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[1] The quasi-biennial oscillation (QBO) signature in the equatorial upper

stratosphere and mesosphere is analyzed from MAECHAMS and HAMMONIA

general circulation models. Our results show that this region is significantly influenced by
the stratospheric QBO. In the upper stratosphere the QBO modulates the altitude of
maximum descent of the stratospheric semiannual oscillation (SSAO) westerly phases.
Our results also suggest that the QBO modulates the altitude of maximum descent and
also the strength of the SSAO easterly phase. We explore the role of large-scale and
small-scale waves and also momentum advection in the forcing of the QBO signature in
the SSAO domain. The results show how the vertical propagation of the QBO signature
to the middle and upper mesosphere depends on the vertical phase structure of the SAO
and consequently on the seasonal cycle. During the solstices when MSAO westerlies
prevail in the middle and upper mesosphere no QBO signature can be detected above the

stratopause region. However, during the equinoxes, when MSAO easterlies dominate
in the middle and upper mesosphere, the QBO signature extends throughout the
mesosphere and low thermosphere. The QBO directly modulates MSAO easterlies by
modifying the altitude at which they are generated in the upper mesosphere. A QBO
signature is also detected on the MSAO westerly phase occurring in the mesopause

region during the equinoxes.

Citation: Pefia-Ortiz, C., H. Schmidt, M. A. Giorgetta, and M. Keller (2010), QBO modulation of the semiannual oscillation in
MAECHAMS and HAMMONIA, J. Geophys. Res., 115, D21106, doi:10.1029/2010JD013898.

1. Introduction

[2] Large-scale dynamics of the equatorial middle atmo-
sphere are dominated by long-period oscillations of zonal
winds with quasi-biennial period in the stratosphere and
semiannual period at the stratopause and in the mesosphere.
Earlier studies have indicated that the mesospheric oscilla-
tions are strongly influenced by the stratosphere. The exact
mechanisms are, however, not fully understood. This mod-
eling study is intended to further improve this understanding.

[3] The quasi-biennial oscillation (QBO) of alternating
easterly and westerly winds is the dominant feature of the
tropical stratosphere between 5 and 100 hPa [Pascoe et al.,
2005]. The QBO amplitude is approximately Gaussian
about the equator with a 12° half width. The zonal winds
between 5 and 40 hPa reach maxima between 20 and 35 m/s,
with stronger easterly than westerly winds, and decrease
rapidly below 50 hPa. Above 5 hPa the variability is domi-
nated by the semiannual oscillation (SAO). Pascoe et al.
[2005] observed in the ERA40 reanalysis that when the
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annual cycle and the SAO are removed, the QBO signal can
be seen to extend as high as 1 hPa although its amplitude is
reduced to about 5-10 m/s.

[4] Reed [1962] first documented the existence of an SAO
in zonal winds in the tropical upper stratosphere. Hirota
[1978] used rocket observations to show that the SAO in
fact consist of two oscillations with amplitude maxima near
the stratopause and mesopause, defined as the stratospheric
SAO (SSAO) and mesospheric SAO (MSAO), and an
amplitude minimum near 65 km. As in the QBO case, SAO
signals are not limited to zonal winds but can be identified also
in vertical winds, temperature, and trace gas concentrations.

[5] Delisi and Dunkerton [1988] first noted the seasonal
asymmetry of the SSAO. The first cycle of the SSAO,
beginning with easterlies in the Northern Hemisphere win-
ter, is usually stronger than the second cycle beginning with
easterlies in the Southern Hemisphere winter. Maximum
easterlies lie in the range —20 to —60 m/s, while westerlies
reach between 20 and 40 m/s. The easterly phase of the
SSAO is believed to be mainly driven by meridional
advection of easterly momentum tying the entire SAO to the
seasonal cycle and determining its semiannual period. Delisi
and Dunkerton [1988] attributed the seasonal asymmetry to
stronger dynamical forcing in the northern winter producing
stronger easterlies and setting the stage for a strong westerly
phase immediately following the strong easterly phase. The
MSAO is out of phase with the SSAO. Garcia et al. [1997]
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used MF radar observations for the years 1990-1995 and
satellite measurements from the High Resolution Doppler
Imager (HRDI) on the Upper Atmosphere Research Satellite
(UARS) for the years 1992—1995 to show that the MSAO
also exhibits a seasonal asymmetry which is most evident at
80-85 km. Easterlies in the first cycle of the oscillation
(April) were observed to be considerably stronger than in
the second cycle (October). The peak values are —50 m/s in
the first cycle versus —40 m/s in the second according to
HRDI data and —40 m/s versus —20 m/s according to radar.
The westerly regime shows little seasonal variability with a
mean value of around 15 m/s.

[6] Previous studies [Garcia et al., 1997; Dunkerton and
Delisi, 1997] found in rocketsonde data covering the period
1961 to 1991 a modulation of the SSAO and MSAO by the
QBO. Their studies revealed that SSAO westerlies descend
farther when QBO westerlies wane in the low stratosphere.
So it is the altitude of maximum descent, and not the
strength, of the SSAO westerlies that is modulated by the
QBO. They did not observe any variation of the SSAO
easterly phase associated with QBO. Garcia et al. [1997]
used HRDI and MF radar data to show that the easterly
phase of the MSAO is stronger when deep QBO westerlies
are present in the stratosphere than during the QBO easterly
phase. No QBO modulation of the MSAO westerlies was
found.

[7] The accepted explanation for the QBO modulation of
the SSAO is that the waves driving the SAO are filtered as
they traverse the QBO winds in the stratosphere. Garcia et al.
[1997] particularly emphasized the importance of small-scale
gravity waves, particularly the seasonal variation of their
sources and transmission. Garcia and Sassi [1999] used an
equatorial beta-plane model to show that the QBO filtering of
inertia-gravity waves might be also important in the QBO
modulation of the MSAO easterlies. Mayr et al. [1997] used
another numerical model to show that the filtering of small-
scale gravity waves could play a role in the QBO modulation
of the MSAO easterly phase.

[8] The main difficulty for analyzing the QBO signature in
the upper stratosphere and mesosphere is the important lack
of data at this altitude. Data sets obtained from rocketsonde,
radar and satellite observations are too short to offer a sig-
nificant pattern of the QBO signature in the SAO domain.
Results obtained with data from different sources are
sometimes inconsistent. For example, the QBO modulation
of the MSAO was observed in both satellite and radar data
from 1992 to 1995 but no correlation was observed in the
radar measurements during 1990-1991 [Garcia et al., 1997].
This makes it difficult to reliably confirm if the mesospheric
QBO (MQBO) is linked to the stratospheric QBO.

