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Abstract. MIPAS global sun-synchronous observations are almoseldak local time. Subtraction of the descending and as-
cending node measurements at each longitude only contlarigitudinal oscillations with odd daily frequencieg;; from a
solar perspective at 10 A.M. Contributions of the backgbatmosphere, persistent (on a daily basis) longitudir@llagons
and tidal modes with even daily frequencies vanish. We haterthined MIPAS temperature longitudinal oscillationshwi
5 neqq and wavenumbek=0—4 from 20 to 150 km from April 2007 to March 2012. To our knowded this is the first time

temperature zonal oscillations are derived in this algtuahge globally from a single instrument. The major findiagsthe
detection of: 1) migrating tides at Northern and Southegh atitudes; 2) significarit = 1 activity at extra-tropical and high-
latitudes, particularly in the SH; 3)= 3 andk = 4 eastward propagating waves that penetrate in the lowenthsgrhere with
a significantly larger vertical wavelength than in the meéese; 4) a quasi-biennial oscillation of the migratingetidainly

10 originated in the stratosphere and propagated to the MLPA3I global measurements of longitudinal oscillations aefu
for testing tide modeling in the MLT region and as a lower baeny of models extending higher up in the atmosphere.

1 Introduction

One of the most prominent and persistent dynamical feaforétee mesosphere and the lower thermosphere (MLT) are the
atmospheric solar tides (referred as simiplles hereafter). They are oscillations with periods that arédanmonics of a solar

15 day. Particular cases among them are the migrating tidewestvard propagating oscillations with a phase speed daqual
the Earth’s angular velocity). They apparently travel with the Sun, and depend on the $otait time (LST) but not on
longitude. Migrating tides are excited by a longitude inelegent source, such as the absorption of solar IR radiayiovaker
vapor in the troposphere, the solar UV radiation absorpbpmzone in the stratosphere, and the local solar UV and EUV
radiation absorption by oxygen molecules and atoms, réispbc and maybe also chemical heating (Smith et al., 2003)

20 the thermosphere.
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The non-migrating tides also have periods which are subbiaics of a solar day but may be either westward or eastward
propagating, or stationary and their phase speed is différem (2. They are excited by longitudinally varying properties,
like tropospheric latent heat release from evaporatiom, @avitational pull or heating rates, and by nonlinear wasase
interactions. An interaction between zonal wavenumi@symmetries in surface or atmospheric properties and serption
of the n'" harmonic of the diurnally varying solar radiation genesaaesum and a difference tide with frequency and
zonal wavenumbers + s. For example, the zonally asymmetric latent heat releagbdrtropical troposphere caused by
the wavenumber-4 land-sea distribution modulates theatiigy diurnal DW1 component to excite the DE3 and DWS5 tidal
pair (Hagan and Forbes, 2002; Zhang et al., 2006). As an deanfipvave-wave interactions, involving tides and planetar
waves, the interaction of the stationary planetary wavB\W/$ with DW1 leads to the formation of DO and DW?2 tidal modes
(Hagan and Roble, 2001). Note that the widely used 3-charactation for tides is also used here. The first letter apoads
to the daily frequency (D corresponds to diurnal; S corresigdo semidiurnal; T corresponds to terdiurnal). The sedetter
indicates the direction of propagation (W for westward arfdreeastward). The number is the absolute value of the tidelzo
wavenumber.

Tides also interact with other dynamical processes. Tidi@riannual variability is thought to be correlated witle t&l
Nino-Southern Oscillation (ENSO) (Gurubaran et al., 2083l the wind Quasi-Biennial Oscillation (QBO) (McLandress
2002; Mayr and Mengel, 2005); planetary and gravity wave j@dtivity may affect tidal activity (Fritts and Vincent, 89;
Teitelbaum and Vial, 1991; Pedatella and Liu, 2012; Rilmsétial., 2015); GW and tidal non-linear interaction sigifitty
affects winds (Liu et al., 2014). Nevertheless, there is amglete understanding of how these processes take place. Fo
example, it is not clear if the mesospheric QBO signaturgimaites at stratospheric levels, locally in the mesospbere
both (Oberheide et al., 2009).

Tides generally propagate upwards. Despite the locatiats gfource, the amplitude of upward propagating tides grows
with altitude due to the conservation of energy in a densiigréasing with altitude environment. The tides originatethe
troposphere that propagate vertically connect the lovaerntiddle and the upper atmospheres. They also produce adseco
order impact on atmospheric vertical coupling as they mateuthe upward propagation of other waves, like gravity wave
(Eckermann and Marks, 1996; Senf and Achatz, 2011). Theesdiom also extends in the latitudinal direction becausesti
become a global feature under its standing wave latitudinatture.

The extent to which tides propagate from the lower atmospteethe thermosphere or to which changes in lower altitude
regions are transmitted by tides to the upper atmosphereaiher latitudes is not completely known. The 100-150 kngean
is a region of particular interest. Vertically-propagatiides maximize at those altitudes, where molecular disisip domi-
nates (Forbes and Garrett, 1979). They impact the spatibateanporal variability through electrodynamical effedtst are
transmitted even higher (Kil et al., 2007; Hagan et al., 20@vet al., 2008). The temperature tidal spectrum at thitisedes
is not well known. Few global observations of the neutral@phere are available there. TIMED measurements covetied al
tudes below 115km (see e.g., Xu et al., 2009; Pancheva antitisliul/, 2011; Yue et al., 2013; Truskowski et al., 2014) and
CHAMP above 400 km (Forbes et al., 2008; Oberheide et al.92Buinsma and Forbes, 2010; Forbes et al., 2014, see e.g.,
). Besides the knowledge of the local behavior, observatainl00-150km are needed to discern the origin of longitaldin
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oscillations higher up in the atmosphere. Characteriziegion-migrating tides is relevant even only in the lowet#tiales of
this range, as a lower boundary in numerical models.

The analysis of tides from atmospheric measurements isrglgneomplicated. Ideally, the latitudinal, longitudinend
local time coverage should be complete to isolate the tidadponents contributing to the observed signal. The abseihce
longitudinal coverage of ground-based instrumentatisalts in strong tidal aliasing. Analogously, sun-synclumasnsatellite
instrumentation (with two fixed local times of observatidri&shours apart) does not provide a good local time coverage bu
in contrast to ground-based instruments, it allows forlt@aservations on a global scale. Besides, the combinafidheo
measurements taken at these two fixed times cancels outiarttidal frequencies and reduces aliasing, as we do # thi
work. Non-sun-synchronous instruments certainly allontti@ separation of individual tidal components (Zhang et24106;
Gan et al., 2014; Truskowski et al., 2014). However, thaiwspreceeding period requires grouping measurementsiogver
periods larger than months in order to achieve a completd tone coverage and, thus, the temporal resolution is diegka
Isolation of the tidal components with a finer time resolnti@an be achieved only if two tidal components with daily tregecy
of different parity contribute to an observed longitudimalvenumber in the local time frame (Li et al., 2015). Thusyaswill
show here, the advantage of sun-synchronous instrumethisiisability to better resolve longitudinal oscillatiogkbally at
high time resolution, particularly, where more than twdy&iequencies contribute.

