its  Shown in Fig. 4a is the symmetric amplitude spectrum for
connection to the 30-month QBO. the temperature at O degrees latitude, extending from 10 to
As identified, the spectra of Fig. 3 show a number of other50 km altitude. As in Fig. 3a, a pronounced signature is ev-
signatures of the 5-year oscillation. In Fig. 3b, the weakident at h=16, which causes the AO at h=20 to be modu-
anti-symmetric QBO at h=8 and the anti-symmetric 5-yearlated by the period of 5 years. (There is also a symmetric
oscillation at h=4 could generate the symmetric features ab-year signature at h=4.) In Fig. 4b we present a synthesis
h=4 and 12 in Fig. 3a, which describe the 5-year modula-for the harmonics h=20 and 16, which produces the altitude
tion of the dominant symmetric QBO; and the side lobes atvariations (10 to 50 km) for the 5-year modulated symmetric
h=4 and 12 in Fig. 3b produce the modulation of the anti- AO at 0 degrees latitude. The oscillation propagates down
symmetric QBO. The symmetric 5-year oscillation at h=4 with slow phase progression (about 4 km/month), which is
in Fig. 3a could generate in Fig. 3b the side lobes at h=16characteristic of wave driven oscillations around the equa-
and 24 that produce a corresponding modulation of the antitor. (Synthesized height variations for the hemispherically
symmetric AO (h=20). In Figs. 3a and b, the symmetric andanti-symmetric AO near the equator (not presented) exhibit
anti-symmetric features at h=12 (20 months) and h=28 (8.6virtually no time progression with altitude, due to the lack
months) are most likely produced by the interactions betweerof effective wave forcing presumably.) The modulation is
the 30-month QBO and the 12-month AO, as indicated withlargest at 35 km where the AO temperature amplitude varies
dashed arrows. Most of the spectral features in Fig. 3 appedny almost 2K over a period of 5 years. The latitudinal vari-
in the model prediction for the 30-month QBO that generatesations of the synthesized AO for h=20 and 16 are shown in
the 5-year oscillation (Mayr et al., 2000). Fig. 4c at 31 km. At this altitude, the magnitude of the mod-
The predominance of the 30-month QBO in the aboveulation is smaller than at 35km, but it is still about 1K be-
data sample is consistent with the results obtained by Tungween minimum and maximum, and it is essentially in phase
and Yang (1994), who analyzed ozone measurements for thevith the wind oscillations in Figs. 1c and 3d. As is the case
years from 1978 to 1991 (20 to 33 data years in our notation)for the symmetric zonal winds, the magnitude of the AO tem-
As shown in Fig. 3 of their paper, the 30-month QBO domi- perature amplitude increases drastically towards higher lati-
nates at low latitudes. Away from the equator, pronouncedtudes. But unlike the zonal wind oscillation, the symmetric
spectral features are identified with periods of 8.6 and 20A0O temperature exhibits a large 5-year modulation at higher
months, which correspond, respectively, to the lines at h=28atitudes. The difference between minimum and maximum
and 12 in Figs. 3a and b. The spectra obtained by Tung andmplitudes is almost a factor of two larger at the poles than
Yang also reveal a pronounced 60-month (5-year) signaturat the equator.
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Data Sample B
Zonal Wlnd Spectrum (m/s): 17-37y, L= 0, symmetrlc
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Fig. 3. Sample B (defined in Fig. 2b) of R-1 zonal wind data. Analogous to Fig. 1 but for a shorter time span of 20 years. Compared with
Fig. 1, the harmonics, h, associated with particular periods are half as large (e.g., h=20 for 12-morft) @PBpectra show pronounced
signatures of AO, 30-month QBO, and 5-year oscillation. Virtually every signature is identified to indicate that we have a reasonably good
understanding of how the spectral features are generated. Compared to Fig. 1, the 5-year side lobe at h=16 (a) is 50% larger due to the
stronger 30-month QBQ[c) Synthesized 5-year anti-symmetric oscillation for h=4 shows small wind velocities at 26 km altitude; but its
non-linear interaction with the strong anti-symmetric AO (h=20) could produce the symmetric side lobe in ). Synthesis describes

the latitudinal variations of the modulated symmetric AO at 26 km, essentially in phase with the results shown in Fig. 1c.
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Data Sample C
Temperature Spectrum (K): 22—42y, L= 0, symmetric
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Fig. 4. Sample C (defined in Fig. 2b) of CPC temperature d@pSymmetric temperature spectrum for 0 degrees latitude and from 10 to
50 km altitude show the AO at h=20 and the side lobe at h=16 to indicate a pronounced 5-year modulation that peaks near 35 km, analogous
to the wind results in Figs. 1 and 3. (With contour intervals of 0.1 K, the lowest 3 levels are suppressed to eliminatq/lc)Bgnthesized
variations versus height show the relatively large 5-year modulation at 35km. The oscillation slowly propagates down, presumably due the
efficient hemispherically symmetric wave forcing near the equator. (a) Synthesized latitudinal temperature variations of 5-year AO at 31 km,
which are almost in phase with the corresponding zonal wind modulations at 26 km shown in Figs. 1c, 3d.

