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Abstract. We investigate stratospheric gravity wave observationth®ytmospheric InfraRed Sounder (AIRS) aboard NASA's
Aqua satellite and the High Resolution Dynamics Limb Sour{fet#RDLS) aboard NASAs Aura satellite. AIRS operational
temperature retrievals are typically not used for studfegravity waves, because their horizontal resolution ibeatimited.

This study uses data of a high-resolution retrieval whidvigtes stratospheric temperature profiles for each indalidatellite
footprint. Therefore the horizontal sampling of the higiselution retrieval is nine times better than that of therapenal re-
trieval. HIRDLS provides 2D spectral information of obsedgravity waves in terms of along-track and vertical waveths.
AIRS as a nadir sounder is more sensitive to short horizevaaélength gravity waves and HIRDLS as a limb sounder is more
sensitive to short vertical wavelength gravity waves. Efenie HIRDLS is ideally suited to complement AIRS obseivasi.

A calculated momentum flux factor indicates that the waves $ AIRS contribute significantly to momentum flux, even if
the AIRS temperature variance may be small compared to H&RDOlhe stratospheric wave structures observed by AIRS and
HIRDLS agree often very well. Case studies of a mountain vesxemt and a non-orographic wave event demonstrate that the
observed phase structures of AIRS and HIRDLS are conforiRSAlas a coarser vertical resolution, which results in @matt
uation of the amplitude and coarser vertical wavelengthgpared to HIRDLS. However, AIRS has a much higher horizontal
resolution and the propagation direction of the waves carldzly identified in geographical maps. The horizontaotation

of the phase fronts can be deduced from AIRS 3D temperatuds fi€his is a restricting factor for gravity wave analysés o
limb measurements. Additionally, temperature variancés respect to stratospheric gravity wave activity are caregd on a
statistical basis. The complete HIRDLS measurement pérayd January 2005 to March 2008 is covered. The seasonal and
latitudinal distributions of gravity wave activity as olrged by AIRS and HIRDLS fit well. A strong annual cycle at micddan
high latitudes is found in time series of gravity wave vacesat 42 km, which has during wintertime its maxima and durin
summertime its minima. During austral wintertime af8ahe variability is largest. Variations in the zonal wind& hPa

are associated with large variability in gravity wave vades. Altogether, gravity wave variances of AIRS and HIRCA:S
conform and complementary to each other. Thereby largs péthe gravity wave spectrum are covered by joint obseymati
This opens up fascinating vistas for future gravity waveagsh.
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1 Introduction

By driving the general circulation, the thermal structurel aniddle atmosphere chemistry are influenced significamgly
atmospheric gravity waves (Lindzen, 1973; Holton, 19883 McLandress, 1998; Fritts and Alexander, 2003; Eyringl et
2007). The generation and propagation of gravity wavesnggpen the sources and atmospheric conditions. Gravity s\aee
primarily generated due to orography, like mountain wa®msith, 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$855;
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 systemgs(Brid Nastrom, 1992; Wu and Zhang, 2004; Plougonven et al.,
2003). Most global atmospheric models use gravity waverpaterizations because gravity waves are small-scale jphema
and cannot be resolved or are only poorly resolved in the tso&atellite observations are well suited to validate yav
wave parametrization schemes of general circulation nsotteladdition, characteristics of gravity waves can bestigated
in global studies with satellite observations (Geller et2013).

Fetzer and Gille (1994) were the first to demonstrate thatlgatremote sensors can observe gravity waves. The nuafiber
instruments with sufficient spatial resolution to obsema/gy waves has increased over the last years. An impdrtaitdtion
of satellite observations is that each instrument type adn detect a certain part of the full vertical and horizontelve
number spectrum of gravity waves. Wu et al. (2006), Preusake €£008), and Alexander et al. (2010) give an overview and
comparison of different observation methods and the rafdetectable vertical and horizontal wavelengths. Advgesaand
disadvantages of limb measurements vary in contrast to imediuments. Limb instruments have a good vertical regmiuy
which leads to high sensitivity to short vertical waveldngtaves. However, the sensitivity for short horizontal wengths
is reduced due to the limited horizontal resolution of cotrémb sounders (Preusse et al., 2009b). Furthermore,@esin
measurement track can not be used to identify the horizpntglagation direction of the waves. Nadir instruments plese
only gravity waves with long vertical wavelengths, but tlegihontal resolution is better in contrast to limb instrurtse