The Michelson Interferometer for Passive Atmospheric Simm (MIPAS) (Fischer et al., 2008) measured the Earth tem-
perature globally from pole-to-pole covering altitudesifr20 to 150 km onboard a sun-synchronous satellite, Endeer-
vations of temperature longitudinal oscillations with ME&wide spatial (both horizontal and vertical) and tempooalerage
are ideal for constraining tide vertical and latitudinates® and global variations in seasonal and inter-annuadaales.
Therefore, they provide a wealth of information on the tidatitation mechanisms, the processes inducing tidal vifitia
and the lower and upper atmosphere coupling through tideditidnally, the characterization of the tides in an atniesic
measurement dataset is a prerequisite to estimate treeits€Bal., 2003).

This work describes the MLT temperature longitudinal datibns measured by MIPAS during five full years (March 2007-
March 2012). Inspired by its sun-synchronous observatistnategy, we extract the longitudinal wavenumbers as d/bel
viewed by an observer sitting on the Sun with the ability tdase daily frequency parities. We divided the work in twatpa
this paper covers the observed odd daily frequency temperabmponents and a companion paper focuses on the even dail
frequency oscillations (Garcia-Comas et al., 2015).

This paper is organized as follows. Section 2 describes tHRABI observations used in this work. Section 3 presents the
method used to extract longitudinal oscillations from aglitudinal series of observations. The monthly climatodsgof the
observed longitudinal wavenumbers are presented in Sechefe we discuss their latitude, altitude and seasonaviehin
the context of other measurements. Section 5 includes aipiésc of the inter-annual variability of the main osctilans. We
close up with a summary of the main findings.
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2 The instrument, data set and error sources

MIPAS measurements are distributed over the full globe aacewaken during the descending and the ascending nodes at
90 approximately two fixed local times, 10 A.M. and 10 P.M., redjvely (in general, local times differ from the averagtues

less than half an hour at latitudes equatorward ¢faitd three quarters of an hour equatorward ¢f) 85he MIPAS Middle

Atmosphere (MA) and the Upper Atmosphere (UA) modes of olzdem resulted in an altitude coverage of 18-102km

and 40-170km, respectively (Oelhaf, 2008).While opeggatiith optimized-resolution (0.0625 cm; unapodized), full day

observations using these modes were performed regulgbrdaimately one day in each mode every 10 days) from April
95 2007 to March 2012, thus covering five complete years.

MIPAS spectra covered from 4.3 to 15%:fm. Temperature and line of sight information (LOS) are detirethe MLT re-
gion from the 15:m CO, emission using the IMK/IAA scientific MIPAS level 2 processtescribed in von Clarmann et al.
(2009), which accounts for non-LTE effects using the GRAMARDodel (Funke et al., 2012). We use in this work data versions
V5R_TLOS 521andV5R_TLOS 621 of MA and UA, respectivadyrievals (Garcia-Comas et al., 2014), which provide tem-

100 perature profiles with 3 to 10 km vertical resolution from gteatosphere up to around 110 kmy(Tr) (Garcia-Comas et al.,
2012).

Thermospheric temperatures;(# zr) from 115km up to 150 km are derived from MIPAS i3 NO emission measure-
ments in the UA mode (Bermejo-Pantaleén et al., 2011) withl@ Bm vertical resolution. At the time of writing this paper
single data version covering the 2007-2012 period is noayailable. We therefore use two retrieval versions, V40_@T1

105 (2007-2009) and V5R_TT_621 (2010-2012) of Jgr. These two data versions differ mainly in the spectra catibn ver-
sion supplied by ESA. Bermejo-Pantaleén et al. (2011) fahatitheir derived nighttime temperatures (V4O_TT_6119tmhi
be affected by artifacts. The new data version V5R_TT_62fects this problem by using NOEM day and night concentra-
tions (Marsh et al., 2004) aspriori. Tests showed that the new temperature version leads tasstiuctures of the day/night
zonal mean differences but smaller in absolute value bySKHelow 140 km and 15-25K above 140 km. It is important noting

110 that, even if the day/night temperature differences neéderom these versions do not differ, their longitudinabaralies are
similar (amplitude differences smaller than 5K). Thus, bamation of these two versions is reasonable, in partictdaurthe
study of non-migrating components.

Despite MIPAS temperature systematic errors (1-3K belowrB&and 3-10K above 85km) forf,r, and 10-20K for
Truer), we analyze here differences of longitudinal perturbatiabout an average value (see Sect. 3). Thus, biases often

115 partially cancel out so that their effect on the deriveditei@dns characteristics are small. Additionally, we wavith monthly
averages, which reduce the random error by at least a fattbf\3. One of the most significant errors we expect is that
produced by the limited vertical resolution. At the peaksafertical wave, the wave amplitude error due to that smagthi
Asmoo Can be estimated with:

DV VAV
AAgmoo = A(l v sin /\—z), 1)
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120 whereA is the wave amplitude), is the wave vertical wavelenght, ard: is the vertical resolution. As an example, MIPAS
T Smoothing error for a 10 km vertical wavelength wave is 15%mghs for a 30 km vertical wavelength wave the error
is 2%.
The temperature retrieval algorithm usegriori information of the temperature at each MIPAS geolocatidenafrom
ECMWEF at pressures larger than 0.1 hPa and merged with NREE®I0 model results at lower pressures.NRLMSISE-00
125 includes only effects of low order tides (Picone et al., 200Rorder to detect any potential impactaobriori zonal oscillations
on the retrieved temperatures, we examined NRLMSISE-Op¢eature variations with longitude in the fixed local timarfre
of MIPAS. A migrating component most likely correspondingdW1 is present in the model, with the largest perturbations
in the equinoxes and over the equator and alternating miaimdamaxima at 55 km, 70 km, 95 km and 110 km. Out of phase
weaker oscillations appear only at®6Blorth and South at 70-75km. Another maximum appears aboSdrh4 displaced
130 20-30 off the equator in the summer, that is, following the sutaspbint. We only detect wavenumber 1 and 2 non-migrating
zonal oscillations with amplitudes generally smaller tid Some exceptions occur in the winter high latitudes, plbp
corresponding to planetary wave activity (wavenumbeirdcstires reaching 10K at 40 km, 5K at 50 km and 2K at 75 km).

3 Methodology

Considering only the effect of tides, an atmospheric vaeiab (as temperature or concentration of certain species)iatdst

135 2, latitude, longitudeX and Universal Time (UT)’ can be expressed as a perturbation of the background zoaal vatie
of the variable X, by the sum of all individual tidal componeni§, ; with zonal wavenumber and wave frequency at that
position and time:

XA =X+ X, (A1), 2

where we have suppressed the dependendg of andX;, ; onz andg for clarity. Each tidal component can be expressed as
140 a sinusodial longitudinal oscillation of the form:

X (N t) = Ay scos (nQt' + sA+ Dy, ), (3)

n,s

where() = 27/24 is the Earth’s angular velocityl,, s is the amplitude of the component afég ; is the oscillation phase.
We note that4,, ; and®,,  are also functions of and¢. The zonal wavenumber is defined such that0 refers to eastward
propagating tidess > 0 for westward propagating tides ard= 0 for stationary tides. The wave frequenayis a positive
145 integer such that = 1 for a diurnal componenty = 2 for a semi-diurnal component, and successively.
UT and local solar time!, are related through = ¢ — %)\. Thus, Eq. 3 can also be written as:

X7IL7S()\)t) = An,s CcOos (nQ(t - 9971,,3) — (Tl — S)/\) (4)

wherey,, ; is now the phase defined as the local solar time for maximumiitude atA=0. For the particular case of a solar
migrating tide,s = n and Eq. 4 reduces to:

150 X,’l}n(t) = A, ,, cos (nQ(t — gon,n)), (5)
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which does not depend onbut only on local time.
For a sun-synchronous instrument, the local solar time@fatending and descending segmeptandt,, are fixed and
te = tq+ 12. Therefore, using Eq. 4, a tidal perturbation at longitddand local time, is related to that at; through:

X, (A ta) = Apscos (nQtg — ons) — (n—s)A) =
= A, scos (nQ(td —n.s)+nm—(n— s))\) =
=(-1)"X;, (A ta). (6)

155 Subtracting the variable measured at each longitudethe descending node local i@\, t;) = X + Yons X s(Ata)
and that at the ascending node local tixié\, ¢,) = X + > n.s Xn,s(Ata), dividing by two and using Eq. 6:

AX/2— X(\ta) ;X(x\,ta) _ Z X;,,s(/\vtd)v (7

n—odd,s

where addends with odd remain and those with evencancel out. We note that not only tidal components with eveme
removed but also the daily persistent longitudinal ostidtes (» = 0), like planetary waves.

