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Abstract. We investigate stratospheric gravity wave observationtb®ytmospheric InfraRed Sounder (AIRS) aboard NASA's
Aqua satellite and the High Resolution Dynamics Limb Sour{ft#RDLS) aboard NASA's Aura satellite. AIRS operational
temperature retrievals are typically not used for studfegravity waves, because their vertical and horizontal lkggm is
rather limited. This study uses data of a high-resolutidriexal which provides stratospheric temperature profiesach
individual satellite footprint. Therefore the horizonsampling of the high-resolution retrieval is nine timest&ethan that

of the operational retrieval. HIRDLS provides 2D spectrdibrmation of observed gravity waves in terms of alongKraed
vertical wavelengths. AIRS as a nadir sounder is more semsd short horizontal wavelength gravity waves and HIRZASS

a limb sounder is more sensitive to short vertical wavelemgavity waves. Therefore HIRDLS is ideally suited to coeapl
ment AIRS observations. A calculated momentum flux factdiciates that the waves seen by AIRS contribute significaatly
momentum flux, even if the AIRS temperature variance may talsmmpared to HIRDLS. The stratospheric wave structures
observed by AIRS and HIRDLS often agree very well. Case stiof a mountain wave event and a non-orographic wave event
demonstrate that the observed phase structures of AIRS BRI are also similar. AIRS has a coarser vertical resofyti
which results in an attenuation of the amplitude and coamseical wavelengths compared to HIRDLS. However, AIRS has
a much higher horizontal resolution and the propagatiogction of the waves can be clearly identified in geograpmegds.
The horizontal orientation of the phase fronts can be dedifroen AIRS 3D temperature fields. This is a restricting fadto
gravity wave analyses of limb measurements. Addition&édinperature variances with respect to stratospheric tyresdve
activity are compared on a statistical basis. The compl&RDHS measurement period from January 2005 to March 2008 is
covered. The seasonal and latitudinal distributions ofiyravave activity as observed by AIRS and HIRDLS agree well.
strong annual cycle at mid and high latitudes is found in tsmees of gravity wave variances at 42 km, which has its maxim
during wintertime and its minima during summertime. Thaalaitity is largest during austral wintertime at &0. Variations

in the zonal winds at 2.5hPa are associated with large vltyain gravity wave variances. Altogether, gravity wavari
ances of AIRS and HIRDLS are complementary to each othege parts of the gravity wave spectrum are covered by joint
observations. This opens up fascinating vistas for futuagity wave research.
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1 Introduction

By driving the general circulation, the thermal structunel aniddle atmosphere chemistry are influenced significdntlgt-
mospheric gravity waves (Lindzen, 1973; Holton, 1982, 1988Landress, 1998; Fritts and Alexander, 2003; Eyring et al
2007). The generation and propagation of gravity wavesngpen the sources and atmospheric conditions. Gravity s\aee
primarily generated due to orography, like mountain wa®emsith, 1985; Durran and Klemp, 1987; Nastrom and Fritts 2199
Dornbrack et al., 1999), and as a result of deep convectiiistéPet al., 1986; Tsuda et al., 1994; Alexander and Pfi$895;
Vincent and Alexander, 2000). Additionally, gravity wavasginate due to body forcing, which comes along with |ooedi
wave dissipation, and wave-wave interaction (Fritts aneikAhder, 2003; Vadas et al., 2003) and due to wind sheastatiat

of unbalanced flows near jet streams and frontal systemgés(Brid Nastrom, 1992; Wu and Zhang, 2004; Plougonven et al.,
2003). Gravity wave source processes can emit a broad apeofrwaves. For example, it is known that deep convection ex-
cites a broad spectrum of gravity wave phase speeds (ergs Beal., 2004), as well as a broad range of gravity wavécedrt
and, in particular, horizontal wavelengths. There aredatitbns that the horizontal scales range from several teemeral hun-
dred kilometers (e.g., Choi et al., 2012; Trinh et al., 204#ljsch et al., 2016; Ern et al., 2017). Similarly, gravitaves emit-

ted from jets and fronts cover horizontal wavelengths fress than 100 km to more than 500 km (e.g., Plougonven and Zhang
2014, and references therein), and also the horizontascémountain waves cover a range of less than 10 km to sdwaral
dred kilometers (e.qg., Fritts et al., 2016; Smith et al.,&®hard et al., 2017, and references therein). Most glabadspheric
models use gravity wave parameterizations because gnamitgs are small-scale phenomena and cannot be resolved or ar
only poorly resolved in the models. Satellite observatiareswell suited to validate gravity wave parametrizationesoes

of general circulation models. In addition, characterstf gravity waves can be investigated in global studieh wsattellite
observations (Geller et al., 2013).

Fetzer and Gille (1994) were the first to demonstrate thallgatremote sensors can observe gravity waves. The nuaiber
instruments with sufficient spatial resolution to observavgy waves has increased over the last years. An impolitant
tation of satellite observations is that each instrumepétgan only detect a certain part of the full vertical and tummtal
wave number spectrum of gravity waves. Wu et al. (2006), $&eet al. (2008), and Alexander et al. (2010) give overviews
and comparisons of different observation methods and thgeraf detectable vertical and horizontal wavelengths.ahdv
tages and disadvantages of limb measurements vary in sbidraadir instruments. Limb instruments have a good \adrtic
resolution, which leads to high sensitivity to short vatioavelength waves. However, the sensitivity for shortizurtal
wavelengths is reduced due to the limited horizontal re&wiwof current limb sounders (Preusse et al., 2009b). Euantlore,

a single measurement track can not be used to identify thedmal propagation direction of the waves. Nadir instraitse
observe only gravity waves with long vertical wavelengtis the horizontal resolution is better in contrast to limbtiu-
ments. Given the sensitivity limitations of different atspieric sounding techniques from satellite, it is evidbat & single
technique is not capable of covering the whole spectraleafigtmospheric gravity waves. As has been discussed bgxfor
ample, Preusse et al. (2008), or Alexander et al. (2010)pawattion of different measurement techniques can help taiola
more complete picture of the whole spectrum of gravity wagd, the range of very short horizontal wavelengths30 km)
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and vertical wavelengths around 5—-10 km is not covered lgetbandard satellite measurement techniques and reqthiegs
techniques such as radiosondes or airborne observatignsHetts et al., 2016).