For studies of atmospheric gravity waves AIRS radiance oreasents are appropriate. The long-term time series of AIRS
radiance measurements offers the opportunity to studyitgnaave occurrence frequencies and other characteridiiosito-
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 drawiacheir 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 béeratd 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
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of ERA-Interim stratospheric temperatures with good aacyurZonal averages incline to be mostly belew? K. Sato et al.
(2016) used the AIRS high-resolution retrievals to studgriactions of gravity waves with the El Nifio-Southern Qatiibn
(ENSO). Tsuchiya et al. (2016) investigated interactidigravity waves with the Madden-Julian Oscillation (MJO)ngsthe
same data set. Ern et al. (2017) and Wright et al. (2017) egh@D spectral analysis techniques to the AIRS high-reisolut
retrievals and estimate thereby directional gravity wawemantum flux.

By using the limb sounding technique, HIRDLS is sensitiveshort vertical wavelength gravity waves and is therefore
ideally suited to complement AIRS observations. HIRDLSpenature observations have been widely used to study thelglo
distribution of gravity waves. In particular, absolute\gta wave momentum fluxes are derived from information algrat/-
ity wave vertical and horizontal wavelengths (Alexandealgt2008; Wright et al., 2010; Ern et al., 2011). Based ors¢he
momentum fluxes, the intermittency in gravity wave globatributions was studied (e.g., Hertzog et al., 2012; Wragl#l.,
2013), as well as the interaction of gravity waves with thelkgaound circulation (e.g., Ern et al., 2014, 2015). In &ddi
Geller et al. (2013) used HIRDLS data to compare gravity waeenentum fluxes in models and those derived from obser-
vations. The main advantage of HIRDLS is that 2D spectrairimition of observed gravity waves is provided in terms of
along-track and vertical wavelengths. This informatios baen utilized for studying the average spectrum of gravétyes in
different regions (e.g., Lehmann et al., 2012; Ern and Resu&012; Trinh et al., 2016). We will use this informatiomento
comprehensively compare AIRS and HIRDLS gravity wave ole#rns, which is the main aim of our study.

The AIRS and HIRDLS instrument characteristics and theigraxave observations are introduced in Sect. 2. We explan t
detrending method and noise corrections that we used to&stgravity wave variances from AIRS and HIRDLS observetio
Further, nadir and limb observation geometries are condp@garding their sensitivities to gravity horizontal arettical
wavelengths. In Sect. 3 we present case studies of coincddB® and HIRDLS gravity wave observations and comparisons
of time series of gravity wave variances from AIRS and HIRDAL8ing 2005 to 2008. In addition, the influence of the AIRS
observational filter is investigated. In Sect. 4 we will dreanclusions and give an outlook.

2 Data and methods
2.1 AIRS and HIRDLS observations and temperature retrievat

The Agqua satellite is part of NASAs 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 Agqua satellite six instruments are incllided 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 pgrAtal:30 am (descending orbit) and 1:30 pm (ascending
orbit) local time the equator crossing occurs. AIRS hassstoack scanning capabilities. One scan captures 1780dumd
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 the measurement coverage of the AIRS instrument is almost
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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 raatiaih the near and mid infrared and the microwave spectral re-
gions (Aumann et al., 2003; Gautier et al., 2003; Lambrigt®003). Several retrieval algorithms transform the catid
radiances into geophysical quantities (Susskind et ab32Goldberg et al., 2003). The original resolution of th&kAlradi-
ance measurements (Level-1 data) is reduced during thetigreal retrieval (Level-2 data) by a factor 0k3 (along-track
x across-track). Thereby the retrievals are extended irtdrtposphere and cloud clearing is performed (Barnet ,e2@03;
Susskind et al., 2003; Cho and Staelin, 2006). Severalrlig®énonlinear operations on the infrared and microwavemnéla
are required for the cloud clearing algorithm. The algonitherforms 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 antedptiso-
lute accuracy of 1 K root mean square over a 1 km layer (Fetzdr, 003; 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 terapures based on AIRS radiance measurements was developed
by Hoffmann and Alexander (2009). This retrieval schemeidies a temperature profile for each individual footprimt;re-
sponding in a horizontal sampling which3s< 3 times better than the operational retrieval data providedASA. While the
operational retrievals are tightly constrained in thetesphere, the high-resolution retrieval configuratioreffan optimal
opportunity for gravity wave analyses, because spatialuésn and retrieval noise are balanced in the results ypdimized
retrieval configuration. The altitude range of the retriégsdrom 10 to 70 km with a 3 km sampling below 60 km altitude and
5km above. In the stratosphere the high-resolution rettieas a vertical sampling which is like the AIRS operatiae#lieval
grid. Based on the assumption of hydrostatic equilibriuchasing a given reference pressure, the pressure calculdiedeas
the temperature is retrieved. In the altitude range betv8esnd 60 km the noise of the high-resolution retrieval isualdo
to 2.1 K and the total retrieval error, which includes selvgyatematic errors, is 1.6 to 3.0 K. In this altitude rangenétrieval
achieves the most reliable results, which is indicated byrétrieval diagnostics. There are about 5-6 degrees afdrador
signal in the retrieved profiles.