[v] Atmospheric circulation models can play an important
role in the study of the QBO signature in the upper strato-
sphere and mesosphere by providing data of higher spatial
and temporal resolution and covering longer time periods
than is available from observations. Previous studies by
Mayr et al. [1997] and Garcia and Sassi [1999] used 2-D
and equatorial beta-plane models, respectively. Here we use
data from two related general circulation models that inter-
nally generate the QBO to provide a description of the QBO
influence on zonal wind in the upper stratosphere and
mesosphere. This study also seeks to analyze the relation-
ship between MQBO and the QBO and to investigate the
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mechanism through which the QBO modulates the easterly
and westerly phases of the SAO.

2. Numerical Models

[10] Data from two different but related general circula-
tion models have been used in this study: from the
MAECHAMS model [Manzini et al., 2006], which is the
middle atmosphere configuration of the ECHAMS general
circulation model [Roeckner et al., 2003, 2006] and from the
Hamburg Model of the Neutral and Ionized Atmosphere
(HAMMONIA) [Schmidt et al., 2006] which is an upward
extension of MAECHAMS.

[11] The MAECHAMS version used in this study resolves
the atmosphere in 90 vertical levels from the surface to
0.01 hPa (~80 km) altitude. In the stratosphere, the vertical
resolution is approximately 700 m between the tropopause
and 42 km height and less than 1 km up to the stratopause.
This vertical resolution permits the simulation of the QBO
based on resolved and parameterized wave mean-flow
interaction [Giorgetta et al., 2002, 2006]. In MAECHAMS,
the wave-mean flow interaction involves both the resolved
dynamical effects including waves up to the truncation limit
at wave number 42, which is diagnosed as the divergence of
the EP flux, and the parameterized effects of the interaction
of the gravity waves with the resolved wind [Giorgetta et al.,
2006]. Sea surface temperature (SST) and sea ice distribution
are prescribed as lower boundary conditions following the
monthly climatology of the period 1979-1996 (AMIP2 data
set), thus excluding atmospheric responses to El Nifo or
La Nina SST signals. Natural external forcings by major
volcanic eruptions or by 11-year solar cycle variations of the
irradiance are also neglected in the experiment.

[12] HAMMONIA is a general circulation and chemistry
model based on MAECHAMS but extended further upward
into the thermosphere (with an upper lid at about 250 km),
and coupled to the MOZART3 chemistry scheme [Kinnison
et al., 2007]. A detailed model description is given by
Schmidt et al. [2006, 2010]. For this study the model has
been run with a triangular truncation at wave number 31
(T31) and with 119 levels ranging from the surface to 1.7 x
1077 hPa (~250 km). The momentum forcing caused by oro-
graphic and nonorographic gravity waves in HAMMONIA, as
in MAECHAMS, is parameterized following the approaches
by Lott and Miller [1997] and Hines [1997a, 1997b]. The
parameter settings in the HAMMONIA simulations presented
here are exactly the same used for the MAECHAMS simu-
lations [see also Schmidt et al., 2010]. This implies in par-
ticular a gravity wave source function that is constant in time,
horizontally homogeneous, and azimuthally isotropic. In
HAMMONIA, as well as for MAECHAMS, the launch level
of the parameterized gravity waves is in the midtroposphere,
at 671 hPa and 535 hPa for HAMMONIA and MAECHAMS,
respectively. The vertical resolution is identical to that used
in the 90-layer MAECHAMS model up to about 0.1 hPa. The
main differences between the two models in this altitude
region are the interactive chemistry coupling in HAMMONIA
and slightly different radiative schemes [see Schmidt et al.,
2006]. So like MAECHAMS, HAMMONIA implicitly gen-
erates a QBO. The reason for using both models here is that
due to high computational costs, so far, HAMMONIA has only
been run at the relatively low spectral resolution of T31,
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Figure 1. (a) Time-height section of the monthly mean zonal-mean zonal wind (m/s) for 6 years sim-
ulated with MAECHAMS at 1.4°N from 100 hPa to 0.1 hPa. (b) Monthly mean climatologies of the
zonal-mean zonal wind at 1.4°N averaged over 30 years as simulated by MAECHAMS, (c) total advec-
tion of zonal momentum (meridional plus vertical advection) and (d) EP flux divergence plus gravity

wave drag.

leading to a somewhat less realistic QBO than in MAECHAMS
(see below). On the other hand, owing to its high upper lid, only
HAMMONIA offers the possibility to study the mesospheric
SAO.

[13] For this study we have performed 30-year time slice
simulations with both models forced with greenhouse gas
concentrations typical for the 1990s and climatological
AMIP2 sea surface temperatures and sea ice. We have ana-
lyzed zonal and monthly means of zonal wind, Eliassen Palm
flux divergence and gravity wave drag. In the case of
MAECHAMS, data from a subset of 59 model levels from
100 to 0.1 hPa with a latitudinal resolution of approxi-
mately 2.8° have been chosen; in the case of HAMMONIA,
a subset of 80 model levels from 100 to 107> hPa with a
latitudinal resolution of approximately 3.7°. Further, we
have used 3-hourly temperature series from HAMMONIA
to produce wave spectra with the aim of investigating the
characteristics of the waves involved in the QBO modula-
tion of the MSAO.

[14] Boththe QBO and SAO are internally generated by the
two models. As has been shown in previous studies [ Giorgetta
etal.,2002,2006; Calvo et al., 2007; Peiia-Ortiz et al., 2008],
the MAECHAMS simulation of the QBO exhibits the typical
properties of the observed QBO. Amplitudes of westerly and
easterly phases, the period of the oscillation, the propagation
characteristics of both phases and the differences in the lati-
tudinal extent of both phases are realistically captured by
MAECHAMS [Giorgetta et al., 2002].

[15] Figure la shows the time-height section of the
monthly mean zonal-mean zonal wind in MAECHAMS at

1.4 N from 100 hPa to 0.1 hPa and for six arbitrarily chosen
years. In the stratosphere, from 70 hPa to 5 hPa aproxi-
mately, the QBO dominates the interannual variability.
Above 5 hPa, the SAO clearly appears as the dominant
oscillation. The annual cycle of the zonal wind averaged
over 30 years as simulated by MAECHAMS is depicted in
Figure 1b. Consistent with the observations [Delisi and
Dunkerton, 1988] it shows a SSAO characterized by a
first and stronger cycle beginning with stratopause easterlies
in December and a second and weaker one beginning with
easterlies in June. During the first cycle, maximum SSAO
casterlies and westerlies reach on average around —45 m/s
and 35 m/s, respectively, while during the second cycle they
reach around —20 m/s and 20 m/s. The magnitude of both
westerlies and easterlies of the strong and weak cycles lie in
the range of previous observations [Delisi and Dunkerton,
1988; Garcia et al., 1997].