For studies of atmospheric gravity waves AIRS radiance oreasents are suitable. The long-term time series of AIRS ra-
diance measurements offers the opportunity to study gravdlve occurrence frequencies and other characteristiosit-
logically and on a global scale (Gong et al., 2012; Hoffmanal.e 2013, 2014). AIRS operational temperature retrieeaé
typically not used for gravity wave research. A main dravidacheir limited horizontal resolution related to the alioclearing
procedure. This procedure facilitates retrievals in tbpdsphere by combining radiance measurements@&ff@otprints to
reconstruct a single cloud-free spectrum. This causessianiial loss of horizontal resolution. Neverthelesstespheric 3D
temperature fields with a high spatial resolution can béeretd from AIRS radiances. The AIRS high-resolution retlef
Hoffmann and Alexander (2009) provides a temperature dgtavich is considered optimal for stratospheric gravitywava
studies. Meyer and Hoffmann (2014) performed a comparigiwden the AIRS high-resolution stratospheric tempeeatur
retrieval, the AIRS operational Level-2 data, and the ER#edim reanalysis (Dee et al., 2011) on the basis of nine uteas
ment years (2003—-2011). That study showed that the AIRS tagblution retrievals reproduce mean and standard dengt
of ERA-Interim stratospheric temperatures with good aacwyrZonal average differences tend to be mostly beto@ K.
Sato et al. (2016) used the AIRS high-resolution retrieteasdudy interactions of gravity waves with the El Nifio-Swern Os-
cillation (ENSO). Tsuchiya et al. (2016) investigated rations of gravity waves with the Madden-Julian Oscitiat{MJO)
using the same data set. Ern et al. (2017) and Wright et al.7(2&pplied 3D spectral analysis techniques to the AIRS-high
resolution retrievals and estimate thereby directionaVity wave momentum flux.

By using the limb sounding technique, HIRDLS is sensitivelort vertical wavelength gravity waves and is therefoeaily
suited to complement AIRS observations. HIRDLS tempeeatiaservations have been widely used to study the globai-dist
bution of gravity waves. In particular, absolute gravitywwanomentum fluxes are derived from information about gyaviave
vertical and horizontal wavelengths (Alexander et al.,@00right et al., 2010; Ern et al., 2011). Based on these maumnen
fluxes, the intermittency in gravity wave global distritarts was studied (e.g., Hertzog et al., 2012; Wright et al1,320as
well as the interaction of gravity waves with the backgrouirdulation (e.g., Ern et al., 2014, 2015). In addition @e#t al.
(2013) used HIRDLS data to compare gravity wave momentuneflux models and those derived from observations. The
main advantage of HIRDLS is that 2D spectral information lo$@rved gravity waves is provided in terms of along-traak an
vertical wavelengths. This information has been utilizedstudying the average spectrum of gravity waves in differegions
(e.g., Lehmann et al., 2012; Ern and Preusse, 2012; Trinh &04.6). We will use this information here to compreheabiv
compare AIRS and HIRDLS gravity wave observations, whidhémain aim of our study.

The AIRS and HIRDLS instrument characteristics and the igravave observations are introduced in Sect. 2. We explain
the detrending method and noise corrections that we usestitoae gravity wave variances from AIRS and HIRDLS ob-
servations. Further, nadir and limb observation geonsetiie compared regarding their sensitivities to gravityZootal and
vertical wavelengths. In Sect. 3 we present case studiesinfident AIRS and HIRDLS gravity wave observations and €om
parisons of time series of gravity wave variances from AIR8 EHIRDLS during 2005 to 2008. In addition, the influence of
the AIRS observational filter is investigated. In Sect. 4 wiédvaw conclusions and give an outlook.
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2 Data and methods
2.1 AIRS and HIRDLS observations and temperature retrievas

The Aqua satellite is part of NASA's Earth Observing Systemd the first satellite in the A-Train constellation. The fligh
altitude of Aqua is 705km and it performs in a sun-synchraymalar orbit with an inclination of 98and a period of 99 min.
On-board NASA's Aqua satellite six instruments are incllldad one of them is the Atmospheric InfraRed Sounder (AIRS)
(Aumann et al., 2003; Chahine et al., 2006). Thermal emissa atmospheric properties in the nadir and sub-limb gégme
are measured by AIRS. 14.5 orbits are completed by AIRS perAtal:30 am (descending orbit) and 1:30 pm (ascending
orbit) local time the equator crossing occurs. AIRS hassstoack scanning capabilities. One scan covers 1780 komgro
distance with 90 individual footprints. The scans are penfed in 2.667 sec and the along-track distance is 18 km. Gganu
of six minutes measurement time, i.e., 135 scans or 1215priats, are accumulated in the AIRS measurements. 2.@&mill
radiance spectra are globally detected by AIRS within one @ae measurement coverage of the AIRS instrument is almost
complete since the observations started in September Zb@znalysis of this study is based on measurements duringda
2005 to March 2008, which is the measurement period of HIRDLS

Aqua carries different instruments, which measure raahaith the near and mid infrared and the microwave spectrabneg
(Aumann et al., 2003; Gautier et al., 2003; Lambrigtsen,3208everal retrieval algorithms transform the calibratadi-
ances into geophysical quantities (Susskind et al., 2008]li&rg et al., 2003). The original resolution of the AIR8ieace
measurements (Level-1 data) is reduced during the opeedtietrieval (Level-2 data) by a factor o&x3 (along-trackx
across-track). Thereby the retrievals are extended irgdrtiposphere and cloud clearing is performed (Barnet,e2@03;
Susskind et al., 2003; Cho and Staelin, 2006). Severalrla@énonlinear operations on the infrared and microwavemnlia
are required for the cloud clearing algorithm. The alganitherforms on blocks of 33 AIRS footprints. The clearest field of
view in the 3x3 block is selected, and a single cloud-cleared infraredtsp@ for the block is computed (Cho and Staelin,
2006). Validation of AIRS operational retrievals for thegpsphere provide an accuracy which is nearby the antedpstiso-
lute accuracy of 1 K root mean square over a 1 km layer (Fetzdr,2003; Divakarla et al., 2006; Tobin et al., 2006). Atroo
mean square deviation of 1.2 and 1.7 K is found in the tropespand lower stratosphere, respectively, by comparingsAIR
with radiosondes (Divakarla et al., 2006).