The retrieval setup of the AIRS high-resolution retrievisticiguishes between day- and nighttime conditions. Thediclhu
Rapid Spectral Simulation Code (JURASSIC) model (Hoffmand Alexander, 2009) is used for radiative transfer calcu-
lations. This model assumes local thermodynamic equilibr{LTE), which restricts the study of daytime measurements
to the 15um channels. The 4,8n channels are affected by non-LTE effects due to solar atiwit of CG, molecules
(de Souza-Machado et al., 2007; Strow et al., 2006). Non-&ffécts are not noticed in nighttime measurements of AIRS.
Therefore the retrieval uses both wavebands. Lower retrigvise and better vertical resolution of the nighttimeiegtls
compared to the daytime retrievals is the consequence. atzeinl this study was split in day- and nighttime depending on
the solar zenith angle. The retrievals consider valuegfatgan 108 as nighttime data. Note that especially throughout polar
summer at high latitudes this limitation leads to data gaps.
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The High Resolution Dynamics Limb Sounder (HIRDLS) is a 2arufel infrared limb scanning radiometer aboard NASA's
Aura satellite (Gille et al., 2003, 2008). The A-Train caglisttion of NASA satellites includes Aura, too. TherefordlR& and
HIRDLS cross the same geographic locations within a few teiswAura was launched on 15 July 2004 in a sun-synchronous
polar orbit. Aura has an inclination of 9&t a flight altitude of 705km. The line of sight of HIRDLS is ftkéo an azimuth
of -47° concerning the orbit plane. Therefore a latitudinal cogeraf about 63S to 80N occurs. Along-track distances be-
tween subsequent altitude profiles are down to only 100 knaumerthe line of sight of HIRDLS is fixed. This remarkably
fine along-track sampling offers a great opportunity for dmalysis of gravity waves. Multiple thin spectral chanrefishe
15um CGO; infrared emissions are used to retrieve atmospheric teatyess. The fractional cover-up of HIRDLS field of view
induces perturbations of the measured atmospheric limamads, which have been eliminated (Gille et al., 2008). Jena-
ture retrievals are provided for January 2005 to March 26DBDLS measures in an altitude range between the tropopause
region and the upper mesosphere on a pressure grid with 1@ls.I8etween 13 and 60 km the vertical field of view of the
instrument is 1 km which is achieved as vertical resolutiomfthe measured temperature altitude profiles (Gille e2808).

Our analysis uses retrieval products obtained with pracgs®ftware version 6. HIRDLS temperature retrievals arefully
validated. Comparisons between HIRDLS and SABER and HIRBL& ECMWF temperatures indicate that HIRDLS has
a warm bias at the tropical tropopause. In the stratosphER®HS temperatures are within 1 K of ECMWF temperatures,
within 1-2 K of Microwave Limb Sounder temperatures, andwnit2 K of lidar temperatures (Gille et al., 2011).