160 For eachz and¢, AX/2 in Eq.7 is a function of longitude only that can be Fouriecal@posed i) _, Cj. cos(kX — 0y),
k being a positive integer. The change of variable |n — s|, with n being an odd integer, in Eq. 4 and substituting in Eqg. 7
leads to:

> Crcos(kA—bx) =

k
= Z Z An,nj:k cos (nQ(td — Spn,nj:k) + k)\). (8)
k n—odd

Since the sum of sinusoidal oscillations of the same frequéim absolute value) provides a sinusoidal oscillatiorthaft
165 frequency, we can make a correspondence betweenketgem at the right-hand side of Eq. 8 with the corresponding an
the left-hand side. In other words, for a fixed LST samplifignades withn being odd and = |n — s| appear to have 2n /k
zonal wavelength on the data and so does their combination.
The solution amplitude€'y(z, ¢) and phase8y (z, ¢) for the observed zonal wavenumbein AT'/2 embed the contribu-
tions from tidal oscillations¥;, ; with » being odd and such that — s| = k. We hereafter denote such combined oscillation
170  with wavenumbek with n—odd as|n.qq — s|= k. Table 1 summarizes the major tidal components contrigutinhe apparent
zonal wavenumbers. A method similar to this one was suoasapplied to CRISTA data initially by Oberheide et al. G&).
Analogously to the subtraction, the sum of the variable aieasured at the descending and at the ascending node
LSTs at longitude\ allows for the determination of the — even modes, which are the subject of the companion work of
Garcia-Comas et al. (2015).
175 Even if the tidal modes with the sameparity and the samé: — s| are aliased, a close look at the derived combined
amplitudesC), and phase8;. and their dependence with altitude could eventually helgisoern the dominance of eastward

propagating, westward propagating or standing tides.
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There is an additional limitation for the derived infornwatifor £ = 0 (migrating tides withn — odd) even if only one mode
dominates. Half the amplitudg, derived from the Fourier fit corresponds to the term in Eqrmfe odd. Thus, the amplitude
A, of the tidal component can only be derived at the altitudesrelthe phase,, ,, happens at, or ¢,, which show up
as maxima in the derived/, vertical profile. Another piece of information comes frone thertical nodes of that profile,
corresponding to altitudes for which the phasg,, happens at; £ 6.

Li et al. (2015) present a similar method but applied to anyfixed local times for the descending and the ascending nodes
However, the isolation of individual tidal components ienhonly possible when only two daily frequenciesontribute, in
their casen = 1 (diurnal) andn = 2 (semidiurnal). The advantage of the two fixed-local-timeaswements being 12-hours-
apart, as we use here, is that the separation aof thedd components from the — even ones is always possible, even if more
than two daily frequencies contribute. That also include® (e.g., SPWs) on=3 (terdiurnal), which are often a significant
contribution.

4 Five-year average zonal oscillations

We have constructed longitude-altitude maps of monthly. F and Tr g r temperatures averaged from April 2007 to March
2012 for the descending and the ascending legs. In ordehteweca good longitudinal coverage with a small loss of raorial
resolution, we have used longitude and latitude runningsmeet each altitude in & %5° grid. At each grid point, we have
averaged MIPAS monthly measurements taken withinig3ongitude and 190in latitude bins. We have then subtracted and
divided by 2 the descending and the ascending node measureateach grid point\7’/2 hereafter.

Figure 1 left panels show typicAlT'/2 fields. They are August and October monthly means averagadtow five years and
constructed from J; ,+ and Try g measurements over the equator. A background with alteighpositive and negative hor-
izontal stripes is evident. A longitude-independent sigreat each altitude must be responsible for that pattetangitude-
independent feature iAT'/2 corresponds to a migrating component. The pattern is sérodigring October (equinox) than
August (solstice). Vertically alternatin7’/2 maxima and minima correspond to altitudes where the tidasefs at 10 A.M.
(45, 75,95 and 110 km) and 10 P.M. (60, 85 105 and 120 km), ctisply. A different regime takes place above 125 km, where
a background positiv\7'/2 remains nearly constant with altitude. That implies a neeohstant-with-altitude LST phase,
that is, the oscillation does not propagate verticallysTikitypical of arin situ generated oscillation.

The right panels in Fig. 1 ar&T'/2 longitudinal anomalies (zonal mean subtracted at eachddt) averaged for August and
October. They contain only — odd non-migrating tidal modes,qq — s| larger than 0). In August, an eastward propagating
oscillation with wavenumber 4 is noticeable from the midso&phere to the thermosphere with increasing amplitude up t
130 km. A subtle underlying wave-1 perturbation propagatése west in the upper mesosphere but suffers efficieripditssn
in the lowermost part of the thermosphere.

The OctoberAT /2 anomaly field in Fig.1 exhibits a vertically (18 km verticahvelength) and westward propagating
wavenumber 1 feature. This signature is noticeable frommdQik the stratosphere, and extends to 110km, in the lower
thermosphere. Its vertical and longitudinal structureingilar to the one in August but the October feature is sigaiiity
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stronger. Starting at 105km, a zonal wavenumber-4 stracverlaps. This feature is difficult to notice on the g fields
above 115 km probably because it is weak or/and another coempoverlaps.

Using the method described in the previous section, we haalyzed MIPASAT /2 fields, analogous to the ones shown
in Fig. 1, at each latitudeé and for the twelve months of the calendar year. For eacludéit, we have performed a spectral
analysis to derive the amplitudés;(z,¢) and phase$,(z,¢) embedding the combination of the tidal modes with daily
frequencyn and zonal wavenumbersuch thatn,q.q — s|= k (see Table 1).

Figure 2 shows the derived average amplitude spectra dedonghnox months (April and October) and solstice months
(January and July) at 88 and 110km from wavenumber O to 4. Dhairchnce of some modes is evident and depends on
season and altitude.

For latitudes within 45 North and South, théu,4; — s|=0 mode is the strongest component in the upper mesosphere an
below 100 km during April (and also February, March, May andyAst; not shown). Its amplitude ranges from 9 to 18K. The
[noda — s|=1 and|n,qq — s|=4 oscillations follow in importance in April. During Jamyaand October (and also September,
November and December; not shown), wavenunibgr; — s|=1 is the dominating component of the tidal field (8-15K) ie th
mesosphere. In July (and June; not shown), wavenumbgr— s|=4 is the most important (8K), although,4; — s|=0,1 have
similar amplitudes. MIPAS also detedis,q; — s|=0,1 oscillations around 60-7@uring the summers with 2K amplitudes.