A high-resolution retrieval scheme for stratospheric temafures based on AIRS radiance measurements was devélpped
Hoffmann and Alexander (2009). This retrieval scheme ptesia temperature profile for each individual footprintreer
sponding in a horizontal sampling thatds< 3 times better than the operational retrieval data provideMASA. While the
operational retrievals are tightly constrained in thetesphere, the high-resolution retrieval configuratioresfan optimal
opportunity for gravity wave analyses, because spatialuésn and retrieval noise are balanced in the results bypdimized
retrieval configuration. The altitude range of the retriésdrom 10 to 70 km with a 3 km sampling below 60 km altitude and
5km above. In the stratosphere the high-resolution regttiess a vertical sampling which is the same as the AIRS dpeedt
retrieval grid. Based on the assumption of hydrostaticldaitim and using a given reference pressure from the AIRSap
tional retrieval at 30 km altitude, the pressure profile isgiated, whereas the temperature profile is retrievechérattitude
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range between 20 and 60 km the noise of the high-resolutiaeval is about 1.4 to 2.1 K and the total retrieval errorjeith
includes several systematic errors, is 1.6 to 3.0K. In thiside range the retrieval achieves the most reliableltgsuhich is
indicated by the retrieval diagnostics. There are aboutdeegBees of freedom for signal in the retrieved profiles. Tértical
resolution varies between 7 km at 20 km altitude and aboutri&t60 km altitude.

The retrieval setup of the AIRS high-resolution retrievitidiguishes between day- and nighttime conditions. Trediclu
Rapid Spectral Simulation Code (JURASSIC) model (Hoffmand Alexander, 2009) is used for radiative transfer calcula
tions. This model assumes local thermodynamic equilibifuft), which restricts the study of daytime measurementb¢o
15um channels. The 4,3m channels are at daytime affected by non-LTE effects duelar excitation of CQ molecules
(de Souza-Machado et al., 2007; Strow et al., 2006). Non-&ffécts are not noticed in nighttime measurements of AIRS.
Therefore the nighttime retrieval uses both wavebands.draetrieval noise and better vertical resolution of thehttigne
retrievals compared to the daytime retrievals is the camsece. The data in this study were split in day- and nighttilee
pending on the solar zenith angle and only the nighttime dat® used. The retrievals consider values larger thafi 468
nighttime data. Note that especially throughout polar sema high latitudes this restriction leads to data gaps.

The High Resolution Dynamics Limb Sounder (HIRDLS) is a 2amel infrared limb scanning radiometer aboard NASA's
Aura satellite (Gille et al., 2003, 2008), which is part o th-Train constellation of NASA satellites, too. Therefdi®RS and
HIRDLS cross the same geographic locations within a few teswAura was launched on 15 July 2004 in a sun-synchronous
polar orbit. Aura has an inclination of 9&t a flight altitude of 705 km. During launch HIRDLS was danméged it was not
possible to scan in azimuth, which would have given 3D cdjpiglsi(Gille et al., 2003). Instead, the line of sight of HDRS is
fixed to an azimuth of -47with respect to the orbit plane resulting in a latitudinateage of about 63 to 80N. In order to
resolve the issues that were caused by this damage, exdexsaénsive corrections to the processing algorithms hese per-
formed (Gille et al., 2008, 2011). Along-track distancesna®n subsequent altitude profiles are down to only 100 kraumec
the line of sight of HIRDLS is fixed. This remarkably fine aletrygck sampling offers a great opportunity for the analypsis
gravity waves. Measurements of thermal emissions with 1 &rtical resolution are made in 4 channels on the long-wale si
of the 15um bands, from which the temperature is retrieved as a fumdfgressure (Khosravi et al., 2009a, b). The frac-
tional cover-up of HIRDLS field of view induces perturbatsoof the measured atmospheric limb radiances, which have bee
eliminated (Gille et al., 2008). Temperature retrievaks arovided for January 2005 to March 2008. HIRDLS measuresin
altitude range between the tropopause region and the upsersphere on a pressure grid with 121 levels. The vertiddldfe
view of the instrument is 1 km which is achieved as verticabtaetion between 13 and 60 km from the measured temperature
altitude profiles (Gille et al., 2008). Our analysis usedeeal products obtained with processing software ver6iddlRDLS
temperature retrievals are carefully validated. Compassetween HIRDLS and SABER and HIRDLS and ECMWF temper-
atures indicate that HIRDLS has a warm bias at the tropioglapause. In the stratosphere HIRDLS temperatures ar@with
1K of ECMWF temperatures, within 1-2 K of Microwave Limb Salen temperatures, and within 2 K of lidar temperatures
(Gille et al., 2011).
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2.2 Removal of background signals to extract gravity wave iformation

This paper partly focuses on statistical comparisons optrature variances related to stratospheric gravity wetrgty. The
total variance €2 ,) of the satellite temperature measurements typically istsef three components: the variance of gravity

nm’,se)'

waves ¢2,,), of background signals-£,), and of noise

2 _ 2 2 2
Otot = Ugw + Ubg + Onoise (1)

To eliminate the background signals from the temperaturassm@ments and to receive gravity wave signals a detrending
procedure is necessary. Latitudinal large-scale temperafradients and planetary wave activity are linked with tiack-
ground signals. For AIRS a local detrending method is appliereas a global detrending method has been used for
HIRDLS. Both methods are standard methods that have beémipptl for each instrument. The removal of background
signals in AIRS temperature measurements follows the aigilng method described by Wu (2004), Eckermann et al. (2006)
and Alexander and Teitelbaum (2007). A fourth-order polyial fit in the across-track direction is used in this method f
defining the background. Perturbations are calculated byracting the polynomial fit from the raw brightness tempem
data. Here we transferred the method to temperature ralsiend applied the fit independently for each altitude. Nloss

this procedure tends to suppress wave fronts which arel@at@lthe across-track direction, but only if the wave paitse
cover most of the AIRS measurement track. Small-scale wattenms of gravity waves with short along-track wavelesgth
are typically not affected. This effect can possibly be tlif the background is smoothed along-track. Howeveheércase

of extreme latitudinal gradients in the temperature fieddg,, at the polar vortex edge, other problems can be intextiby
smoothing. Therefore along-track smoothing was not camsiihere.