2.2 Removal of background signals to extract gravity wave iformation

This paper partly focuses on statistical comparisons optgature variances related to stratospheric gravity watieity.
The total varianced?,,) of the satellite temperature measurements is typicalfygisting of three components: the variance of
gravity waves ¢;,,), of background signals:,), and of noise4?.,;...)-

noise

Tior = Oy + Tog + Trroise (1)
To eliminate the background signals from the temperatur@sorements and to receive gravity wave signals a detrepdaig
cedure is necessary. Latitudinal large-scale tempergtaients and planetary wave activity are linked with thekigaound
signals. The removal of background signals in AIRS tempeeatneasurements follows the detrending method descriped b
Wu (2004), Eckermann et al. (2006), and Alexander and Teiteh (2007). A fourth-order polynomial fit in the acrosska
direction is used in this method for defining the backgrotretturbations are calculated by subtracting the polynidihfeom
the raw brightness temperature data. Here we transfereadétthod to temperature retrievals and applied the fit inuizgatly
for each altitude. Note that this procedure suppressesgiravave fronts which are parallel to the across-trackadiom and
which cover large fractions of each scan. This effect carsipbsbe reduced if the background is smoothed along-triack.
the case of extreme latitudinal gradients in the tempegdtelds, e.g., at the polar vortex edge, problems can bedinted by
smoothing. Therefore along-track smoothing was not cansitihere.

The background removal applied to HIRDLS temperatures caepseveral steps. For a fixed latitude and altitude, ttee da
set is subdivided into overlapping time windows of 31 daygta. For these 31-day time windows, the zonal mean temyerat
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and trend are removed, and 2D spectra in longitude and timestimated. By back-transformation of these spectra for th
spectral components exceeding an amplitude thresholdsahtibution of planetary waves with zonal wavenumbersaup t
6 and periods as short as about 1.4 days is calculated forréuésp location and time of each HIRDLS observation, and
subtracted. Further, the altitude profiles are verticaltgriéd in order to remove oscillations with vertical wavejéhs longer
than about 25 km. The whole procedure is described in mowdldetErn et al. (2011). At the end of the procedure quasi-
stationary zonal wavenumbers 0—4 are subtracted to rerhevsignificant tidal modes. Thereby ascending and desocgndin
orbits are distinguished (Ern et al., 2013). The final adiyrofiles of temperature fluctuations thus obtained acedrdack
to mesoscale gravity waves.

Itis difficult and always some kind of trade-off to distinghiin observations between planetary and gravity waveseitre
for both AIRS and HIRDLS a minor contribution of the backgnouvariances is caused by gravity waves, depending on
the method of background removal. For AIRS, the backgrouayg ocontain minor contributions of gravity waves with long
horizontal wavelength, while for HIRDLS the backgroundlwibntain minor contributions due to gravity waves with long
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
time series of the AIRS and HIRDLS background variancesduttie measurement period between 2005 and 2008 at 42 km
altitude. The overall structure in both data sets is ratmitar. An annual cycle at high latitudes is detected whiels during
wintertime its maxima and during summertime its minima. Tieximum in both data sets is up to 278 &ound 50 to 60°
N/S. The activity of planetary waves is weaker in the southemisphere winter and in the southern hemisphere the polar
vortex is more invariant in contrast to the northern heméspi{e.g., Day et al., 2011). This is represented by the lvaokgl
variances which are larger in northern hemisphere wingar th southern hemisphere winter.

2.3 Estimation of retrieval noise

Temperature variances are notably affected by noise iftiomgspans or large areas are analyzed. Therefore it is fo@dial to
characterize retrieval noise. For AIRS the noise was estidhdirectly from the measurements using the method of Irkeaer
(1996), following the approach of Hoffmann et al. (2014)nierkaer (1996) presented a generic technique for noiseassim
developed for image analysis. Individual noise estimateghtained for each AIRS granule and each altitude. Theeeatyre
data is nested with ax33 pixel filter mask which eliminates image structures. Thearae of the filtered data is calculated
which gives an approximation of the noise. Note that it issitde with the method of Immerkaer (1996) to misinterprenpla
waves with very short horizontal wavelengths as noise,lsethin lines are recognized as noise. However, based peatisn
of the data we concluded that this issue does not affect alysis.