[16] Figures l1c and 1d depict the annual cycle of the zonal
momentum forcing due to the total advection, as the sum of
meridional and vertical advection, and to the wave-mean flow
interaction process, as the sum of EP flux divergence and the
parameterized gravity wave drag. Consistent with previous
studies [Holton and Wehrbein, 1980; J. D. Mahlman and
R. W. Sinclair, Recent results from the GFDL troposphere-
stratosphere-mesosphere general circulation model, paper
presented at ICMUA Sessions and IUGG Symposium18§,
17th TUGG General Assembly, Canberra, ACT, Australia,
1980], Figures lc and 1d show that momentum advection
is the main forcing of the SSAO easterlies of the strong
cycle (December to February) reaching absolute values above
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4.5 m/s/d in the stratopause region. However, results show
that the contribution of the waves is also important. Previous
studies considered the possibility that quasi-stationary plan-
etary waves contribute to the forcing of the SSAO easterlies
[Hamilton, 1986]. Here, the combined contribution of large-
scale and gravity waves produce easterly tendencies reaching
Im/s/d in October—November at 1hPa contributing to the
weakening of the SSAO westerly phase. Then, in January—
February, waves partially compensate the forcing due to
advection producing a westerly forcing slightly above 2.5m/s/d
in the stratopause region. The forcing due to both advection
and waves strongly decrease below 1hPa. On the contrary,
waves play a more dominant role in the forcing of the SSAO
easterly phase of the weak cycle (June—August) causing
easterly tendencies between 0.5 and 1 m/s/d while easterly
tendencies due to advection do not exceed 0.5 m/s/d. It is
possible that the simulated contribution of the waves-mean
flow interaction process to the forcing of the SSAO easterly
phase is overestimated and that for this reason SSAO east-
erlies show relatively strong downward propagation. How-
ever, the shortage of observational data from the upper
stratosphere and mesosphere makes it impossible to assess
whether the simulated role of the waves is realistic or not. It is
believed that large-scale Kelvin waves and also small gravity
waves are important for forcing the SSAO westerly phase
[Hitchman and Leovy, 1988; Ray et al., 1998]. Figures 1c¢ and
1d show that both wave forcing and advection cause ten-
dencies ranging between 0 to 1m/s/d in the stratopause
region.

[17] Figure 2a shows the time-height section of the
monthly mean zonal wind at 1.85°N from six arbitrarily
chosen years of the HAMMONIA simulation. The QBO
simulated by HAMMONIA has characteristics very similar
to the oscillation generated in MAECHAMS. The amplitude
of the westerly and easterly phases is of the same magnitude
and also the latitudinal and vertical extents of the signal are
comparable. However, the QBO signature in HAMMONIA
has an almost regular period of 2 years instead of the vari-
able and on average longer QBO period that is observed and
also simulated with MAECHAMS. In HAMMONIA the
QBO is tied to the seasonal cycle in such a way that for each
season the QBO will show a certain phase or its opposite but
never the intermediate phases. MAECHAMS experiments
with different horizontal resolution (not presented here)
have indicated that the simulated QBO period increases
toward realistic values with increasing resolution. However,
also the other differences between MAECHAMS and
HAMMONIA (e.g., interactive ozone chemistry) may have
an influence on the simulated QBO period.

[18] Above ~5 hPa the zonal wind oscillates with the SAO
that extends throughout the mesosphere. Figure 2b shows the
annual cycle of the zonal wind averaged over 30 years as
simulated by HAMMONIA. It depicts prevailing westerlies at
0.1 hPa (65 km approximately) from January to October.
Consistent with previous observations [Delisi and Dunkerton,
1988], this layer separates two SAO amplitude maxima at
upper and lower levels leading to two separated oscillations,
the SSAO and the MSAO. However, easterlies uninterrupt-
edly descend from the upper mesosphere to the stratopause
during September—March leading to strong easterlies at
0.1 hPa during November—January. This gives rise to a SAO
that propagates downward from the mesopause to the stra-
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topause without decrease of amplitude. In comparison with
observations [Garcia et al., 19971 HAMMONIA seems to
overestimate the amplitude of the SAO easterlies in the
middle mesosphere.

[19] In Figure 2b the simulated MSAO extends over a wide
altitude range from 0.1 hPa to 0.001 hPa approximately,
reaching the mesopause region and even the low thermo-
sphere. A twofold structure can be distinguished with MSAO
winds of opposite phases at different altitudes. During the
equinoxes westerlies in the mesopause region overlie east-
erlies in the upper mesosphere and during the northern
summer solstice mesopause casterlies overlie westerlies in
the upper mesosphere. This is not observed during the
northern winter solstice, when westerlies extend from 0.1 hPa
throughout the mesosphere and lower thermosphere.

[20] Figure 2b shows a seasonal asymmetry in the SSAO
with a strong cycle that begins with the easterly phase during
the northern winter, when averaged easterlies reach absolute
values above 50 m/s, and a weak cycle with easterlies with
absolute values below 25 m/s beginning during the southern
winter. This asymmetry is much weaker in the SSAO west-
erlies that fluctuate between about 25 and 30 m/s. The sim-
ulated amplitude of the simulated SSAO easterlies and
westerlies lie in the range of previous observations [Delisi
and Dunkerton, 1988]. Below 0.01 hPa, MSAO easterlies
show a seasonal asymmetry. However, contrary to previous
observations [Garcia et al., 1997], these are stronger during
the northern autumn. This should be considered as a result of
the overestimation of the simulated MSAO easterlies between
September and November. The MSAO westerly phase in
HAMMONIA also show a seasonal asymmetry with stronger
westerlies during the northern winter, when they lie above the
strong SSAO easterlies. The seasonal variability of the
MSAO westerly phases has not been confirmed by observa-
tions [Garcia et al., 1997].

[21] Figures 2c and 2d are equivalent to Figures 1c and 1d
but for HAMMONIA. Concerning the forcing of the SSAO,
momentum advection and wave forcing tendencies are sim-
ilar to those observed for MAECHAMS. It must be empha-
sized that, as in MAECHAMS, advection plays a dominant
role in the forcing of the strong easterly phase of the SSAO
causing easterly tendencies reaching 4 m/s/d that are partially
compensated by westerly tendencies below 3 m/s/d caused
by the wave forcing. In the case of the forcing of the weak
easterly phase both advection and wave forcing tendencies
show anomalies below 0.5 m/s/d. Less clear is the case of the
MSAO forcing. As observed, the MSAO at around 0.01 hPa
is out of phase with the SSAO. This is explained by the
selective wave filtering around the stratopause. And indeed,
wave forcing terms are also opposite in phase between
stratopause and upper mesosphere.