The background removal applied to HIRDLS temperatures cm@p several steps. For a fixed latitude and altitude, tkee da
set is subdivided into overlapping time windows of 31 daygytl. For these 31-day time windows, the zonal mean tempera-
ture and trend are removed, and 2D spectra in longitude areldre estimated. By back-transformation of these speatra f
the spectral components exceeding an amplitude thresthed,ontribution of planetary waves with zonal wavenumlogrs

to 6 and periods as short as about 1.4 days is calculateddqrttise location and time of each HIRDLS observation, and
subtracted. Further, the altitude profiles are verticaltgréd in order to remove oscillations with vertical wavejéhs longer
than about 25 km. The whole procedure is described in mowsldetErn et al. (2011). At the end of the procedure quasi-
stationary zonal wavenumbers 0—4 are subtracted to rerhevsignificant tidal modes. Thereby ascending and desogndin
orbits are distinguished (Ern et al., 2013). The final adiyrofiles of temperature fluctuations thus obtained acedrdack

to mesoscale gravity waves.

It is difficult and always some kind of trade-off to distinghiin observations between planetary waves and gravity svave
Therefore for both AIRS and HIRDLS a minor contribution oéthackground variances is caused by gravity waves, depend-
ing on the method of background removal. For AIRS, the bamligd may contain minor contributions of gravity waves with
long horizontal wavelength, while for HIRDLS the backgrouwrill contain minor contributions due to gravity waves witimg
vertical wavelengths. Still, at most latitudes the backgbvariances will be dominated by global-scale waves. Eimmces

are calculated from the fluctuations relative to a zonalayefor a fixed altitude and latitude).5°. Figure 1 shows latitudinal
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time series of the AIRS and HIRDLS background variancesdpttie measurement period between 2005 and 2008 at 42 km
altitude. The overall structure of the background sigrmalsdath data sets is rather similar. An annual cycle at higtuldgs is
detected which has its maxima during wintertime and its manduring summertime. The maximum in both data sets is up to
270 K2 around 50 to 60° N/S. The activity of planetary waves is weaker in the sout@misphere winter and in the southern
hemisphere the polar vortex is more invariant in contragtiéaorthern hemisphere (e.g., Day et al., 2011). This iessnted

by the background variances, which are larger in northemmigghere winter than in southern hemisphere winter.

2.3 Estimation of retrieval noise

Temperature variances are notably affected by noise if fiong spans or large areas are analyzed. Therefore it is foeial

to carefully characterize retrieval noise. For AIRS theseavas estimated directly from the measurements using ttieochef
Immerkaer (1996), following the approach of Hoffmann et 20X4). Immerkaer (1996) presented a generic technique fse no
estimation developed for image analysis. Individual nestimates are obtained for each AIRS granule and eachdatifthe
temperature data are convolved with a3pixel filter mask which eliminates image structures. Thearece of the filtered
data is calculated which gives an approximation of the ndikee that it is possible to misinterpret plane waves withyve
short horizontal wavelengths as noise with the method of éniaer (1996), because thin lines are eventually recogriged
noise. However, based on inspection of the data we conclindécthis issue does not affect our analysis.

Figure 2 shows global mean noise estimates for the tempenateasurements of AIRS and HIRDLS on individual days. The
noise estimate for AIRS is about 1.0K at 24 km altitude anddases to 2.2 K at 55 km altitude. Seasonal differences of 10 %
are found, with lowest values in January and highest valudsli. Noise profiles for April and October are similar ancdted

in between. These direct noise estimates from the temperdaia agree well with the estimated retrieval noise, wisiebout

1.4 to 2.1K in the altitude range between 20 and 60 km (Hofimerd Alexander, 2009). Gravity wave variances of AIRS
are corrected by subtracting the squared noise estimatetfre temperature variances. For HIRDLS both a measured and a
predicted precision are provided. The predicted precis@mmesponds to the expected uncertainty of the retrievaded on
uncertainty of the input parameters. This includes thearach noise, but also other parameters, e.g., forward moaeke
(Khosravi et al., 2009a, b; Gille et al., 2011). The theaaty estimated temperature precision of HIRDLS has no@eals
variability and is about 0.6 to 1.7 K, increasing with alticu(see Fig. 2). Comparing the noise estimate of HIRDLS amiSAl

the values of HIRDLS are quite low and therefore noise is potected for in our HIRDLS analysis.

2.4 Sensitivity functions of AIRS and HIRDLS

Each type of current satellite instruments can detect ongrein part of the full vertical and horizontal wave num$gectrum
of gravity waves, which is determined by its observatiortdif{ Alexander, 1998; Preusse et al., 2008; Alexander.e2@10;
Trinh et al., 2015). For AIRS the sensitivity to vertical amarizontal wavelengths was determined using an approaulasi
to Hoffmann et al. (2014). In the vertical direction, termgttere profiles representing wave perturbations have besrobed
with the averaging kernel functions of the retrieval to taki® account the smoothing effects. In the horizontal dioeg
the polynomial fit detrending method has been applied to Isited wave perturbations in across-track direction in ptde
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quantify the potential filtering of large-scale featuresbbth cases, the sensitivity to the given wavelengths wasméed by
calculating the ratio of the variances of the filtered andltanéd perturbation data. Here we varied the wave phasesative
possible values when we calculated the variances.

The sensitivity function of the current generation of linduaders is really two dimensional and the sensitivity forizantal
and vertical wavelengths can not be estimated indeperyd@ihie calculation of the HIRDLS sensitivity function folle the
approach of Preusse et al. (2002) and Trinh et al. (2015), adtitional vertical filtering being applied. This addita filter-

ing was added because in the analysis by Ern et al. (201 1ifgveave amplitudes are determined in sliding windows of &0 k
vertical extent. Amplitudes with vertical wavelengthsden than 25 km can not be reliably determined from those wirsdo
and therefore only vertical wavelengths up to 25 km are uselde vertical analysis of altitude profiles. This verticadfysis

is a two-step approach utilizing the maximum entropy metlooddentifying the dominant vertical oscillations, folled by

a harmonic analysis (MEM/HA). For more details see Preusak £002). As second aspect the vertical filtering willthar
reduce contamination by planetary waves in the polar voitarse waves usually have long vertical wavelengths ofratou
40km and longer.