Figure 2 shows global mean noise estimates for the temperateasurements of AIRS and HIRDLS on individual days.
The noise estimate for AIRS is about 1.0K at 24 km altitude iantkases to 2.2 K at 55 km altitude. Seasonal differences of
10 % are found, with lowest values in January and highestegalu July. Noise profiles of April and October are similar and
located in between. These direct noise estimates from thpdeature data agree well with the estimated retrievaknaikich
is about 1.4 to 2.1 K in the altitude range between 20 and 6CHoffihann and Alexander, 2009). Gravity wave variances of
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AIRS are analyzed by subtracting the squared noise estifraatethe temperature variances. For HIRDLS both a measured
and a predicted precision are provided. The predicted ficercorresponds to the expected uncertainty of the reldgdased

on uncertainty of the input parameters. This includes the&rece noise, but also other parameters, e.g., forward heoades
(Khosravi et al., 2009a, b; Gille et al., 2011). The theawadly estimated temperature precision of HIRDLS has no@®as
variability and is about 0.6 to 1.7 K, increasing with altiau(see Fig. 2). Additionally to this theoretical estimalte, precision

can be estimated directly from the observed temperatufégeafter the retrieval (Gille et al., 2011). This estimdtewever,
includes some of the effects of small-scale wave motionse@ally gravity waves. This precision is about 0.3K at 20 km
and increases to 0.6 K at 50 km. Noise was not corrected fouitdtRDLS analysis, because the values of the zonal average
standard deviations, which are attributed to gravity wases the theoretically expected precision are larger.

2.4 Sensitivity functions of AIRS and HIRDLS

Each type of current satellite instruments can detect ongriain part of the full vertical and horizontal wave numgeectrum
of gravity waves, which is determined by its observatiortdifi{ Alexander, 1998; Preusse et al., 2008; Alexander.e2@10;
Trinh et al., 2015). For AIRS the sensitivity to vertical veéengths was determined following Hoffmann et al. (2014),, i
vertical temperature profiles, which represent wave pleations are convoluted with the averaging kernel functidrnee
variance of the resulting temperature perturbations favave phases was related to their overall maximum. For wabese
amplitude is constant with height the sensitivity was dataed. Therefore it was for horizontal wavelengths theateting
procedure on wave packages in the across-track directjliedmnd the ratio of the variances of the detrended peatimbs
for different wave phases was calculated to their overalimam.

The sensitivity function of limb soundersis really two dinsgonal and the sensitivity for horizontal and vertical el@ngths
can not be estimated independently. The calculation of iiRDHS sensitivity function follows the approach of Preussal.
(2002), with additional vertical filtering being appliedhi additional filtering was added because in the analysisrhyet al.
(2011) gravity wave amplitudes are determined in slidingdeiws of 10 km vertical extent. Amplitudes with vertical veav
lengths longer than 25 km can not be reliably determined fitomse windows and therefore only vertical wavelengths up to
25km are used in the vertical analysis of altitude profildgs Vertical analysis is a two-step approach utilizing theximum
entropy method for identifying the dominant vertical olstibns, followed by a harmonic analysis (MEM/HA). For male-
tails see Preusse et al. (2002). As second aspect the Véttaang will further reduce contamination by planetaraves in
the polar vortex. These waves usually have long verticabbeangths of around 40 km and longer.

Figure 3 illustrates the sensitivity functions for AIRS aAtRDLS for gravity wave temperature variances. Only waves
with horizontal wavelength longer than 20 km can propagate fthe troposphere into the stratosphere (Preusse e0@B),2
therefore the horizontal wavelength in the plots are cuilwe@0 km. The sensitivity of AIRS exceeds the 20% level foticef
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 shalaes
typical picture for limb sounders with high sensitivity fehort vertical and long horizontal wavelengths. The 20%lled
sensitivity is exceeded for vertical wavelengths longantB km and shorter than 39 km and for horizontal wavelengtigdr
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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 scanners caealegfravity
waves with even shorter horizontal wavelength than sugddsy the sensitivity function. Assuming that horizontavea
vectors of observed gravity waves are randomly distributezlaverage horizontal wavenumber would be underestihigte
factor of /2, giving a rough measure of how much shorter observed truedmial wavelengths could be on average.