In the lower thermosphere, around 110 km, the strongesbdd longitudinal oscillation in MIPAS data iBi,qq — s|=0 at
latitudes smaller than 7@&nd alsdn.qq — s|=4 at latitudes smaller than 4@ee Fig. 2). This happens throughout the year, the
former peaking around 25N and S (15-20K) (except during June and July) and the latter the equator (8-16K). In July
and August, thén,qq — s|=4 oscillation stands out particularly and wavenumlagy,; — s|=1 (15K) is then also noticeable at
25°. At highest latitudegn,q4q — s|=1 is the only significant mode, although signatures ffap, — s|=2 oscillations are also
present, for example, in January (12K).

Next, we describe in detail each of the extracted longitaldiscillation modes and their seasonal variations. MIPAS-S
synchronous view provides a fixed local time shot of longitativariations. If otherwise not indicated, we use a phasmdd
in terms of longitude (positive towards the East of Greetwvaf maximum at 10 A.M.The caveat is that, in our case, thespha
is undefined for longitudinally-standing tidal compone(sts- 0).

4.1 The|neda — s|=0 mode

The|n,qq—s|=0 mode, which is just thAT'/2 zonal mean, contains contribution mainly from the diur@1) and terdiurnal
(TW3) migrating tides. Figures 3-5 include representdtvitude-altitude and latitude-time cross sections. Véali¢hat, given
MIPAS local time sampling, the values shown correspondrpirature perturbations produced by tides at 10 A.M, irinlyd
the information of the local time phase. These do not diyembrrespond to tidal amplitudes at altitudes where theicadrt
profiles do not peak.

Temperature perturbation maps at 10 A.M. for DW1 from theb@l®cale Wave Model (GSWM) (Hagan and Roble, 2001)
at 20-110km and for DW1 and TW3 from NRLMSISE-00 at 115-1504&m also shown for reference. GSWM results have
been convolved considering MIPAS temperature verticalltg®n. Note that the contribution from TW3 should be adtted
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the GSWM model amplitudes for a direct comparison with MIBAS;; — s|=0. Yue et al. (2013), Pancheva et al. (2013) and
Moudden and Forbes (2013) report up to 4K TW3 amplitudes &®th February and September at the equator, and 10K at
110 km at the equator in January and at 80the equinoxes and June.

MIPAS |n,q4q — s|=0 latitude-altitude cross-section for October exhibitssdimum and minimum values over the equator and
at 35 North and South (Fig. 3). The peaks at the equator are loeatédkm (1K), 56 km (-1K), 74 km (5K), 84 km (-11K),
94 km (7K) 104 km (-6K), 110km (12K) and 120 km (-20K). Outoifiase peaks (opposite sign) occur att&3ow 105 km.
Their altitudes in the Northern Hemisphere (NH) are simitathose at the equator but they are 2 km higher in the Southern
Hemisphere. These extra-tropical perturbations are weakeK below 80 km and 2K at 84 km, -6K at 94 km, 4K at 104 km
and 15K at 110km) than in the equator. The oscillation exididecreasing with altitude vertical wavelength of 20430 k
below 110 km, slightly smaller than the values associateh @lassical tidal theory (Chapman and Lindzen, 1970).

The latitudinal structure of the phase is different at adtés above 105km. The perturbations from the tropics fg 50
peaking at 35(15K), are not out of phase with respect to the equator (tlaeg ithe same sign at all latitudes). This behavior is
consistent with a strong overlapping contribution from TWI@&h most pronounced amplitudes at mid-latitudes abodkhd
(Moudden and Forbes, 2013).

The sign of the temperature perturbation at 120 km shiftsetgative for latitudes between 88 and 30N. This behav-
ior could be explained in several ways. The negative valtdsi@altitude accompanying the positive ones at 110 kmdoul
come from the same component, TW3. That would imply a vdrti@velength of 20 km, larger than expected from mod-
els (Du and Ward, 2010) but similar to those derived from jmes measurements in the upper mesosphere (Thayaparan,
1997). Another possibility is a preferential dissipatidritee low order DW1 modes from the Hough Mode Extension (HME)
(Forbes and Hagan, 1982) at lower altitudes so that higliaranodes dominate at these higher altitudes, resultingliffiea-
ent|n.qq — s|=0 latitudinal distribution. It could also be the consequesof the thermospheria situ DW1, independent to the
classical upward propagating DW1 present at altitudesibdlbat would imply a downward propagation of the thermosjghe
component, which could be possible under the thermosplisielvegime (Forbes and Garrett, 1976).

Corresponding GSWM DW1 maxima and minima in October aretémtavithin 2-4 km and 1-2K below 100 km, except
the maxima at 70 km and 95 km over the equator, which are 5-8lsmin MIPAS. MIPAS and GSWM DW.1 fields above
100 km do not compare that well. The altitude and verticaltlviof the MIPAS minimum around 105-110km at the equator
are different in the GSWM model. This might be partially exipkd by the overlapping positive TW3 contribution peaking
at 110km and extending to 38-50°N. The measured oscillation at 110 and 115km is however airl that centered at
115km in the NRLMSISE-00 model, being positive at all ladiés. The model DW1 has a slightly longer vertical wavelength
on average than that ¢t,4; — s|=0, particularly in the upper mesosphere. This maybe ine#ceaveats in the representation
of gravity wave and tide interactions in this version of thedel (Achatz et al., 2008).

Comparison with 10 A.M.-10 P.M. zonal mean perturbationsfithe NRLMSISE-00 model, used apriori (see Sect. 2)
shows little agreement with MIPAR,;4 — s|=0. This strengthens the idea of thgriori having small impact on the derived
temperature oscillations.
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The nearly constant-with-altitude feature above 130 kmignF-evidences no change in local time phase with altitutiés T
is consistent with the effect of the thermosphénisitu generated tide. MIPAS measurements occur at LST=10. Theepifa
the themospherim situ generated diurnal migrating component occurg g1 =2-4 P.M., depending on the solar flux input
(Forbes and Garrett, 1976). Itis then likely that ampligidéthe thermosphere DW1 tides measured by MIPAS underatgim
total amplitudes, with a factor of attenuation as largea$n2(10 — ¢ pw1)). MIPAS measures maximum amplitudes of 50K
at 140-150km in October.

During April (not shown), MIPASn,4q — s|=0 perturbations are 2-5K larger than in October over theequOpposite to
results from GSWM DW1, the peak altitudes over the equatdriarthe NH are slightly higher (2 km) than in October. This
may reflect a change of (local time) phase of the longitudisalllation behind. As in October, the strength of the datidn in
April is latitudinally symmetric, except around 94 km (2Katger in the NH). MIPAS perturbations in April over the etpra
at 84 km and at 35below 100 km are larger by 5K and 2K, respectively, than in GSIDMW1.

Figure 3 also showB,qq — s|=0 longitudinal perturbations for January. Maximum and imiiim values occur at the same
altitudes as in April and are 2-3K smaller than during Octdielow 110 km at low to mid-latitudes. April values are large
than those of the GSWM model. In the thermosphere, the behas/similar to that during the rest of the year. Negative
perturbations at 120 km are 5K stronger than in October. AHRO0 km, the signature of tha situ tide is clear (10-60K),
producing maximum perturbations off the equator and tragkine sub-solar point.