[22] Figure 3 shows the peak-to-peak amplitudes of the
QBO and SAO as simulated in MAECHAMS and in two
versions of HAMMONIA, one with an internally generated
QBO and another with no QBO signature. Only to produce
this plot we have used a second model run with 67 (instead of
119) vertical levels ranging from the surface to 1.7 x 10~ hPa
(~250 km) [Schmidt et al., 2006]. As a consequence of the
lower vertical resolution, this model version does not simulate
the QBO of equatorial stratospheric winds. SAO and QBO
amplitudes have been computed following the method of
Baldwin and Gray [2005]. Spectral filters with band pass
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Figure 2. (a)Time-height section of the monthly mean zonal wind (m/s) for 6 years simulated with
HAMMONIA at 1.85°N from 100 to 10> hPa. (b) Monthly mean climatologies of the zonal-mean zonal
wind at 1.85°N averaged over 30 years as simulated by HAMMONIA, (c) total advection of zonal
momentum (meridional plus vertical advection) and (d) EP flux divergence plus gravity waves drag.

periods of 2040 months and 20-28 months have been used to
isolate the QBO signal in MAECHAMS5 and HAMMONIA,
respectively.

[23] Results shown in Figure 3 (left) reveal that the
HAMMONIA simulation with no stratospheric QBO does
not exhibit any QBO signature either in the mesosphere or
in the lower thermosphere. This result strongly supports the
idea that the mesospheric QBO is linked to the QBO of the
equatorial stratospheric winds. Therefore it is expected that

models that do not have a QBO will not be able to simulate
QBO variability in the mesosphere and lower thermosphere.

[24] Figure 3 (left) suggest a close agreement in the
amplitude of the QBO as simulated in MAECHAMS and
HAMMONIA that shows a maximum around 50 m/s at a
height slightly below 10 hPa. This picture also concurs with
the QBO amplitude estimated by Baldwin and Gray [2005]
from observational and ERA-40 reanalysis data. Above
1 hPa, HAMMONIA results show three maxima in the QBO
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Figure 3. QBO and SAO amplitudes computed for MAECHAMS (red), and two versions of HAMMONIA,

with a QBO (blue) and without a QBO (green). The d

otted blue line in the left panel indicates the 99% con-

fidence level of the QBO amplitude as simulated by the HAMMONIA version with a QBO.

amplitude at around 0.1 hPa, 0.004 hPa, and 0.0003 hPa with
values decreasing with height between 17 and 7 m/s. Since the
QBO amplitude is relatively small above 1 hPa a test of sig-
nificance has been performed through a bootstrapping pro-
cedure. One thousand permutations of each of the zonal wind
time series have been generated destroying the temporal
structure of the data. After that, the procedure followed to
compute the QBO amplitude is applied to each of the ran-
domized versions of the original time series. Then, the 99%
confidence level is determined by taking the 99 percentiles of
the values obtained. The amplitude of the QBO simulated by
HAMMONIA is above the 99% confidence level at all
atmospheric levels between 100 and 10> hPa.

[25] Figure 3 (right) shows close agreement in the ampli-
tude of the SAO in MAECHAMS and HAMMONIA (model
version with internal QBO) up to 1 hPa where it has a max-
imum of around 55 m/s. In the layer between 1 and 0.1 hPa,
the amplitude decrease with height to values of around 35 m/s
and 45 m/s in MAECHAMS and HAMMONIA, respectively.
The SAO amplitude in MAECHAMS shows a good agree-
ment with the amplitude estimated by Baldwin and Gray
[2005] from both observational and ERA-40 reanalysis data
covering up to 0.1 hPa. However, it seems that between 1 and
0.1 hPa HAMMONIA (model version with a QBO) show
values 5-10 m/s higher than the estimations. In the meso-
sphere HAMMONIA shows a minimum at around 0.05 hPa
of 40 m/s and a maximum of 55 m/s at 0.01 hPa. Above this
level the SAO amplitude decreases with height to values
around 20 m/s in the mesopause region (around 0.001 hPa). A
third maximum of 30 m/s approximately is found in the low
thermosphere, at around 0.0001 hPa.

[26] Comparing the SAO amplitude in the two
HAMMONIA simulations (Figure 3, right), with and without
a QBO, it is clear that in the simulation without QBO the
SAO amplitude is strongly overestimated from the strato-
pause up to 0.01 hPa. Above 0.01 hPa a higher degree of
accordance between the two simulations is observed. This
result suggests that the QBO strongly modulates the SAO.

Thus it is likely that those models that do not have a QBO
will not be able to reproduce a realistic SAO.

3. Simulated Modulation of the SAO by the QBO
3.1. QBO Modulation of the SSAO
3.1.1. Modulation of the SSAO by the QBO in

MAECHAMS

[27] Consistent with previous studies [Wallace, 1973;
Dunkerton and Delisi, 1997; Garcia et al., 1997], Figure 1a
shows that the altitude to which SSAO westerlies descend
depends on the phase of the QBO. When a QBO westerly
phase is centered at around 10 hPa SSAO westerlies do not
propagate below 2 hPa. However, they descend to 5 hPa
when QBO westerlies weaken in the low stratosphere. It
seems that the descent of the SSAO westerlies accompanies
the descent of westerly QBO phase. Figure la shows a
similar behavior for the maximum descent of SSAO east-
erlies that accompanies the descent of the easterly QBO
phase. Garcia et al. [1997] did not observe a QBO modu-
lation of the SSAO easterlies in rocketsonde observations at
Kwajalein Island. Although the observations at Kwajalein
Island are from about 8°N, MAECHAMS results obtained at
around 8°N (not shown) also shows a clear QBO modula-
tion of the SSAO easterlies in like manner as at the equator.

[28] For an objective identification of the average QBO
signals in the SSAO region, Figure 4 depicts the vertical
profiles of zonal wind composites for QBO east and west
phases at 1.4°N for the months of April, October, January,
and July. We focus on these months because they are rep-
resentative of the general features of the interannual vari-
ability of the SSAO westerlies and easterlies during the
strong (April and January) and weak (October and July)
SSAO cycles. Composites have been computed using, sep-
arately, sequences of April, October, January, or July zonal
wind anomalies. Figure 4 shows composites for both total
and deseasonalized zonal-mean zonal winds. To allow a
better comparison of the results obtained with both
MAECHAMS5 and HAMMONIA models, we have defined
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Figure 4. Vertical profiles of composites of zonal winds (dashed) and zonal wind anomalies from the
climatological seasonal cycle (solid) for QBO westerly (red) and QBO easterly (blue) cases at 1.4°N
(in m/s) for (a) April, (b) October, (c) January, and (d) July as simulated by MAECHAMS. Anomalies
are only plotted as solid lines where the confidence level is higher than 95% but as dotted lines where
it is below 95%. The selection criterion for QBO is winds above 5 m/s and below —5 m/s at 10 hPa
for the westerly and easterly phases, respectively. The black solid line is the standard deviation and

the vertical gray line indicates zero wind.