Supposing the same relative potential temperature andphtéor two waves with different values of horizontal andticat
wavelengths, waves with short horizontal and long vertieavelength 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 differenizootal
and vertical wavenumbets, andm could possibly contribute to momentum flux,

A\ 2
th:]V[(kh,m)x (%) y (2)

for a given normalized wave amplitud&/7". Following Ern et al. (2004), the momentum flux factor is cddted according to

M(kh,m)zép(%)Q%AB, (3)
o2 1 /1 g\° - N1 g\’ Y2

A=l ”7(%‘?” < () (ﬁ_éﬂ ’ @

B:‘(@/(%)Q/(T/Tf . (5)

with densityp, gravity acceleratiog, buoyancy frequency, intrinsic frequencyy, scale heigh#{, sound speed;, Coriolis
parameterf, and potential temperatu®. The black contour lines shown in both panels of Fig. 3 indiche normalized
momentum flux factor)M’ (ky,,m) = M (kx,m)/Maz, Which is normalized by the maximum valdé,, ... that occurs in the
horizontal and vertical wavelengths range shown. The nlizethmomentum flux factor can attain values between nead0 an
1. Of course the normalized momentum flux factor is just aisgdactor that does not provide information about the iedat
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 théR&land HIRDLS gravity wave observations. Assuming that
HIRDLS observes a gravity wave with 600 km horizontal wamgth and 6 km vertical wavelength (which is well within its
sensitivity range), the corresponding normalized mommrftux factor is 0.02. Further, assuming that AIRS observaswity
wave with 200 km horizontal wavelength and 30 km vertical @amgth, 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.
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3 Comparison of AIRS and HIRDLS gravity wave observations
3.1 Case studies of individual wave events

Following Hoffmann and Alexander (2009), in this sectioniindual gravity wave events in the AIRS data are compared
with HIRDLS observations at the same location and at a sirtiitee. Overpass times of the same geographic locations are
for AIRS and HIRDLS within minutes, because both are memlb¢h® A-Train constellation of NASA satellites. Based on
their different viewing geometries, AIRS as nadir soundest ’IIRDLS 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 pdatién case of gravity waves with high frequencies and fastig
velocities. Variations in the phase structure of mounta@tves are more likely invariant in a 100 min interval in costra
waves from other sources, because they are stationarivestatthe ground. Mountain waves are therefore best suded f
direct comparison of AIRS and HIRDLS data. However, we aredlyseveral gravity wave events of different sources, which
are observed by both AIRS and HIRDLS. Figures 4 and 6 showeeatpre perturbation maps of the AIRS operational retlieva
and the AIRS high-resolution retrieval, as well as HIRDLSasiwrement locations at 30 and 42 km altitude. In Figs. 5 and 9
the corresponding vertical cross-sections of the AIRS ajmaral retrieval, the AIRS high-resolution retrieval dadIRDLS

are presented. The AIRS measurements have been lineatgatated to the HIRDLS track for this comparison.

The first case shows a mountain wave event at Tierra del F&egah America, on 29 September 2006 (Figs. 4 and 5). This
case was also investigated by Hoffmann and Alexander (2009a 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-resolutiemieval and HIRDLS agree well in amplitude and phase gtnect
of the mountain wave event. Remaining differences areylikkle to the different vertical resolution of both instrurtsen
Note that the AIRS operational retrieval also shows thisieMaut the retrieved wave amplitudes are significantly lowae
vertical resolution of the operational retrieval is alsgngiicantly degraded compared with the high-resolutiorieeal above
40-45km. This is attributed to stronger smoothing constsan the operational retrieval.