MIPAS sees an oscillation with peaks at 90 and 100 km in Jgrateé8outhern high latitudes (55-7%) (Fig. 3). Itis in phase
with the perturbations at 35probably indicating that it belongs to a different HME molle dependence with season is shown
in the time series at 7% and 70N depicted in Fig. 4. A vertical perturbation peaking at 1MAwith alternating maxima and
minima at 90, 100 and 110 km is clearly seen from late Springuitth Summer at 7% (2K). This structure is also present at
Northern high latitudes (70N) at similar altitudes but with slightly weaker amplitud@sis detection corroborates previous
measurements of temperature tides at Southern high lasifwehere 3K amplitude diurnal components with 10 A.M. phase
were measured from ground around 90 km (Libken et al., 20%4 detect here a Northern hemisphere counterpart.

Latitude-time slices at altitudes whejre,;; — s|=0 generally peak (84, 110, 120 and 140km) are shown in FEjurée
seasonal and latitudinal variability strongly depends kitude. Starting with 84 km, the perturbation is strongaridg the
equinoxes than during solstices. This could be due to theendle of the seasonal variation of the symmetry of the hgeatin
source (Forbes et al., 2001) but more likely of the zonal windhe middle atmosphere (McLandress, 2002; Zhu et al5200
probably below 70 km (Achatz et al., 2008). The latitude @& thaximum perturbations is slightly shifted towards theagqu
during July (as in GSWM DW1; not shown). The inter-hemisjhdifference around 35is generally due to a difference in
the altitude of the peaks (see Sect.5). There is an isolaieidnomm (-2K) around 50N during June-July, with a weaker SH
counterpart, with a significantly smaller amplitude in thedal. The amplitude is smaller than 1K for latitudes lardemt 70
at this altitude.

At 110 km, the perturbation is positive all year round, exegll latitudes northern to 70l. Maxima are generally reached
at 35, with a 5> shift towards the South in January and towards the Northlin(@e., shifted to higher latitudes in the local
summer), coinciding with previously detected TW3 shiftar{fPheva et al., 2013). Maximum values at these latitudesrocc
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during the equinoxes, coinciding with the expected maxincomntribution from an overlapping DW1. At the equator, ofgf®s
to the GSWM DW1 results, perturbations are positive. Thelduge changes significantly throughout the year (2-16Khwi
maximum values in July. Overlapping TW3, which presentaiiipant reduction of amplitude at 110 km right over the equat
during January (Pancheva et al., 2013), is the most likelgaesible of this behavior.

At 120 km, MIPAS |n,qq4 — s|=0 is negative between 88 and 50N. These negative perturbations generally peak at the
same altitude along the year, which implies that the loecaktphase remains also constant. The latitudinal structuks c
correspond to a second-order symmetric mode of DW1 or/aadirtdt TW3 mode. Maximum perturbations occur during the
solstices around 20South and North (-25K), in contrast to the mesosphere, wimendmum amplitudes are found at the
equator during the equinoxes.

At 140 km, the positive peaks, following the sub-solar pomnéve towards the local summer, when they present maximum
amplitudes. The seasonal and latitudinal behavidngf; — s|=0 around 120 km presents similarities to that at 140 km, whic
could support the possibility of the downward propagatibthe in situ thermospheric DW1. Negative peaks are measured
during the Autumn around 50North and South (10-15K). These could be associated to thiiy@perturbation at lower
altitudes (120 km) at similar latitudes.

4.2 The|nedd — s|=1 mode

The strongest tidal modes included in the MIPAS,. — s|=1 longitudinal oscillation are DW2 and DO. TE2 and TW4 os-
cillations are also embedded if present. The diurnal modeshe strongest among them. They probably originate from a
combination of DW1 interaction with sPW1 and the longitwain varying tropospheric latent heat release related tith
wave-1 surface longitudinal asymmetry (Oberheide et 8D5).

Figure 6 showsn,.q — s|=1 amplitudes and phases derived for November. Amplitudesmize around the equator and
range from 1-2K from 40 to 65 km, 2-5K from 65 to 75 km and 5-18¢0h 75 to 110 km. They peak at 86 km. The monotonical
change in phase with altitude indicates a westward profmagdthat suggest contribution from DW2. The vertical waveght
is 25km.

Inoaa — s|=1 presents significant extra-tropical activity, with aihples peaking also around 3% (8K at 90 km and 10K at
105km) and 35N (4K at 90 km). The SH amplitudes are thus larger. The phaseiatreases with altitude towards the West.
The oscillation at these latitudes is out of phase with refsfpethat at the equator.

A hint of significantly smaller amplitudes (2K at 90 km and 6B5km) appears also over 85. Those features probably
belong to the same tidal mode because they are in phase afhasé with the signals measured aa0d 3%, respectively,
and also show westward propagation. An analogous signapyrears at 65\ but its propagation direction is not as coherent.

It is not clear from MIPAS data how efficiently this oscillati penetrates higher up in the thermosphere. At least, & doe
not magnify as altitude increases in the 115-150km rangausecthe T4 g fields for this mode do not show a coherent
structure and amplitudes usually oscillate around tentpega@rror values at these altitudes.

Figure 6 also shows time series of the amplitudes and pha#es BIPAS |n,qq — s|=1 longitudinal oscillation at 68, 86 and
105 km. The amplitude at 68 km is maximum in July and NovembK) @nd February (3K). These maxima shift in latitude
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from 20°N in January to 20S in July, i.e., towards the local winter. This off-equatmpdacement generally occurs at altitudes
between 60 and 80 km. It is also present in SABER measurerardts reproduced in CMAM30 (Gan et al., 2014). Its phase
displaces from 10T in January to 20 in July. Secondary maxima@K) appear in July and November 20<3@the North
and to the South of the primary maximum.

The MIPAS|n,q4q — s|=1 wave amplitude at 86 km is maximum at the equator in therexxais (10-15K) but also peaks in
July (8K). These values are larger than the combinationadahreconstructed from ISAMS measurements for DW2 (4K) and
DO (3K) (Forbes and Wu, 2006) or from SABER September 2004 O?K) and DO (4K) (Zhang et al., 2006). The typical
peaking altitude in MIPAS data below 100 km is 86 km. The phageains constant throughout the year except in July, when
it shifts 180. This reflects a change in the relative importance of thecgsuof the underlying tides, which is expected to be
stronger in July if tide-wave interaction dominates (seg Eiin Oberheide et al., 2005).

The amplitude ofn,qq; — s|=1at 86 km reaches 4K from September to December arouhdt3s latitudinally symmetric
and out of phase with respect to the equator. This value igri@eanent with the combination of DW2 (2K) and DO (2K) from
SABER at a similar altitude in September 2004. The osaillais also noticed at 3B in July and 35S in March (4K).

The time series at 105 km is more structured. Maximugn, — s|=1 amplitudes occur generally around®3fbm November
to March, particularly in the SH, and in July, larger in the @8K). The phase does not significantly change along the year
and is latitudinally asymmetric. This contrasts the bebiagi lower altitudes, suggesting main contribution of otHME
modes or even tide components. The oscillation at 105 kngisfgiant at the equator from October to December (6-8K) and
is out-of-phase with that at 38.

These results are consistent with SABER measurements,reii@0 tide maxima at 110 km around 30%4@articularly
during the solstices and also strongest at SH local wint€), @d DW2 maxima at 100-105km over the equator, mainly from
October to March (7K) (Gan et al., 2014; Truskowski et al.1£20 SABER also showed contribution from DW2 at’$5but
not in the NH, which could also be the responsible for the Ispiméric asymmetry here.

Maxima at 105 km, out-of-phase with the ones &Smppear around 8Bl and S (6-8K) only during November-December.