the QBO phase at 10 hPa in all cases. We have chosen
10 hPa because, for most of the analyzed months of the two
models, the standard deviation of the equatorial zonal wind
maximizes around this level as it can be seen in Figure 4
for MAECHAM 5 and later in Figure 8, the equivalent
to Figure 4 but for HAMMONIA data. Defining the QBO at
the level with the strongest anomalies maximizes its response
above this level, where anomalies reach values close to the
standard deviation of the equatorial zonal wind. This is the
case for the composites of October and July for MAECHAMS
(Figure 4) and for the composites of April, October, and July
for HAMMONIA (Figure 8). In the rest of the cases (April
and January for MAECHAMS and January for HAMMONIA)
the QBO response in the stratopause and above is stronger
when the QBO phase is defined at a different stratospheric
level characterized with greater oscillation amplitude (not
shown). However, it is only the magnitude and not the nature
of this response what depends on the altitude used to
define the QBO (not shown). It has to be kept in mind that
the QBO period is seasonally synchronized in the case of
HAMMONIA so we have not been free to choose any QBO
vertical structure and this represents a limitation for our
study. The criterion of monthly mean zonal wind anomalies
at 10 hPa of above 5 m/s and below —5 m/s has been used to
define the westerly (QBOw) and easterly (QBOe) QBO
phases, respectively, at each analyzed month. The general
characteristics of the results shown were not sensitive to the
choice of this threshold.

[29] The statistical significance of the signal related to the
QBO has been tested by a Monte Carlo method. With this
aim, composites have been computed using, separately,
random January, April, October, or July sequences from the
whole data series and gathering them into groups with the
same number of cases as in the QBO composite we want to
test. This procedure has been repeated 1000 times and the
resulting random distribution plotted. The sample follows a
normal distribution and so, the threshold for which the values
of the QBO composites are considered 95% significant lies at
the 5% tails (+1.96 standard deviation from the mean) in the
Monte Carlo distribution.

[30] Anomaly composites for April (Figure 4a) show a
vertical structure with four alternating easterly and westerly
maxima from the low stratosphere to 0.1 hPa. However,
total wind composites show that for both QBOe and QBOw,
SSAO westerlies dominate above 3 hPa. Thus easterly and
westerly wind anomalies above this level appear as a result
of the QBO modulation of the SSAO westerlies. The total
wind composites show clearly the dependence of the max-
imum descent of SSAO westerlies on the QBO phase.
During QBOe, SSAO westerlies descend to approximately
4 hPa, while during QBOw they are significantly weaker at
pressure levels below 1 hPa.

[31] In October (Figure 4b), the QBO signature is evident
throughout the stratosphere and up to 0.1 hPa. When west-
erlies prevail at 10 hPa level, easterly QBO anomalies occur
between 5 and 2 hPa. In the total wind composites, these
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anomalies appear as a sharp decrease of the SSAO westerlies
below about 2 hPa. On the other hand, when QBO easterlies
dominate at 10 hPa, the onset of a new westerly QBO phase
above 5 hPa appears as a further downward propagation of
SSAO westerlies. As in April, the QBO modulates the level
to which the SSAO westerlies descend, and, in this case, the
altitude where their maximum wind speed occurs and, but
not the maximum wind speed itself.

[32] As in the case of SSAO westerlies, the SSAO east-
erlies (Figures 4c and 4d), are modulated by the QBO in
terms of the level to which they descend. Here the altitude
where their maximum speed occurs also appears modulated.
During both strong (January) and weak (July) SSAO cycle,
the levels of maximum wind speed and of maximum descent
are lower during QBOw than during QBOe. However, in
contrast to the SSAO westerlies, also the maximum wind
speed itself is modulated, reaching for instance —45 m/s
during QBOw and —35 m/s during QBOe.

[33] Figure 5 presents composites of the zonal wind
anomalies (contours) and the anomalies of the Eliassen-
Palm (EP) flux divergence from resolved waves (shaded) for
April, October, January, and July. The levels for which
QBO westerly and easterly phases are defined are the same
as in Figure 4. The EP-flux divergence describes the
deposition of zonal momentum of those waves resolved by
the model. The significance of the signal related to the QBO
has been tested by a Monte Carlo method following the
same procedure as in Figure 4.

[34] In Figure 5 the sign of the EP flux divergence and
wind shear anomalies is generally consistent with what one
would expect from filtering of waves by the mean flow. EP
flux divergence anomalies form arc-like structures of alter-
nating westerly and easterly forcing on the westerly and
easterly shear zones, respectively, throughout the strato-
sphere and lower mesosphere. This means that resolved
waves, besides playing an important role in the forcing of
the QBO, also participate in the QBO modulation of the
SSAO. The QBOw composite for April (Figure 5a) shows
positive EP flux divergence anomalies reaching 0.25 m/s/d
on the steepest westerly shear zone centered at 20 hPa
approximately. This westerly wave damping occurring in
the middle stratosphere necessarily reduces the wave forc-
ing available to generate the SSAO westerlies at upper
levels. In fact, negative EP flux divergence anomalies
reaching maximum absolute value around 0.5 m/s/d can be
identified between 5 and 2 hPa, meaning that easterly forcing
is occurring in the upper stratosphere, restraining the descent
of the SSAO westerlies. In the opposite phase, when QBO
easterlies occur at 10 hPa (Figure 5b) westerly waves may
propagate without suffering strong damping to the upper
stratosphere. Positive EP flux divergence anomalies reaching
0.5 m/s/d between 5 and 2 hPa indicate that at least a part of
these waves dissipates in the upper stratosphere enhancing
the downward propagation of the SSAO westerlies.

[35] Consistent results are obtained for October (Figures Sc
and 5d). During QBOe, easterlies centered at 10 hPa favor
the upward propagation of westerly waves up to the westerly
shear zone located between 7 and 4 hPa where they dissipate
and enhance the downward propagation of the SSAO west-
erly phase and contribute to the onset of a new QBO phase.
During QBOw, the opposite pattern is found: now enhanced

PENA-ORTIZ ET AL.: QBO MODULATION OF SAO
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westerly wave dissipation above 3 hPa, as indicated by the
positive EP flux divergence anomalies observed at the
westerly shear zone centered at 2 hPa. At this level they
encounter the SSAO westerly phase (see Figure 4b) and
contribute to the strengthening of the westerlies that reach
their maximum at around 1 hPa during QBOw.

[36] The role of the small-scale (parameterized) gravity
waves and zonal wind advection has been also investigated.
Figure 6 display composites of gravity wave drag anomalies
for April and October on the first and second row, respec-
tively. The structure and location of the gravity wave dis-
sipation and its concomitant zonal momentum forcing are
similar to that of the resolved waves. In this way, westerly
(easterly) forcing observed in the shear zones centered at
around 5 hPa during the easterly (westerly) phase of the
QBO favors (limits) the downward propagation of SSAO
westerlies. They are also comparable in magnitude, although
gravity waves drag anomalies are generally stronger than EP
flux divergence anomalies above 1 hPa.

