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Introduction

This supplement provides additional figures to the main
article along with descriptions of these graphics. It also con-
tains an overview of currently available wind measurement
techniques and their sensitive altitude range.

Text S1. It is interesting to note that in contrast to other atmo-
spheric layers, observations of horizontal wind between 35
and 70 km are extremely rare as illustrated by Fig. [ST| The
troposphere and lower stratosphere region is covered by a
number of techniques such as the widely used balloon-borne
radiosondes (e.g|Goldberg et al.l 2004), ground-based radars
(e.g. Luce et al., 20015 Hooper et al., 2008) and lidars (e.g.
Gentry et al., 2000). Sodar (Sonic Detection And Ranging)
observations are limited to the lowermost tropospheric alti-
tudes (e.g./Anandan et al.|, 2008)). After its launch planned for
2016 the space-borne lidar ADM-Aeolus will provide wind
data up to 26 km on a global scale (Stoffelen et al., 2006}
Elfving [2015).

Upper-atmospheric wind measurements can be provided
by ground-based and space-borne airglow or absorption in-
terferometry of atomic or molecular oxygen and hydroxyl
(Gault et al.l [1996a, |b; Hays et al., |1993). Currently, ob-
servations from TIDI on the TIMED satellite are available
for altitudes above 70 km (Killeen et al., 2006). Previously,
observation down to 65 km had been performed by HRDI
on UARS (Hays et al., [1993). In addition, different types
of ground-based radars deliver wind measurements of the
upper atmosphere. Medium and low frequency radars de-
termine wind by the drift of electron density irregularities
which are sometimes detectable down to slightly below the
mesopause (Briggsl | 1980). Meteor radars measure the echoes
from ionised particles in meteor trails drifting with the wind.
Such particles are present in sufficient concentrations down
to roughly 75 km (Jacobi et al., 2007). Additionally, it has
been reported on the possibility of wind measurements by
incoherent scatter radars reaching down to 60 km in the case
of extraordinarily active auroral precipitation (Nicolls et al.|
2010). Finally, ground-based lidars exploit returns from the
atmospheric sodium layer to assess wind speeds between 85
and 100 km (Williams et al., 2004).

The region between 35 and 70 km where none of the previ-
ously described techniques is sensitive corresponds approxi-
mately to the so-called “radar gap” where radars do not de-
tect usable echoes. Since the 1950ies atmospheric research
rockets are used to bridge this gap by deploying falling tar-
gets to provide artificial radar backscatterers (National Re-
search Councill [1966; Miillemann and Liibken, [2005) while
wind measurements by optical tracking of a released chem-
ical trace are generally limited to altitudes above 80 km
(Larsen,, 2002). However, as rocket-aided techniques are very
expensive in costs they are only viable on campaign basis and
not suited for continuous monitoring. A promising technique
for observations in the gap region relies on lidar systems.

Souprayen et al.| (1999) described a horizontal wind clima-
tology up to 50 km whereas the first lidar wind profiles cov-
ering the entire radar gap have been reported by Baumgarten
(2010). However, the only dataset published from this instru-
ment consists of a few days of polar night profiles (see also
Hildebrand et al., |[2012). Sensitivity of infrasound observa-
tions to the middle-atmospheric wind has been reported (e.g.
Le Pichon et al., 20054l b; |Assink et al.,[2014]), but no full re-
trievals quantifying the wind speeds have yet been provided.

Microwave radiometry is sensitive to atmospheric emis-
sions originating from the altitude range between 35 and
70 km where wind measurements are extremely scarce. This
technique has a long history in measuring volume mixing
ratio profiles of trace gases such as ozone or water vapor at
these altitudes (e.g. [Lobsiger et all [1984; |Lobsiger, |1987;
Nedoluha et al.l|1995| and references therein). Back in 1993
already, |Clancy and Muhlemann| (1993) had proposed the
application of microwave radiometry for wind measurements
in the middle atmosphere. One decade later |Burrows| (2007)
and |Flury et al| (2008) delivered the practical proof of
the feasibility of such observations by measurements with
an antarctic CO telescope and an airborne water vapour
radiometer. These publications presented short data sets of
average middle-atmospheric winds, whereas [Riifenacht et al.
(2012) first reported on measurements of vertically resolved
wind profiles in the upper stratosphere and mesosphere
by a microwave radiometer operated as part of a regular
measurement regime. Baron et al| (2013) later presented
a data set comprising seven months of space-borne wind
profile observations from SMILES. Unluckily, a technical
failure stopped the operation of this instrument a few months
before the ground-based wind radiometer WIRA recorded its
first atmospheric observations so that there is no possibility
for intercomparisons between the two instruments. Before
the launch of SMILES, Wu et al.| (2008)) had described an
approach for the retrieval of mesopause region wind profiles
from the microwave limb sounder (MLS) on AURA.