4.3 The|neqdq — s|=2 mode

MIPAS |n,4q — s|=2 longitudinal oscillation embeds the diurnal DE1 and DW8 ¢he terdiurnal TW1 and TW2 components.
The strongest signhature among them is the DE1 non-migrétiegand both are most likely originated by non-linear iater
tions between their migrating counterpart (DW1 and TW3peesively) and the = 1 stationary planetary wave (SPW1).
Not many tidal analyses report on the detection of these compts. Indeed, this mode is weaker than those |with; —
s|=0,1,4 but it is a contribution with a coherent vertical prgption in MIPAS data above 90 km at certain latitudes (skmbe
Figure 7 shows latitude-altitude maps of the derived amgéis and phases for January and September. Both months show
eastward propagating oscillations above 90 km &tS&uth (2-5K) and North (3-8K in January and 3K in September).
September also exhibits a feature centered at®Hbove 75km that mainly propagates towards the west and atak
90 km (6K). It is not clear if the amplitudes measured arouh@ Km correspond to the same oscillation alone since there
is no monotonical phase change with altitude. AccordingrissKowski et al. (2014), DW3 vertical wavelength preverss i
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penetration into the thermosphere, shall it be originatettié troposphere. Therefore, the detection at these hiigindals and
the lack of correspondence with an upward propagating sgmdd be consistent with a local source or with the propagat
of a tidal components different to DW3.

The wave spectrum derived from SABER in September arounditillBy Zhang et al. (2006) shows a contribution from
DW3 at 10-20S (6K) and 40-50S (4K) and small contribution from DE1 around°20(<4K). The direction of propagation
of the waves derived here only coincide at 35However, CMAM DE1 simulations of Ward et al. (2005) showwesymmetric
three maxima latitudinal structure around 80-90 km donmiigethe mesopause (2K) and turning to an asymmetric two mexim
structure in the lower thermosphere. Thus, MIBAS;;—s|=2 structure probably responds to the overlapping of twoiBant
contributions, in which DW3 dominates at extra-tropicétledes and DE1 dominates at the equator.

The time series ofn,qq — $|=2 at 94 km shows a large seasonal variability. The maximuBrHPS appears mainly in
May and September with a varying amplitude (bottom left pam€&ig. 7). The oscillation is also noticeable in March-Apr
and September around 30<40and S, when the mode is latitudinally asymmetric. July angd¥nber reveal a 4K amplitude
oscillation closer to the equator (20and latitudinally symmetric (in phase).

The time series at 105 km (bottom right panel of Fig. 7) showénaoherent latitudinal pattern not clearly correlated to
the one at 94 km. This suggests contribution of high orderghomodes at higher altitudes, varying along the year. Strong
signatures of an anti-symmetric Hough mode are found faraign(4-6K), April (2-4K) and July (2K), whereas of a symnietr
mode in September.

4.4 The|nedd — s|=3 mode

The combination of the DE2 and the DW4 tides producés.a; — s|=3 longitudinal oscillation as seen by MIPAS. DE2
is originated by latent heat release and its latitudinaieeal pattern is associated with a modulation by the mead wi
(Pancheva et al., 2010).

The |n.qq — s|=3 mode is one of the dominating MIPAS zonal oscillationsrdhe equator around 110 km in December
(12K). Only thejn,qq—s|=0 mode (migrating tides) is stronger. A latitudinally aytnmetric mode at 90 km dominates MIPAS
temperature amplitudes ¢f,q44 — s|=3 during December (see Fig. 8). The amplitudes maximizeoatdal latitudes and are
larger at 20S (6K) than at 20N (4K). The phase dependence with altitude indicates dauticn from an eastward propagating
wave. The relative importance of the underlying Hough mazfehis oscillation changes above 100 km, where a symmetric
mode dominates. In that altitude region, amplitudes re&thdnd are significant at latitudes smaller than 30-40

Amplitudes from 115-150 km during December also exhibitwasd propagation. Values amplify up to 130-140 km (25K),
where the oscillation starts dissipation. This indicated,topposite to what Pancheva et al. (2010) state, DE2 mastiade
above 115km but with a significantly longer vertical wavegn(30km at 140 km in contrast with 10-12km in the upper
mesosphere). We note that this coherent latitude-altibeth@vior at 115-150 km is not found for July. This may be cdumse
a weakeln,qq — s|=3 oscillation then, which MIPAS does not clearly detect.

The change with altitude of the relative importance of theitomodes inn,qq — s|=3 MIPAS mode happens throughout
the year. This is deduced from the different latitudinatritisition of the amplitudes at 90 km and at 110 km (bottom saime
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Fig. 8). Amplitudes at 90 km are maximum during the solstieesind 20. They are larger in the local summer (5-6K) than
in the local winter (3-4K). The oscillation also peaks in fodstices at 110 km (12K) and exhibits an off-equator disghaent
(5-10°) towards the local winter. This result agrees with the DE2seaal behavior derived from SABER (Panchevaet al.,
2010; Pancheva and Mukhtarov, 2011). MIPAS,.,, — s|=3 phase around the equator at 110 km movés@@ards the west
from December to July (not shown), also in agreement with EREDE2.

4.5 The|neda — s|=4 mode

The |n.q4q — s|=4 MIPAS longitudinal variation includes the diurnal nongmating components DE3 and DW5. These tidal
modes are thought to be excited by diurnally-varying latexdt release over the wave-4 land-sea variatiafy, — s|=4 also
contains the TW1 and TW2 components. DE3 is the strongesitmigrating tidal effect in the lower thermosphere and hasbe
widely studied. It is thought to be the main responsible efittave-4 structure detected at higher altitudes in the thepimere
(Hagan et al., 2007), while the direct absorption of the intcwy radiation might play a secondary role (Achatz et alg®0

We note here that MIPA$,44 — s|=4 longitudinal oscillation has strong amplitudes in thevdo thermosphere (at least
below 135 km) over the equator.

Figure 9 shows MIPA$,.q—s|=4 amplitudes and phases altitude-latitude cross-sedédned for August. The amplitudes
are significant from the equator to mid-latitudes above 70khey increase with altitude, reaching 8K around 95km, 10K
at 100 km, and maximize at 125 km (35K). The mode starts top@iss at 125 km but keeps consistent upward propagation
(monotonically changing phase with altitude). The peak2&kim is 15 km above the DE3 maximum amplitude modeled by
Oberheide and Forbes (2008) for August.

MIPAS |n,qq — s|=4 generally weakens towards high latitudes. Its amplituelew 120 km is smaller than 5K poleward to
30°. Nevertheless, our results reveal a local maximum in Augti$20 km (10K) and 6Q It is not clear if this peak is related
to the signals measured at these latitudes at lower al§t(@t€ at 90-100 km and 2-4K 110 km).

The|n,qq— s|=4 phase moves westward as latitude increases, so thatiliatams over the equator and at 2022 e out of
phase. The phase moves eastward as altitude increasam@uwrDE3 as the main contributor. The vertical wavelerigithe
mesosphere is 8-12 km. The phase plot exhibits a crosswissiste, which softens with height until the lower thermosye,
where the phase is almost latitudinally symmetric. Thisdatks the presence of an asymmetric HME mode below 95 ki, tha
is more efficiently dissipated as it propagates upwards ti@isymmetric ones. This confirms the results for the DE3 HMEs
of Oberheide and Forbes (2008). In the lower thermosphegeydrtical wavelength increases to 20 km.