[37] On the other hand, advective tendencies for the
months of April and October (Figures 7a, 7b, 7¢, and 7d),
caused by the secondary meridional circulation [Giorgetta
et al., 2006], form forcing structures that are similar in
magnitude and shape to the ones of the EP flux divergence
but of the opposite sign. In this way, easterly (westerly)
tendencies observed on the westerly (easterly) shear zones
partly compensate the forcing produced by resolved and
small scale gravity waves.

[38] The EP flux divergence and gravity wave drag
anomalies for the months of January and July (Figures 5 and
6, bottom) are consistent with the results obtained for the
months of April and October. Westerlies (easterlies) in the
middle stratosphere (centered at 10 hPa) allow the upward
propagation of easterly (westerly) waves, leading to the
respective forcing in the shear zone above. In the January
QBOw composite, this leads to negative EP flux divergence
and gravity wave drag anomalies in the easterly shear zone
between 10 hPa and 2 hPa indicating easterly wave dissi-
pation at these levels, which strengthens and enhances the
downward propagation of the SSAO easterlies. During the
opposite phase (QBOe), easterly waves are damped or
absorbed as they propagate through QBO easterlies in the
middle stratosphere leading to weaker SSAO -easterlies
below 1 hPa. However, for the solstices, results show
important differences in the magnitude of the anomalies at
latitudes higher than 10° of the summer hemisphere. There,
while EP flux divergence anomalies in the shear zone
between 10 hPa and 2 hPa, approximately, reach absolute
maximum values around 1 m/s/d (Figure 5), gravity wave
drag anomalies are always below 0.25 m/s/d (Figure 6).
Thus resolved and small-scale gravity waves produce a
forcing of similar magnitude in the equatorial region while
resolved waves play a more dominant role in the QBO
modulation of the SSAO easterlies at higher latitudes.

[39] Momentum advection tendencies for the months of
January and July (Figures 7e, 7f, 7g, and 7h) are very similar
in magnitude and shape to EP flux divergence anomalies but
of the opposite sign. Thus for the solstices, advection par-
tially compensates EP flux divergence and gravity waves
drag anomalies and the net forcing should have a magnitude
similar to that of the gravity wave drag.
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Figure 6. As Figure 5 but shaded regions represent gravity wave drag anomalies (m/s/day).

3.1.2. Modulation of the SSAO by the QBO in MAECHAMS results. As Figure 1 for MAECHAMS,
HAMMONIA Figure 2 clearly shows that also in HAMMONIA the SSAO

[40] Before analyzing the QBO signature on the MSAO in maximum descent of westerlies and easterlies winds des-
HAMMONIA (section 3.2), we verify that its simulation of cends in parallel with the QBO. As for MAECHAMS (see
the QBO modulation of the SSAO is consistent with Figure 4), the SSAO appears prominently modulated by the
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Figure 7. As Figure 5 but shaded regions represent momentum advection anomalies (m/s/day).

QBO. Figure 8 shows that SSAO westerlies (April and although the QBO in HAMMONIA has an almost regular
October) descend to lower levels when QBO easterlies period of two years, its signature in the upper stratosphere is
dominate in the middle stratosphere (around 10 hPa) while clearly observed and it is consistent with the MAECHAMS
SSAO easterlies (January and July) reach lower altitudes simulation.

when westerlies prevail in the middle stratosphere. Thus
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Figure 8. As Figure 4 but for the HAMMONIA simulation. For a better comparison of the results
obtained with both HAMMONIA and MAECHAMS, a horizontal gray line at 0.1 hPa indicates the upper
limit of the atmospheric layer covered by the MAECHAMS plots.

3.2. QBO Modulation of the MSAO in HAMMONIA

3.2.1. QBO Modulation of the MSAO Easterlies

[41] In this section, HAMMONIA data are used to analyze
the QBO signature on the MSAO easterlies. In Figure 2, an
interannual modulation of the MSAO easterly phase appar-
ently linked to the stratospheric QBO can be identified in the
mesosphere. MSAO Easterlies are generated at higher levels

when QBO easterlies dominate in the middle stratosphere
than when QBO easterlies decay in the low stratosphere.
[42] In Figure 8 we can identify the average QBO effects
on the MSAO. Anomaly composites for April show a ver-
tical structure with four alternating easterly and westerly
maxima from the stratopause to the low thermosphere sig-
nificantly linked to the stratospheric QBO. These maxima
reach 20 m/s at around 0.05 hPa and decrease with altitude.
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Figure 9. Composites of the zonal wind anomalies (contours, m/s) and EP flux divergence anomalies
(shaded, m/s/day) in HAMMONIA for April and October. The selection criterion for the different
QBO cases is defined in the text. Zonal wind and EP flux divergence anomalies are only shown where
the confidence level is higher than 95%. The horizontal gray line at 0.1 hPa indicates the upper limit of the
atmospheric layer covered by the MAECHAMS plots.
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Figure 10. Temperature wave number-frequency diagrams at 2 hPa for April obtained separately for
QBOw and QBOe. Positive (negative) frequencies (cycles/day) indicate westerly (easterly) propagating

waves.

Mesospheric QBO anomalies are generally weaker in
October than in April. There may be different reasons for
this. On the one hand, it might be a model artifact caused by
the QBO period of about 2 years produced by HAMMONIA
that favors a certain QBO wind vertical profile to prevail
during particular seasons. On the other hand, it can be due to
some other seasonal effect (e.g., tropospheric wave sources).

[43] The QBO modulation of the height at which MSAO
easterlies are generated is very evident in the April com-
posites (Figure 8a). MSAO easterlies dominate in the layer
between 0.002 hPa and 0.03 hPa, when QBO easterlies
dominate in the middle stratosphere (QBOe). However,
during QBOw, MSAO easterlies are generated at lower
levels, around 0.01 hPa, and descend to 0.1 hPa. A similar
QBO modulation of the MSAO easterlies can be seen for
October (Figure 8b). The maximum strength of the MSAO
easterlies in HAMMONIA is almost unaffected by the
QBO in April. In October, a slight difference is detected as
MSAOQ easterlies are around 5 m/s stronger when they
appear at higher altitude during QBOe.