Figure 3 illustrates the sensitivity functions for AIRS adtRDLS for gravity wave temperature variances. Only wavés w
horizontal wavelength longer than 20 km can propagate frentroposphere into the stratosphere (Preusse et al.,,2068)-
fore the horizontal wavelength in the plots are cut below 20 Khe sensitivity of AIRS exceeds the 20% level for vertical
wavelengths longer than 15 km and horizontal wavelengtbgehthan 1280 km. Highest sensitivity is found for longtiead
and short horizontal wavelengths, as expected for a nadirdsr. In contrast, the observational filter of HIRDLS shakes
typical picture for limb sounders with high sensitivity fehort vertical and long horizontal wavelengths. The 20%lled
sensitivity is exceeded for vertical wavelengths longantd km and shorter than 39 km and for horizontal wavelengtingdr
than 140 km. The horizontal wavelengths considered in tHRCHIS sensitivity function are the wavelengths along the-in
of-sight of the satellite. The true wavelength is usuallgrsér than this projection. Therefore limb sounders caeaegravity
waves with even shorter horizontal wavelength than sugdést the sensitivity function. Assuming that horizontaleaec-
tors of observed gravity waves are randomly distributed,aberage horizontal wavenumber would be underestimated by
factor of /2, giving a rough measure of how much shorter observed truedmial wavelengths could be on average. Similar
values for HIRDLS are found by Wright et al. (2015).

Supposing the same relative potential temperature ardpbtfior two waves with different values of horizontal andticet
wavelengths, waves with short horizontal and long vertieabelength can potentially carry more gravity wave momentu
flux. We calculated a momentum flux factdf (ky,m), which gives a rough estimate how much waves of differenizioatal
and vertical wavenumbefs, andm could possibly contribute to momentum flux,

AN\ 2
Fypo = M (kym) % (%) , @

for a given normalized wave amplitud%yT. Following Ern et al. (2004), the momentum flux factor is cédted according to

_ 1 rgN\?ka
M (ko) = 5p (%) ~-AB, 3)
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(& G

B ‘(é)/é)z /(2/1)’]. (5)

with densityp, gravity acceleration, buoyancy frequency, intrinsic frequencyv, scale heigh#/, sound speed;, Coriolis

parameterf, and potential temperatu@. The black contour lines shown in both panels of Fig. 3 indidhe normalized
momentum flux factor)’ (kj,,m) = M (kp,m)/Mq., Which is normalized by the maximum valdé,, . that occurs in the
horizontal and vertical wavelengths range shown. The nlirethmomentum flux factor can attain values between neadO an
1. Of course the normalized momentum flux factor is just aisgdhctor that does not provide information about the redat
occurrence rate of waves with given horizontal and verticalelengths in the atmosphere. Here we give an example of the
importance of the momentum flux factor in interpreting th&R8land HIRDLS gravity wave observations. Assuming that
HIRDLS observes a gravity wave with 600 km horizontal wanglh and 6 km vertical wavelength (which is well within its
sensitivity range), the corresponding normalized monrerftux factor is 0.02. Further, assuming that AIRS observeseity
wave with 200 km horizontal wavelength and 30 km vertical @emgth, the corresponding normalized momentum flux factor
is 0.26. The gravity wave observed by AIRS would contributacior 10 more momentum flux than HIRDLS, if both had the
same amplitude.

3 Comparison of AIRS and HIRDLS gravity wave observations
3.1 Case studies of individual wave events

Following Hoffmann and Alexander (2009), in this sectiodiindual gravity wave events in the AIRS data are comparet wi
HIRDLS observations at the same location and at a similag.tibverpass times of the same geographic locations are R Al
and HIRDLS within minutes, because both are members of tiieafn constellation of NASA satellites. However, based on
their different viewing geometries, AIRS as nadir soundstt &IRDLS as limb sounder with fixed azimuth angle of 247
the times where AIRS and HIRDLS see the same geographiddosadiffer by about 100 min. The gravity wave patterns
can change substantially on timescales of 100 min, in pdatidn case of gravity waves from non-orographic sourceh wi
high frequencies and fast group velocities. Variationdim phase structure of mountain waves are more likely inraimaa
100 min interval in contrast to waves from other sourcesabee they are stationary relative to the ground. Mountairewa
are therefore best suited for a direct comparison of AIRSHIRDLS data. Additionally to the effect due to the local time
differences between the two datasets a second effect dne tmhsidered data has to be taken into account. For AIRStoaly
descending node is considered (only nighttime data), WbilélIRDLS both ascending and descending nodes are coesider
(daytime data and nighttime data are averaged). This mag $mwie effect in the tropics where a diurnal cycle in the gyavi
wave sources is expected, but should not have much effelseipdlar vortex region during wintertime. We analyzed salver
gravity wave events from different sources, which are olesttby both AIRS and HIRDLS. Figures 4 and 6 show temperature
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perturbation maps of the AIRS operational retrieval andAHRS high-resolution retrieval, as well as HIRDLS measueem
locations at 30 and 42 km altitude. In Figs. 5 and 7 the comedimg vertical cross-sections of the AIRS operationaleeal,

the AIRS high-resolution retrieval, and HIRDLS are presenihe AIRS measurements have been linearly interpolattebt
HIRDLS track for this comparison.

The first case shows a mountain wave event at Tierra del F&sgah America, on 29 September 2006 (Figs. 4 and 5). This
case was also investigated by Hoffmann and Alexander (2008a different analysis of the HIRDLS data is used in thislgt

The results found by Hoffmann and Alexander (2009) are miyced successfully. The vertical maps and cross-sectfdhe o
temperature perturbations from the AIRS high-resolutarieval and HIRDLS agree well in amplitude and phase stineabf

the mountain wave event. Hoffmann and Alexander (2009patd remaining small differences in the vertical phasgcstire

of the observed waves to the different vertical resolutibbath instruments. Note that the AIRS operational retri@lso
shows this event, but the retrieved wave amplitudes aréfisigntly lower. The vertical resolution of the operationetrieval

is also significantly degraded compared with the high-regmh retrieval above 40-45km. Hoffmann and Alexander @00
attributed this to stronger smoothing constraints in theraponal retrieval.