Latitude-time slices at 84, 94,110 and 125 km are plottedgnl®. Maximum amplitudes at 84 km occur around 10-20
They show up only in the SH in January and July and in the NH inlA&md September-October. There are North and South
pairs the rest of the year but the NH oscillation is alwaysrgier (7K vs. 4K). Thus, the oscillation tilts to the Northrithg
the equinoxes, to the South at the beginning of the NH Wiated,is latitudinally extended and centered over the equada
Kelvin wave, during the NH summer. Non-negligible ampligsdappear also at high latitudes, at @ July and at 80-85in
November.
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The latitudinal tilt at low latitudes at 84 km agrees with fimgk for DE3 from SABER (Gan et al., 2014; Zhang et al., 2006)
and MLS (Forbes and Wu, 2006) for particular seasons. Thadyet MIPAS|n,q.q — s|=4 amplitudes are most probably due
to the added contribution from DW5. Zhang et al. (2006) eateéd DW5 amplitudes of 2K in September 2004 SABER.

MIPAS |n,qq4 — s|=4 oscillation at 94 km shows large amplitudes mainly aratmedequator (5-8K), consistent with SABER
DE3 (Gan et al., 2014) but 2K larger. Values maximize fromeJt;mSeptember and minimize in January. The phase slightly
changes through the year, although generally occurs owegr®rich. The seasonal behavior agrees with a cycle resppndi
to the combined seasonal variation of the background athesspand of the diurnal heat source (Oberheide et al., 2006;
Achatz et al., 2008). Exceptions to this general behaviocuom MIPAS data in November-December, showing peaks at 15
N and S (5K), and in February, with peaks aPRO(5K). Expansion of the mode to higher latitudes (50)%68lso occurs in
July-August at this altitude.

The oscillation is significantly amplified at 110 km and 125 @#ig. 10). The seasonal variability equatorward of 20-B0
similar to that at lower altitudes. Significant amplitudes mmeasured from July to October and from March to May (10-15K
at 110km and 30K at 125km). MIPAS values at 110 km agree inrgémgth those derived from SABER for DE3 at similar
altitudes (Zhang et al., 2006; Gan et al., 2014), althougk #re larger (2K) in March. DW5 contribution is also expec¢
these altitudes (a maximum of 4K, according to SABER).

This mode also present hemispherically symmetric sigeatat 50-60in July-August at 110 km (2-4K) and 125 km (10K)
and in November at 80at 110 km (4K).

The phase at 110 km varies over the equator along the yeasltfoain). It shifts towards the West as latitude increases or,
in terms of local time phase and assuming a dominant easpwapdgating component (DE3), it occurs latter in the dag Th
phase generally presents hemispherical symmetry.

The seasonal behavior reflects, in general at all altituthesseasonal change of the relative importance of the difter
Hough modes. There is a mayor contribution from a symmetodenall over the year at thermospheric altitudes, except
from November to January. Then, it is overcome (95-110 kngoanpetes (around 125 km) with an anti-symmetric mode, in
agreement with HME from Oberheide and Forbes (2008). Julg pfesents a small contribution from the symmetric mode
around 125 km. However, it is then when the asymmetric modrangest, whereas Oberheide and Forbes (2008) report it to
be strongest only in January.

5 Inter-annual variability

Five years of continuous observations are not enough to bigarously link atmospheric processes through correlathmrt
enough to check for tidal quasi-biennial oscillations (QB@ear to year variability of strengths of the measured Itudinal
oscillations due the effect from the zonal wind Quasi-Biai@scillation is expected (McLandress, 2002; Mayr anchiyte,
2005). Oberheide et al. (2009) and references thereingismuthe possible mechanisms through which the zonal wind QB
might affect daily temperature oscillations.
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At each altitude and latitude, we have decomposed the ardpktof MIPASAT'/2 derivedn,qq— s| longitudinal oscillation
modes from 2007 to 2012 in six intra-annual sinusoidal comepits (with 12, 6, 4, 3, 2.4 and 2 month periods), an intedahn
sinusoidal component (with its period as a free parametelpacomponent proportional to the solar flux. We have alloleed
solar cycle effects, for which we accurately know input gyerariation, with the only aim of deriving a more accuratin
annual oscillation. Note that MIPAS time coverage spansifsolar minimum to solar maximum and, thus, all monotonical
variations of temperature amplitudes, like trends, areesidbd in this solar component. We have unambiguously faued i
annual variations consistent with a QBO in MIPAS data onlythe strongn,qs — s|=0 mode. The DE3 component should
also present a QBO (Li et al., 2015) but small and it is not gsiry that we could no detect it in MIPAS data.

Figure 11 shows typical time series for which we perform tleeaposition at each altitude. The examples shown are
for MIPAS derived|n,qq — s|=0 amplitudes from monthly zonal means from 2007 to 2012 tverequator and at 385l. In
the case of the analysis of the variations of thg;q — s|=0 oscillations with time at a given altitude, we recall thiPAS
|noda — s|=0 values correspond to the amplitudes of a tidal compon@gtad the altitudes for which its phase or anti-phase
is 10A.M., which corresponds to the peaks in the profiles. We dlyenentioned in Sect. 4.1 that there is a seasonal variation
in the altitudes of these peaks, particularly, at extrpital latitudes. The altitudes of the,4; — s|=0 maxima vary along a
calendar year as much as 2 km up and down around 78 km and 85dathevequator but as much as 5km around 75 km and
3km at 88 km at 39N, being higher in the winter (Fig. 11). This also happen$im$outhern hemisphere but to a significant
lesser extent (not shown). This change of peak altitude®septs a change of phase but not of vertical wavelengthubeca
the shift occurs at most altitudes simultaneously. Thisalvil is repeated every year, pointing to a persistent sedsdfect.

The varying peak altitudes could be originated by a seastraige of the relative contribution from the different sms
of this component, namely, the semi-annually varying baolgd atmosphere and symmetry of the heating source. Due of
its hemispherical asymmetry, we attribute it to the anngalllation of the background atmosphere, significantlgédain the
NH. Interaction with other dynamical features during theter are not ruled out. This behavior also shows that oneldleu
cautious when interpreting zonal mean intra-annual vditiaht fixed altitudes from a sun-synchronous instrumeatd like
MIPAS, because one could be sounding changes of phase lfaditionents. Nevertheles, as the change of the altitudesof t
peaks at a given month from year to year is not significantirttez-annual variability can be safely extracted.

A QBO in the |n,qq — s|=0 mode amplitudes is noticeable in Fig. 11, particularlyoat latitudes and even in the mid-
dle atmosphere. Figure 12 shows MIPAS 4 — s|=0 amplitudes from 2007 to 2012 at 44, 76 and 86 km over thetegua
(approximate peaking altitudes in the equinoxes) and tteféinnual, semi-annual and inter-annual components.rée i
annual component (red) competes with the semi-annuallatsail (light blue) below 80 km. We also show two different
representations of the zonal wind stratospheric QBO (SQBjig. 12: that obtained at the NOAA-ESRL Physical Sci-
ences Division from the zonal average of the 30 mb zonal wirttie@equator calculated from the NCEP/NCAR Reanalysis
(http://lwww.esrl.noaa.gov/psd/) and that measured ati3from a radiosonde station in Singapore, compiled by theeRiai-
versitaet Berlin (http://www.geo.fu-berlin.de/en/nagflstrat/produkte/gbo/index.html). The period of theirdgnnual compo-
nent (red) ofn,qq — s|=0 agrees with that of the Singapore winds.
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Ekanayake et al. (1997) found that longitudinally propaggtides are generally larger for mean zonal winds blowimthe
opposite direction.That implies that DW1 (or TW3), a westivaropagating tide, should be larger for westerlies. Thasgh
of the background zonal wind SQBO at 30 mb is opposite to th#te@mesospheric QBO (MQBO) (Burrage et al., 1996).
Therefore, the effect of SQBO on a tide should be oppositeabdf the MQBO.