[44] As in Figure 5 for MAECHAMS, Figure 9 shows
composites of the zonal wind and EP flux divergence
anomalies. Westerly and easterly wind anomalies occur at
consecutive levels in the tropics. Significant positive and
negative EP flux divergence anomalies form arc-like
structures on the westerly and easterly shear zones, respec-
tively, throughout the stratosphere and mesosphere (in the
case of April even well into the thermosphere) showing that
resolved waves contribute to the QBO modulation of the
MSAOQO. Stronger background easterly wind in the strato-
sphere should produce easterly wave dissipation reducing
the easterly forcing available to generate the easterly phase
of the MSAO. However, this is difficult to appreciate from
Figure 9 because alternating layers of positive and negative
EP flux divergence anomalies occur below the layer of the
MSAO in both easterly and westerly composites. To better
appreciate the QBO modulation of the upward propagating
waves, Figure 10 shows wave number-frequency spectra of
temperature variations at 2 hPa. The spectra are calculated
for all months of April and averaged separately for those
years with QBOw and QBOe in April, using the same cri-
terion to define the QBO phases as in previous figures. They
confirm that the variance associated with easterly inertia-

gravity waves (frequency —1 cpd) is reduced, during QBOe,
when strong QBO easterlies occur in the middle strato-
sphere. This reduction appears strongest at wave numbers
from 5 to 13 that correspond to phase velocities of about
=90 to —35 m/s. Clearly, these easterly waves have been
damped or even absorbed by the QBO easterlies. Meso-
spheric SAO easterlies are then weaker or occur at upper
levels where a weaker wave activity can produce a stronger
forcing due to a lower air density. On the other hand,
westerlies in the middle stratosphere produce a weaker
damping on easterly waves allowing the forcing of the SAO
easterlies at lower levels.

[45] The simulated role of small-scale gravity waves in
the QBO modulation of the MSAO easterlies is different
form that of the resolved waves. Figure 11 shows that in
April the westerly (easterly) composite shows significant
casterly (westerly) drag throughout the tropical mesosphere
and low thermosphere, independent of the local wind shear.
This is due to the fact that the filtering in the stratosphere is
so dominant that it always produces anomalies of the same
sign above the stratosphere. In this way, the easterly
mesospheric drag during the westerly QBO phase will
contribute to the anomalous forcing of the MSAO easterlies.
In October, the forcing due to small-scale gravity waves is
weaker than in April.

[46] Figure 12 shows the composites of the simulated
momentum advection. Throughout the mesosphere the
morphology of the advective tendencies is similar to the
ones of the EP flux divergence (Figure 9) but of the opposite
sign. Where MSAO easterlies occur in the mesosphere
during April and October, easterly (westerly) tendencies are
observed on the westerly (easterly) shear zones. Thus as was
the case for the SSAO in MAECHAMS5 simulation, the
advective tendencies partially compensate the equatorial
wave forcing.

3.2.2. QBO Modulation of the MSAO Westerlies

[47] The QBO signature extends to the mesopause region
and above during the equinoxes and modulates the westerly
phase of the MSAO occurring above MSAO easterlies. In
April (Figure 8a) the altitude at which the mesopause
westerlies are generated is modulated by the QBO. While
they are found at the layer 0.0001-0.002 hPa during the
QBOe, they occur at a lower altitude, in the layer 0.005—
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Figure 11. As Figure 9 but shaded regions represent gravity wave drag anomalies (m/s/day).

0.0003 hPa, during QBOw. A possible mechanism to result of a lesser descent of the MSAO easterlies, westerlies
explain this QBO effect is based in the filtering of westerly in the lower mesosphere prevails up to 0.03 hPa during
waves by westerlies occurring in the lower mesosphere. QBOe (Figure 8a) while the wind turn easterly from 0.1 hPa
Total wind composites for April (Figure 8a) reveal that as a during QBOw (Figure 8a). The occurrence of stronger
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westerlies in the layer 0.3—0.03 hPa during QBOe, where the EP flux divergence anomalies appear on the westerly shear
total wind composite shows averaged winds above 25 m/s, zone between 0.3 and 0.03 hPa, approximately, during
should produce a stronger dissipation of resolved westerly QBOe. This suggests that stronger westerly background in
waves. This is shown in Figure 9 (top right) where positive  the lower mesosphere during QBOe produces westerly wave
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dissipation that reduces the westerly forcing available to
generate MSAO westerlies in the mesopause region. As a
result westerlies occur at a higher altitude where a lower air
density allows a weaker wave activity to force the wind.

[48] In the mesopause region we should also take into
account the forcing coming from small scale gravity waves.
Figure 11 shows westerly (easterly) gravity wave drag
during QBOe (QBOw) at the mesopause, where these
anomalies are around 2 m/s/d while EP flux divergence
anomalies can be above 4 m/s/d. Also, Figure 12 reveals that
the QBO signature on the momentum advection is weaker
than the EP flux divergence in the mesopause region. Thus
the forcing of the QBO anomalies at this altitude comes
mainly from resolved waves.

[49] The QBO signature on the MSAO westerlies in the
mesopause region is weaker in October (Figure 8b). This
could be due to the fact that QBO anomalies in the lower
mesosphere, centered at 0.1 hPa, that appear as a result of
the QBO modulation of the altitude of the MSAO easterly
wind layer, are weaker in October than in April. As a con-
sequence, EP flux divergence anomalies in the shear zone
between 1 and 0.1 hPa are also weaker in October than in
April (Figure 9) meaning that a wider spectrum of waves to
is allowed to propagate upward. Hence the average
momentum of the waves being able to propagate through the
MSAOQO easterly wind layer depends more strongly on the
QBO phase in April than in October. In October, the QBO
hardly modulates the altitude of mesopause westerlies but
produces a slight modulation of their maximum amplitude
(Figure 8b).

[s0] During the solstices, SSAO easterlies prevail in the
stratopause region and MSAO westerlies dominate in the
middle and upper mesosphere (Figure 2). Figures 8c and 8d
reveal that the QBO signature in the mesosphere almost
vanishes during the months of January and July and the
simulated MSAO westerlies are not modulated by the
stratospheric QBO. This is consistent with the work by
Garcia and Sassi [1999] who suggested that stratospheric
QBO westerlies are too weak to modulate the MSAO
westerlies.

4. Summary and Discussion

[5s1] The QBO signature in the upper stratosphere, meso-
sphere and lower thermosphere is analyzed from the
MAECHAMS and HAMMONIA general circulation mod-
els. Consistent with previous studies [e.g., Pascoe et al.,
2005] the QBO is the dominant feature of the strato-
spheric climatology between about 80 and 5 hPa in both
models. From 5 hPa to the mesopause region the variability
is dominated by a SAO. Our results suggest that the QBO in
the stratopause, mesosphere, and lower thermosphere is
linked to the stratospheric QBO. They show that, above the
stratosphere, the QBO strongly modulates the SAO westerly
and easterly winds.

[52] In accordance with previous studies [Wallace, 1973;
Dunkerton and Delisi, 1997] our results reveal a systematic
tendency for the SSAO westerlies to descend lower as QBO
westerlies decay in the lower stratosphere. As observed by
Garcia et al. [1997], we show that it is the altitude of
maximum descent and not the strength of the SSAO west-
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erlies that is modulated by the QBO. This modulation is
simulated for both the weak and the strong SSAO cycles.