The second case study shows a non-orographic wave evernthevsouthern Indian Ocean on 8 August 2007 (Figs. 6 and 7),
which was likely initiated by jet or storm sources. Figureh®ws in the upper panel a zonal average of the horizontal wfind
ERA-Interim and in the lower panel the horizontal winds aB B®a (about 10 km) and 13.9 hPa (about 30 km). In the zonal
average of the horizontal wind the jets at the upper tropeplower stratosphere and in the polar stratosphere aadycle
seen. The maps at 243 hPa and 13.9 hPa show the polar franbjethe exit region of the jets, where gravity wave generati

is common, is located at the position of the wave event. Ei@shows 8.Lm brightness temperature measurements of AIRS,
which cover a spectral window region and are sensitive téasaror cloud emissions. Low brightness temperatures aelic
the presence of high clouds associated with a storm systeheistudy area, which could also be a source for the gravity
wave event. The temperature perturbation maps show thadfRBLS track is at the edge and catches mostly the western
part of the wave event. Nevertheless, the vertical crosseses of the AIRS high-resolution and HIRDLS retrieval®sha
similar structure, with larger amplitudes in HIRDLS andyklily larger vertical wavelengths in AIRS. The coarser icait
resolution of AIRS is obvious in the vertical cross-sect@on results in an attenuation of the amplitudes and coaestdcal
structures compared to HIRDLS. This effect increases wittude, which can be attributed to decreasing verticabigion

of the AIRS retrieval with height. The observed phase shifbhaltitude is expected, because of the time difference/den
AIRS and HIRDLS measurements of 100 min and the non-oroggajolurce of the gravity waves. A comparison between the
AIRS operational and high-resolution retrieval shows aesewattenuation of the amplitude of the wave event and theseoa
horizontal resolution of the operational data. These cagkes illustrate that despite the rather different sansitfunctions
AIRS and HIRDLS are capable of observing gravity waves froemdame sources in individual events.

3.2 Time series of gravity wave variances

This section focuses on time series of gravity wave variai@dRS and HIRDLS at about 30 km and 42 km altitude during
January 2005 to March 2008. The temporal development aitublatal structure of the gravity wave variance at 30 km igvgh
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in Fig. 10 and at 42km in Fig. 11. A detailed picture for foulested latitudes at 42 km is given by Fig. 12. Additionaliyaill
figures the zonal mean wind of ERA-Interim at the chosenrualétis shown. Latitudes 4M and 47S in Fig. 12 are chosen,
because they are the maximum and minimum latitudes, whizgk@npletely covered by AIRS measurements. We found that
the seasonal cycle is captured very well in the AIRS and HIBRIata sets and the structure is rather similar. Apart from
the wintertime maxima in the polar regions, gravity waveaace between 5@ and 50N is usually between 0.1 and 0.5K
(30km) and 0.5 and 2¥K(42 km) for AIRS high-resolution retrieval and between 1 @i (30km) and 2 and 5K (42 km)

for HIRDLS. In the subtropics a weaker annual cycle with maduring summertime and minima during wintertime is found.
These summertime maxima have been observed before (&g etial., 2004b; Ern and Preusse, 2012; Hoffmann et al.,)2014
and they have been attributed to stronger activity of deepexctive sources during summer (e.g. Choi et al., 2012fiTetral.,
2016). Additionally, a major effect is the modulation of veaamplitudes by the background winds. We found an annual
cycle at high latitudes, which has its maxima during winieet and its minima during summertime. The highest values are
found at the polar vortex in the southern hemisphere withieslup to 9 R for AIRS high-resolution retrieval and up to
29 K? for HIRDLS. Between December 2006 and February 2007 a depdddied maximum at 44 is seen in AIRS high-
resolution retrieval and HIRDLS. The second peak in botladats could be related to a strong warming in the beginning
of January 2007 (Rdsevall et al., 2007). The enlarged pe#keitHIRDLS data is mainly caused by short vertical and long
horizontal wavelength waves that are not visible for AIRBisTbecomes clear if Fig. 12 is compared to Fig. 13. The HIRDLS
data which are filtered with the AIRS sensitivity functiorosha strongly reduced second peak which is more similar to the
AIRS time series. AIRS high-resolution retrievals detdaealouble-peaked maximum between December 2005 and Fgbruar
2006 at 44N, which is not seen in HIRDLS at this latitude but somewhattfer north. The same behaviour was found by
Wright et al. (2010) in zonal mean momentum flux measuren@&dRDLS. In January 2006 a major sudden stratospheric
warming (SSW) occurred and the double peak structure ilylietated to the SSW. In the high-resolution retrieval oRA it
could be seen, with a small delay, that the gravity wave #ygtis strengthening after the SSW when the zonal wind ireesa
again. For an overview of gravity wave activity in the north@emisphere polar region during recent winters see Erh et a
(2016). Hoffmann et al. (2016) discussed gravity wave @gtiocated at southern hemisphere orographic hotspotsteaid
correlation with background winds in more detail.

Comparing zonal winds at 2.5 hPa (about 42 km) and stratosravity wave variances a strong correlation can be fdond
both AIRS and HIRDLS. The largest gravity wave variancesuo@t mid- to high-latitude regions where stratosphericalon
mean winds are- 25 ms! or greater. At 44N and 47S the maxima during wintertime correspond with strong wésimnal
winds, up to 110mts! at 47S. At 20°N and 20S maxima during summertime match well with strong eastestyat winds.

It is often observed that gravity wave activity is amplifiedthe presence of strong background winds (e.g., Wu and ®yater
19964, b; Jiang and Wu, 2001; Wang and Geller, 2003). If tles@lspeeds of gravity waves are opposite to the background
wind their saturation amplitudes are enlarged. An adddia@ifect is that the vertical wavelength of these gravitywegis
Doppler-shifted towards longer vertical wavelengths,chitare better visible in particular for AIRS. A more detaitBsicussion

of this effect can be found, for example, in Ern et al. (201%) &loffmann et al. (2016). This also means that long vertical
wavelength gravity waves are preferentially found in regiof strong background winds. This is the likely reason why i
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Fig. 11 the patterns of AIRS gravity wave variances matchdik&ibution of the background winds somewhat better tien t
HIRDLS variances.