Text S2. In Figs. 3 and 5 of the article we presented
the results of an altered ECMWEF time series in order to
allow direct comparisons with the measurements of WIRA.
Figs. [S2] and [S3| show the same analyses for the untreated
time series of daily average operational analysis data from
the ECMWF model.

The mid-mesospheric peak around 25 days in Sodankyld
appears much weaker in Fig. compared to Figs. 2 and
3 because measurement data at these altitudes are nearly
exclusively sampled in winter. In this sense Figs. 2 and 3
show nearly a midwinter average at these altitudes whereas
Fig. [S2] displays the campaign average which is nearly an
annual average in the case of the Sodankyld campaign.

Text S3. Figs. [S§| and [S9| are analogons of Figures 2
and 3 in the main article except that a pseudo-wavelet
approach similar to the methods used in |Studer et al.| (2012)
and [Scheiben et al.| (2014} was applied for the periodogram
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Figure S1. Overview of the existing techniques for wind observa-
tions with their typical sensitive altitude range. Under special atmo-
spheric conditions extensions of the lower altitude limit of upper
atmospheric incoherent scatter radars down to 60 km have been re-
ported.

calculation. However, in the case of wind measurements,
longer data gaps are present in the time series at some
altitudes, therefore a more thorough treatment of those
is necessary. Unlike in the cited studies data gaps were
treated as missing values instead of being interpolated.
Comparing Figs. [S8| and [S9] to Figs. 2 and 3 reveals only
minor differences, hence both, the pseudo-wavelet and the
Lomb-Scargle approach are suited for the spectral analysis
of microwave remote sensing data.

Text S4. Figure [SI0] shows the campaign averages of
the altitude dependent periodograms divided by the mean
wind profile of the respective campaign for selected lo-
cations. Only zonal wind data from Bern, Sodankyld and
Provence have been used beacuase the average zonal wind
component from La Réunion as well as the average merid-
ional components from Provence and La Réunion are close
to zero so that a normalization would yield meaningless re-
sults. The agreement between ECMWF and WIRA becomes
very good also for the upper altitudes when the periodogram
is normalized by the average wind profile. This implies that
the absolute wind speed discrepancy described in [Riifenacht
et al| (2014) and the oscillation amplitude discrepancy
increase in the same manner with increasing altitude.
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Figure S2. As Figure 3 in the main article but for the unaltered daily average wind data from the ECMWF operational analysis.
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Figure S3. As Figure 5 in the main article but for the unaltered daily average wind data from the ECMWF operational analysis.
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Figure S4. As Figure[S2]but with data for the time period 1 Sep 2010 - 31 Jul 2011 (time of the Bern campaign) for all locations.
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Figure S5. As Figure[S2]but with data for the time period 1 Oct 2011 - 31 Jul 2012 (time of the Sodankyl campaign) for all locations.
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Figure S6. As Figure[S2]but with data for the time period 20 Nov 2012 - 6 May 2013 (time of the Provence campaign) for all locations.
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Figure S7. As Figure[S2]but with data for the time period 1 Sep 2013 - 21 Feb 2015 (time of the La Réunion campaign) for all locations.
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Zonal wind Meridional wind
, Bern (46°57'N/7°26FE), Sep 2010 - Jul 2011 , Sodankyla (67°22'N/26°38'E), Oct 2011 - Jul 2012 , Provence (43°56'N/5°43E), Nov 2012 - May 2013
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Figure S8. As Figure 2 in the main article but for results obtained with the pseudo-wavelet approach.
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Figure S9. As Figure 4 in the main article but for results obtained with the pseudo-wavelet approach.
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Figure S10. Temporally averaged periodograms of zonal and meridional wind profiles divided by the temporal average wind profile for
the respective measurement campaigns. Results are shown for the zonal wind component in Bern, Sodankyld and Provence. Upper panels:
WIRA; lower panels: ECMWF at WIRA.
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