[53] Garcia et al. [1997] hypothesized that small-scale
gravity waves as well as planetary and intermediate-scale
Kelvin waves and intermediate- and small-scale inertia-
gravity waves with phase speeds comparable to the QBO
westerlies may influence the SSAO westerlies through a
modulation of the vertical propagation of the waves by the
QBO. Our results demonstrate that both resolved waves (up
to the truncation limit at wave number 42) and small-scale
gravity waves contribute to the QBO modulation of the
SSAO westerlies. Our results show that the forcing provided
by both kinds of waves and also by momentum advection is
comparable in magnitude. Garcia et al. [1997] hypothesized
that seasonal variation in small-scale gravity wave sources
is important for the QBO modulation of the SSAO wester-
lies. In HAMMONIA the gravity wave source function is
constant in space and time. However, the launch level of the
parameterized gravity waves is 671 hPa and thus seasonal
variations in tropospheric winds above this level impart an
effective seasonality to the gravity wave forcing. In this
way, the gravity wave drag above the tropopause has a
seasonal variation imparted by tropospheric filtering that
could be considered as an effective source variation,
although, in a strict sense, the sources do not vary.

[54] Our results suggest that the QBO modulates the
altitude of maximum descent and also the strength of the
SSAO easterly phase during both the strong and the weak
SSAO cycle. QBO modulation of the SSAO easterlies has
not been observed. Hence this feature might be an artifact of
our simulations due to an overestimation of the contribution
of the resolved and small-scale waves to the forcing of the
SSAO easterlies but it might also have remained undetected
due to deficiencies of the existing data sets. HRDI and
rocketsonde observations analyzed by Garcia et al. [1997]
did not reveal any interaction between the QBO and the
SSAOQ easterly phase. On the other hand, previous analyses
of ERA-40 reanalysis data [Pascoe et al., 2005; Calvo et al.,
2007; Pena-Ortiz et al., 2008] have identified a third QBO
phase in the upper stratosphere. This is also detectable
during the northern winter, when SSAO easterlies dominate
in this region. Thus this finding is in accordance with our
simulation of the SSAO easterly phase being modulated by
the QBO.

[s5s] As for the SSAO westerlies, small-scale gravity
waves and resolved waves contribute to the forcing of the
QBO modulation of the SSAO easterlies. Our results show
that resolved waves produce the strongest forcing and that
momentum advection partially balanced the forcing due to
resolved and small-scale waves.

[s6] The results obtained with HAMMONIA show that
the upward propagation of the QBO signature above the
stratopause strongly depends on the seasonal cycle. During
the solstices, MSAO westerlies prevail in the mesosphere
and the QBO signature is only observed around the strato-
pause, where SSAO easterlies dominate. This result confirm
that MSAO westerlies are not directly modulated by the
stratospheric QBO, which is consistent with Garcia and
Sassi [1999] who suggested that QBO westerlies are too
weak to modulate mesospheric SAO westerlies. However,
during the equinoxes, when MSAO easterlies appear in the
middle mesosphere, the QBO signature extends throughout
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Figure 13. Comparison of the wind at 0.01 hPa (~85 Km)
with the strongest easterlies and westerlies in the layer 10—
70 hPa for six arbitrarily chosen years of the HAMMONIA
simulation.

the mesosphere and low thermosphere being stronger during
the vernal equinox. Previous studies found a QBO signature
in the upper mesosphere and lower thermosphere as a
modulation of the amplitude of the diurnal tide primarily
observed during the vernal equinoxes [Vincent et al., 1998;
Hagan et al, 1999; Xu et al, 2009]. The origin and
mechanism that generates this signature has not been iden-
tified. However, the study of the QBO effects on the diurnal
tide is out of the scope of the present paper.

[57] Results reveal that MSAO easterlies in April and
October are generated at a higher altitude, above 0.01 hPa,
when strong QBO easterlies dominate in the middle strato-
sphere. However, they occur above 0.1 hPa when QBO
easterlies decay in the low stratosphere. Garcia et al. [1997]
used data from HRDI and radar observations to show that
stronger MSAO easterlies occurred when strong westerlies
were present in the stratosphere and vice versa. However,
this relationship was not always evident and weak MSAO
easterlies were also found when strong westerlies prevailed
in the stratosphere. The results presented here and those
shown by Garcia et al. [1997] are not directly comparable
because we have defined the QBO phase at 10 hPa while
Garcia et al. [1997] observed the strengthening of the east-
erlies when westerlies occurred around 30 hPa. Unfortu-
nately, the seasonally synchronized QBO in HAMMONIA
impedes choosing any QBO vertical structure for analysis in
any given season. For a better comparison of the results, we
have produced Figure 11 from Garcia et al. [1997] for
HAMMONIA data (Figure 13). Figure 13 shows the stron-
gest easterlies and westerlies in the layer 10—70 hPa and the
wind at 0.01 hPa (~85 Km) for six arbitrarily chosen years of
the HAMMONIA simulation. Although in some cases strong
easterlies at 0.01 hPa coincide with a period of deep QBO
westerlies, especially in the years 4 and 6, no systematic
connection is found between the strengthening of MSAO
easterlies at 0.01 hPa and the occurrence of deep westerlies
in the layer 10—70 hPa when the whole 30-year data set was
examined. Owing to the QBO modulation of the height of
the MSAO easterlies in HAMMONIA it is difficult to
evaluate how the QBO might affect the strength of the
MASO easterly phase from the wind at a single level (at
0.01 hPa in this case). However, the comparison of the
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results obtained with modeling and observational data
reveal that Figure 11 from Garcia et al. [1997] would be
compatible with a QBO modulation of the height of the
MSAOQ easterlies. It would be necessary to have observa-
tional data covering a longer time period to evaluate in
what degree the QBO affects the amplitude and/or the
height of the MSAO easterly phase.

[s8] We have shown that selective filtering of waves that
propagate through the QBO winds can modulate the easterly
phase of the MSAO. Easterly inertia-gravity waves of phase
speeds between about —90 and —35m/s are strongly damped
when QBO easterlies occur in the middle and upper
stratosphere. Our results also show that small scale gravity
waves do contribute to the mesospheric QBO simulated by
HAMMONIA. Previously, Garcia and Sassi [1999],
Burrage et al. [1996], and Mengel et al. [1995] used
numerical models to suggest that inertia gravity waves and
also small gravity waves could have a role in the forcing of
the QBO signature on the MSAO. We now confirm their
results in a more realistic general circulation model as
HAMMONIA.

[59] Our results detect a QBO effect on the westerly phase
of the MSAO dominating in the mesopause region and low
thermosphere during the equinoxes. We suggest that this
could be due to the filtering of westerly waves by the
westerly wind layer occurring in the lower mesosphere
whose strength and thickness depends on the QBO phase.
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