The values of the operational retrieval are a factor of tweeloif they are compared to the AIRS high-resolution retilet
44°N no double peak related to the SSW is seen in AIRS operatretr@val values between December 2005 and February
2006 and December 2006 and February 2007. AN2&nd 20'S gravity wave variances during wintertime are not incregsi
which is seen in both the AIRS high-resolution retrieval antthe HIRDLS data. Obviously, the AIRS high-resolutiorrietal

is more suitable for the analysis of gravity waves than thiR@\bperational retrieval due to the better horizontal rggwh and
improved vertical resolution.

3.3 Influence of sensitivity functions on gravity wave variaces

As we conducted a full spectral analysis of the HIRDLS dataave able to apply the AIRS sensitivity functions to the HLIFD
data in order to estimate the fraction of variances thattigadly observed by both instruments. For this procedurébatal

and vertical wavelengths of the gravity waves are requiFeain the HIRDLS measurement track consecutive altitudéleso
which observe the same gravity wave, are used to determirnzontal wavelengths. This approach has been used before to
estimate gravity wave momentum fluxes from satellite datp,(Ern et al., 2004). The average sampling distance betthese
consecutive altitude profiles is 90 km, and the profiles asenked within only about 15 sec. Therefore often the samétgra
wave should be observed in consecutive profiles, and duetshibrt sampling times the wave field should not change due to
the oscillation frequency of the wave. The horizontal stite of the wave is responsible for phase differences. Nlegkss,

to ensure that in successive profiles the same gravity wdeeked at, only waves with the vertical wavelengths difiigrby

no more than 40% in the two profiles of a pair are selected. Tamtidon of selected pairs with respect to the total number
of possible pairs is thereby reduced to about 60—-70% at lotudies, and to about 50-60 % at high latitudes. Gravity wave
variances due to the strongest gravity wave components ginglle profiles without pair selection and of the selectat9
are almost exactly the same. Therefore the selected paioasidered to be representative for the global distobubif all
gravity waves. However, there will always be an anglbetween the horizontal wave vector of the gravity wakesy and

the sampling track of the satellite. The observed horizom&enumbek,s Will therefore underestimatieqgw by a factor
cos(ar), and the horizontal wavelength will be overestimated byctofal /cos(«).

Figure 13 illustrates the influence of the observationatffitif AIRS to the HIRDLS gravity wave variances by showing
HIRDLS gravity wave variances with and without the AIRS alys¢ional filter being applied. Additionally, gravity wave
variances of the AIRS high-resolution retrieval are shdilotted are time series of the gravity wave variance at 42lkinde

for the same latitudes as in Sect. 3.2 from HIRDLS, HIRDLSWWMEM/HA, AIRS high-resolution retrieval and HIRDLS
filtered with AIRS sensitivity function. Note that for a bettidentification the results from HIRDLS filtered data setrav
scaled by a factor of 5. The HIRDLS gravity wave variancegsgicantly reduced after the AIRS observational filter iplégd.
HIRDLS filtered with AIRS sensitivity function reproduceistae maximum 8 % at 45 and at the minimum 3 % at 28 of

the HIRDLS gravity wave variance. Values of HIRDLS includithe AIRS observational filter are considerably lower than
values directly from the AIRS high-resolution retrievahi§ confirms that there is only small spectral overlap of theBLS
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and AIRS sensitivity functions and points to an under-repn¢ation of small horizontal-scale waves in HIRDLS datapared

with AIRS. Still, relative variations are very similar anoise structures seen in AIRS became visible in HIRDLS graviye
variances after including AIRS observational filter. At°Aéthe filtered HIRDLS gravity wave variances show the double
peak structure between December 2005 and February 2006 vehiot seen in unfiltered data. The gravity wave activity is
strengthening after the SSW when the zonal wind increasas agboth filtered HIRDLS gravity wave variances. This isal
seen in AIRS, but somewhat delayed. Between December 2aD5etruary 2006 and December 2006 and February 2007
the filtered HIRDLS gravity wave variances are more gragudgicreasing with time at 28 after the peak value than in the
unfiltered HIRDLS gravity wave variances. This behaviourasy similar as in the AIRS gravity wave variances. The asialy
confirms that AIRS and HIRDLS gravity wave measurements @odmnsidered complementary to each other, because they
observe different sections of the gravity wave spectrune rEhative variations in all time series are similar, whiolicates
that these variations are induced by similar physical gses (e.g., wind effects and source mechanisms). Theliefoight

be possible to transfer directional information obtain@d4IRS to HIRDLS observations.

4 Summary and conclusions

In this study we compared temperature variances of AIRS dR@®HS to evaluate the relationship of their stratospheravdy
wave observations. Our analyses are performed on the HIRIpegational retrievals, AIRS operational retrievals, arted-
icated AIRS high-resolution data set. AIRS (nadir) and HIEJlimb) have different measurement geometries and tbezef
they have opposite sensitivities to horizontal and velrtigavelengths, which is shown by their sensitivity funcgorlowever,

a comparison of individual orographic and non-orographaviy wave events showed that stratospheric wave strestof
AIRS and HIRDLS agree very well, which is consistent withlieawork of Hoffmann and Alexander (2009). With respect
to the AIRS high-resolution retrievals, the case studiesalestrate that AIRS and HIRDLS agree generally well in atagg
and phase structure for a mountain wave event and a nonagroigrvave event. AIRS has coarser vertical resolution¢clvhi
results in an attenuation of the amplitude and coarsercadgiructures compared to HIRDLS, which is much more eittan
the AIRS operational retrieval. However, AIRS has a mucthiighorizontal resolution and the propagation directiothef
wave can be clearly identified in geographical maps of theevessents. The horizontal orientation of the phase frontsbean
deduced from AIRS 3D temperature fields. This is a restigdi@etor for gravity wave analyses of current limb measunetisie