4 Summary and discussion forcing that characterizes the tropical dynamics (Lindzen and
Holton, 1968) as illustrated in a recent modeling study (Mayr

Our analysis of the zonal-mean winds from the R-1 reanaly-et al., 2005). In the corresponding temperature variations

sis data shows that the hemispherically symmetric 12-montt{719- 4C), however, the 5-year modulation does extend to
annual oscillation around the equator is modulated with apefh'gh latitudes into the Rolar Reglpns, and this is also seen
riodicity of 5 years (Figs. 1 and 3). A comparison between N the model results. It is argued in Mayr et al. (2000) that

the results in these figures provides circumstantial evidencd!® 30-month QBO is exceptionally well suited for synchro-

that the 5-year modulation is generated by a QBO having apization by the SAO. In intervals of 15 months, thg p.ositive
period of 30 months as predicted (Mayr et al., 2000). Froma”d negative phases of the QBO and SAO can coincide. The

Figs. 1c and 3d it is apparent that the 5-year modulated Sym[esulting synchror_liza_tion would contribu_te to keep_the QBO
metric AO in the zonal winds is confined to equatorial lati- Phase locked, which in turn would help in generating the 5-

tudes, which is consistent with the effectiveness of the wave/€&r modulation of the AO that prevails over many cycles,
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evident from Figs. 1c and 3d for the 40-year and 20-yeara large extent as being caused by the differences between the

data samples analyzed. In the 40-year data sample, the inwo hemispheres, with their different planetary wave activi-

ferred (observed) 5-year modulation prevails over 8 cyclesties; and quasi-geostrophic balance between zonal winds and

which requires from the 30-month QBO that it is remarkably temperature variations should be satisfied there.

coherent and stable. In the present paper, we concentrated on the observed
Tung and Yang (1994) analyzed QBO ozone data for thenemispherically symmetric equatorial annual oscillation

time span from 1978 to 1991 (20 to 33 data years in our no{EAO) and its 5-year modulation. The EAO is of interest

tation). Their analyses thus covers a subset of the time spabecause, like the QBO, it is apparently driven by wave-mean-

we have chosen for the Data Sample B discussed in Fig. 3. Ifiow interactions that are very effective at equatorial lati-

agreement with our analysis, Tung and Yang show with theirtudes. Although not discussed specifically, the QBO is also

Fig. 3 that the 30-month QBO dominates around the equatormodulated by the 5-year oscillation, as is evident from the

Away from the equator, the ozone data contain pronounce@pectral features in Fig. 3 and from the model results.

signatures with periods of 8.6 and 20 months, corresponding

to h=28 and 12 in our Fig. 3b, respectively. In agreementacnowledgements. The authors are indebted to C. A. Reddy, Hy-

with the interpretation offered by Tung and Yang, we also derabad, India, and to two anonymous reviewers for Annales Geo-

believe that these spectral features are generated by the iphysicae, who stimulated the work presented here. Incisive com-

teraction between the 12-month AO and the 30-month QBO ments from an anonymous reviewer contributed significantly to im-

Their data also reveal a pronounced 60-month signature, butrove the present paper.

it was not identified or discussed in the paper. Topical Editor U.-P. Hoppe thanks two referees for their help in
Based on our modeling studies and the limited results fronvaluating this paper.

the above analysis of R-1 and CPC data, we propose that

the symmetric and anti-symmetric components of the atmo-

sphere could be valuable in diagnosing and understandinérefer ences

different classes of solar-driven atmospheric processes. In

broad terms, one may look at the atmosphere under the in8aldwin, M. P., Gray, L. J., Dunkerton, T. J., Hamilton, K., Haynes,

fluences from: (1) the Sun that produces seasonal variations, P H- Randel, W. J., Holton, J. R., Alexander, M. J., Hirota, 1.,

(2) the differences between the topographies of the two hemi- Horinouchi, T., Jones, D. B'_A" Kmners_ley, J- S, Ma_rqu_ardt, C

spheres, and (3) the wave interactions with the flow around Sato, K., and Takahashi, M.: The quasi-biennial oscillation, Rev.

’ Geophys., 39, 179-230, 2001.
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