MIPAS |n,q44 — s|=0 strengthens at all altitudes simultaneously during treakzwind SQBO westerly phase (see Fig. 12),
that is, the MQBO easterly phase. That suggest then thafffiset en tides is produced by the zonal wind SQBO, although
an additional local smaller effect in the mesosphere by tl@@B®@ could also be possible. This supports the argument by
(Forbes and Vincent, 1989) of varying stratospheric fittgrduring upward propagation caused by the varying meanl zona
winds instead of a more plausible effect in the mesosphernerewdissipation starts (Oberheide et al., 2009). Noteitiert-
annual variation at tropospheric altitudes, where theridély originates, can not be ruled out.

A QBO also appears everywhere else where MIFAS; — s|=0 mode is significant. Figure 13 shows its QBO derived
amplitude. Once more, we recall that MIPAS measures the@®B® effect only at the altitudes whefe, . — s|=0 amplitudes
are maximum. The QBO oscillation of the,s; — s|=0 mode has amplitudes smaller than 0.5K amplitudes beldmi’éver
the equator and below 105 km around 3@orth and South, 1K at 76 km, 2K at 86 km, 1K at 98 km and 1.5K &kith. These
results agree with those derived from SABER below 90 km (Xal €2009). Above, SABER values are about 1K larger.

6 Summary

The sun-synchronous Michelson Interferometer for Pasatagospheric Sounding (MIPAS) sounded the atmospheric limb
from the stratosphere to the lower thermosphere in a glaadé SMIPAS took measurements at two fixed local times during
its descending (10 A.M.) and descending (10 P.M.) nodestr&etibn of the descending and ascending node measurement
pairs,AT/2, at each latitude, altitude and longitude eliminate thekgemund atmosphere, the persistent (on a daily basis)
longitudinal oscillations (like planetary waves) and dise longitudinal oscillations with daily frequencies subht they are

an even integer factor of the 24-hour day (like semi-diutigi@ls). Thus, the zonal variation of tie7"/2 depicts a 'solar-view’
mainly of the diurnal and terdiurnal tidal components.

Extraction of the underlying longitudinal oscillations byectral analysis isolates the amplitudes and phases MIP&S
zonal wavenumberis contributing. Each wavenumbkrcomprises the combined contribution of the tidal modesllinif that
their daily frequency:, an odd integer, and their zonal wavenumfare|n,q4q — s|=k. The tidal modes embedded in MIPAS
k modes are listed in Table 1.

MIPAS spectra covered the GA5,m and NO 5.3:m emissions from which temperatures from 20 to 150 km are dériv
We have extracted the wavenumiges 0 — 4 longitudinal waves from these temperatures from April 2@0¥arch 2012 in
a global scale and make them available to the scientific camtyndo our knowledge, this is the first time temperatureaon
oscillations are derived in this altitude range globallynfra single instrument.
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We analyze and characterize the behavior of MIRAS: — s| temperature longitudinal oscillations from a climatoleagi
point of view from averages of monthly mean MIPAS"/2. The results agree well in general with measurements fréwerot
instruments, like SABER or MLS. They reveal that:

— Migrating tidal perturbations with odd below 105 km are, as expected, stronger during the equin®key are latitu-
550 dinally symmetric in strength. Their phases exhibit a seabwariation, with a delay in the winter months that is large
in the Northern hemisphere. The dominating tidal mode &uti#s smaller than 50 probably the first mode of the
upward propagated DW1, rapidly dissipates above 105 km.

— At 110 km, the major migrating contribution is most likely BMVaxima are generally reached at’3%ith a 5 shift
to higher latitudes in the local summer. TW3 might also b@oesible of the strong migrating perturbations measured
555 at 120 km. Another possibilities are contributions from gmard propagated DW1 high order mode or fromitheaitu
generated thermospheric tide.

— The thermospheric DW1 above 130 km produces maximum petioris off the equator, tracking the sub-solar point
and maximizing in the local summer.

— MIPAS measured impact from migrating tides with- odd at Southern high latitude summer, with alternating max-
560 ima and minima at 90 and 100km in phase with those &t 3his agrees with previous ground based detections
(Lubken et al., 2011). MIPAS additionally detected a weal@mterpart in the NH summer.

— Besides equatoridl,qq— s|=1 also exhibits extra-tropical (3band high-latitude (69 activity in the MLT, particularly
in the SH from November to January.

— |nead — s|=2 presents significant seasonal variability with a lafitatistructure responding to overlapping of two con-
565 tributions, a westward propagating oscillation that dcateés at extra-tropical latitudes and an eastward propagatie
that dominates at the equator.

— |noqqa—s|=3is the strongest non-migrating mode in December. An eastpropagating wave, already detected at 70 km,
penetrates well in the lower thermosphere with a signifigdatger vertical wavelength than in the mesosphere.

— MIPAS shows a prominent wavenumber 4 structure startingd&ny and maximizing around 135km (15km above
570 results from models). The latitudinal distribution re\eeedntribution from a symmetric Hough mode in the lower ther-
mosphere, which propagates upwards more easily than tisymetric one dominating in the mesosphere.

— |noaqa — s|=4 expands to higher latitudes in July-August, when hen@sphlly symmetric footprints are detected at
50-60 above 85 km. Signatures of this mode are also detected infMoseat 80.

We have also studied the inter-annual variability of the Bngtes of the MIPAS|n,qq — s| wavenumbers derived from
575 monthly mean MIPASAT' /2. We unambiguously detect|a,qq — s|=0 Quasi-Biennial-Oscillation, reaching 2K in the upper
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mesosphere at low latitudes. Comparison of tidal QBO an@laemd stratospheric and mesospheric QBO phases suggests
that the effect on tides occurs mainly in the stratospheddsafterwards propagated upwards.

The good MIPAS temporal resolution and global coveragemisiens extending from the stratosphere to the lower tloerm
sphere presented here are useful for testing generalaii@muimodels considering tidal effects in the MLT region amaly well
represent a challenge for them to model their verticakudinal and temporal dependence. A thorough analysis dicpéar
cases found here is needed and will be focus of future work.
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Table 1. Main tidal component contributions resolved in our specarealysis. The derived amplitudes and phases are a coritirattall

modes contributing.

n wavenumber components
In— s
odd 0 DW1+TW3
1 DO+DW2+TW2
2 DW3+DE1+TW1
3 DE2+DW4+T0
4 DE3+DW5+TE1
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Figure 1. Equatorial MIPAS monthly mean temperature difference)kefid anomaly (with respect to the mean value at each atitight)
of AT /2 for August (£* and 2 rows) and October (3 and 4" rows) averaged for 2007-2012. Temperatures below 110 krreieved

from measurements at 15n and above 115 km from 5;3n. Note the different color scales.
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Figure 2. MIPAS AT'/2 average (2007-2012) monthly mean spectra at 88 km (left)ld@ckm (right) for January ¢t row), April (2"¢
row), July (3 row) and October (4 row). MIPAS zonal wavenumbers correspond Q.. — s| of the daily frequency: and the zonal

wavenumbes of comprised tidal modes (see Table 1).
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