A comparison of time series of gravity wave variances of AR HIRDLS revealed that HIRDLS gravity wave variances
show an offset due to regular background activity of grami@yves and are typically about a factor of 3-5 larger than 1&3
This is attributed to the different measurement geomesiesthe limitation to long vertical wavelengths for AIRS iarpc-
ular. We calculated a momentum flux factor, which gives a hoegtimate how much waves of given horizontal and vertical
wavelengths and amplitude contribute to momentum flux,gf/texist in the real atmosphere. It indicates that the wavis w
short horizontal and long vertical wavelengths seen by AtRBtribute significantly to momentum flux, even if the AIRS
temperature variance may be small compared to HIRDLS. De#s systematic difference, the seasonal and latitlidisa
tributions of stratospheric gravity wave activity foundiath data sets are rather similar. Overall, these variatoa related to
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the well-known seasonal patterns of gravity wave activiiyhwummertime maxima in the subtropics, and wintertime imax

at high latitudes (e.g., Ern et al., 2011, 2013; Hoffmanrl.e2813, 2014). Several sources of gravity waves can pethase
maxima. The summertime maxima in the subtropics occur,usecaf the stronger activity of deep convective sourcesduri
summer. Gravity wave variances show great enhancemeneiwititer hemisphere over mid and high latitudes where the
polar night jet is strongest (Plougonven and Zhang, 201d)dare to strong mountain wave activity (Jiang et al., 200%ag
seasonal distribution of stratospheric gravity wave @gtifiound in this study agrees well with other satellite citologies
based on limb measurements (e.g., Preusse et al., 200@ayravity wave variances agree qualitatively well with th&RkS
climatology of Gong et al. (2012), which is based ornub3 radiance measurements and of Hoffmann et al. (2013), which
based on 4.3m brightness temperature variances.

Wright et al. (2011) compared HIRDLS, COSMIC, and SABER dgtas of stratospheric gravity waves during the years
2006—-2007 and concluded that, when allowing for their dififie vertical resolution capabilities, the three instraiseepro-
duce each others results for magnitude and vertical scgbemdirbations to within their resolution limits in approxately
50 % of the cases. In a second study Wright et al. (2016a) tigeted, whether the dissimilar results of many gravity iav
studies are primarily of instrumental or methodologicéior. Their analysis is located around the southern AndelsCmake
Passage with different gravity wave resolving instrumemnteir results show important similarities and differesiceimb
sounder measurements show high intercorrelation betwsemstrument pair. AIRS and radiosonde observations termbt
uncorrelated or anticorrelated with the other data setggesting very different behaviour of the wave field in thatiént
spectral regimes accessed by each instrument. Evidencawef dissipation is seen and varies strongly with seasonsA fir
combination of a nadir instrument (AIRS) and a limb instrim@ILS) observations was done by Wright et al. (2016b), who
analysed the wave momentum flux and the full 3D direction oppgation for a mountain wave case study over the Andes. In
contrast to these three studies, we focus on a global gtatisbmparison of a nadir instrument (AIRS) and a limb instent
(HIRDLS) over a measurement period of three years. The @dsao$ AIRS and HIRDLS are found to be complementary to
each other. AIRS primarily observes only the short horiababd long vertical wavelength waves and HIRDLS primarlly o
serves only the long horizontal and short vertical wavellemgves. To address the differences between the AIRS anDEBR
distribution to the different sensitivity functions a sila@pproach of filtering HIRDLS data with the AIRS sensitnitinction
was conducted. Still, relative variations are very siméad some structures seen in AIRS became visible in HIRDLS@tgra
wave variances after including the AIRS sensitivity fuonti Of course, not all differences can be explained by tmgpk
approach, but it might be possible to transfer directionfdrimation obtained for AIRS to HIRDLS observations for €as
studies.

In summary, despite the different sensitivity functionR& and HIRDLS are capable of observing gravity waves from the
same sources in individual events, and their relativeibigiions of gravity wave variances agree well. The analgsigirms
that AIRS and HIRDLS observe largely different sectionsha gjravity wave spectrum, but they complement each other and
thereby larger parts of the gravity wave spectrum can berebdeCombining the observations would be a great chance for
gravity wave research in the future.
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Figure 1. Time series of monthly mean temperature background veegfar measurements between 2005 and 2008 at 42 km altitope. T
AIRS high-resolution retrieval. Bottom: HIRDLS operatametrieval. Data gaps in AIRS data (white areas) are relat¢he restriction to

nighttime measurements.
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Figure 2. Estimated global mean noise profiles for AIRS (top) and HIZhottom).
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Figure 3. AIRS (top) and HIRDLS (bottom) observational filters indiedhe sensitivity of temperature variances to gravity vsawéh

different horizontal and vertical wavelengths. The bldok$ show a momentum flux factor (see text for details).
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Figure 4. Temperature perturbations from AIRS retrievals on 29 Sept 2006 about 3 UTC at 30km (left) and 42 km (right) for a
mountain wave event near Tierra del Fuego. Top: AIRS opsratiretrieval. Bottom: AIRS high-resolution retrievalaBk circles indicate
the locations of HIRDLS profiles.
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Figure 5. Vertical cross-sections of temperature perturbations®8&ptember 2006 about 3 UTC for a mountain wave event defiged

the AIRS operational retrieval (top), the AIRS high-resan retrieval (middle), and HIRDLS (bottom).
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Figure 6. Same as Fig. 4, but for a non-orographic gravity wave evesit the southern Indian Ocean on 8 August 2007, about 17 UTC.
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Figure 7. Same as Fig. 5, but for a non-orographic gravity wave eveett the southern Indian Ocean on 8 August 2007, about 17 UTC.
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Figure 8. Top: Zonal average of horizontal wind of ERA-Interim for anrorographic gravity wave event over the southern Indiaeadc
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Figure 9. 8.1um brightness temperature measurements of AIRS for a nagraypbic gravity wave event over the southern Indian Ocean on

8 August 2007. Low brightness temperatures indicate theepiee of high clouds associated with a storm system in tlly stiea.
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Figure 10. Time series of monthly temperature variances due to gravétyes between 2005 and 2008 at 30 km altitude. Top: AIRS op-
erational retrieval. Middle: AIRS high-resolution retré. Bottom: HIRDLS. Contour lines indicate zonal mean wfram ERA-Interim.
Please note the different color bar ranges.
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Figure 11. Same as Fig. 10 but for 42 km.
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Figure 12. Time series of monthly mean gravity wave variances for measants between 2005 and 2008 at 42 km altitude and different
latitudes (see plot titles). Orange dash-dotted lines:RdRerational retrieval. Red dashed lines: AIRS high-reggmi retrieval. Blue lines:
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