The second case study shows a non-orographic wave eventheveouthern Indian Ocean on 8 August 2007 (Figs. 6 and
9), which was likely initiated by jet or storm sources. Figurshows in the upper panel a zonal average of the horizoimtel w
of ERA-Interim and in the lower panel the horizontal wind248 hPa (about 10 km) and 13.9 hPa (about 30 km). In the zonal
average of the horizontal wind the jets at the upper tropesplower 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@ushows 8.Lm brightness temperatures of AIRS. This map
indicates the presence of a storm system, which could alasbarce for the gravity wave event. The temperature pextiar
maps show that the HIRDLS track is at the edge and catche$ytiosivestern part of the wave event. Nevertheless, thecaért
cross-sections of the AIRS high-resolution and HIRDLSiegtals show a similar structure, with larger amplitudes IRBLS
and slightly larger vertical wavelengths in AIRS. The ceasgertical resolution of AIRS is obvious in the vertical ssesection
and results in an attenuation of the amplitudes and coaesgcal structures compared to HIRDLS. This effect incesasith
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altitude, which can be attributed to decreasing verticedhgtion of the AIRS retrieval with height. A comparisonween the
AIRS operational and high-resolution retrieval shows a&sewattenuation of the amplitude of the wave event and thesepa
horizontal resolution of the operational data. These cagkes illustrate that despite the rather different sansitfunctions
AIRS and HIRDLS are capable of observing gravity waves fromsame 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

in Fig. 10 and at 42km in Fig. 11. A detailed picture for foulested latitudes at 42 km is given by Fig. 12. Additionaliyail
figures the zonal mean wind of ERA-Interim at the chosenualétis 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 0.53K
(30km) and 0.5 and 2¥K(42 km) for AIRS high-resolution retrieval and between 1 @it (30 km) 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 (ewg elial., 2004b; Ern and Preusse, 2012; Hoffmann et al.,)2014
and they have been attributed to stronger activity of deepective 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 annua¢cycl
at high latitudes, which has during wintertime its maxima aaring summertime its minima. The highest values are found
at the polar vortex in the southern hemisphere with value®gk? for AIRS high-resolution retrieval and up to 29 Kor
HIRDLS. During boreal wintertime 2007 a double-peaked mmaxn at 44N is seen in AIRS high-resolution retrieval and
HIRDLS. AIRS high-resolution retrievals detected a doybéaked maximum during boreal wintertime 2006 &tM4which

is not seen in HIRDLS at this latitude but somewhat furthettimdn January 2006 a major sudden stratospheric warming
(SSW) occurred and the double peak structure is likelyediad the SSW. In the high-resolution retrieval of AIRS it tbiie
seen, with a small delay, that the gravity wave activity rersgthening after the SSW when the zonal wind increases agai
For an overview of gravity wave activity in the northern hephiere polar region during recent winters see Ern et al.gR01
Hoffmann et al. (2016) discussed gravity wave activity tedsat southern hemisphere orographic hotspots and thealation
with background winds in more detail.

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

It is often observed that gravity wave activity is amplifiedtihe presence of strong background winds (e.g., Wu and 8yater
19964, b; Jiang and Wu, 2001). If the phase speeds of graatgesvare opposite to the background wind their saturation
amplitudes are enlarged. An additional effect is that thnticed wavelength of these gravity waves is Doppler shit@eards
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longer vertical wavelengths, which are better visible intipalar for AIRS. A more detailed discussion of this effeein be
found, for example, in Ern et al. (2015) and Hoffmann et aQ1@&). This also means that long vertical wavelength gravity
waves are preferentially found in regions of strong backgtbwinds. This is the likely reason why in Fig. 11 the patsesh
AIRS gravity wave variances match the distribution of thekgaound winds somewhat better than the HIRDLS variances.
The values of the operational retrieval are a factor of tweeloif it they are compared to the AIRS high-resolution atail.
At 44°N no double peak related to the SSW is seen in AIRS operatietrétval values during boreal wintertime 2006 and
2007. At 20N and 20'S gravity wave variances during wintertime are not incregsivhich is seen in both AIRS high-
resolution retrieval and in HIRDLS. Obviously, the AIRS higesolution retrieval is more suitable for the analysig@ivity
waves than the AIRS operational retrieval due to the betigebintal resolution 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 thattisadly observed by both instruments. For this proceduré&batal

and vertical wavelengths of the gravity waves are requiFeaim the HIRDLS measurement track consecutive altitudéleso
which observe the same gravity wave, are used to determinzohtal 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 asenled within only about 15 sec. Therefore often the sameétgra
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 st of the wave is responsible for phase differences. Nesksss,

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. Td&ibn 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 selectad9

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 horidoméaenumbetr:,,s will therefore underestimatecw by a factor
cos(«), and the horizontal wavelength will be overestimated byctofal /cos(«).

Figure 13 illustrates the influence of the observationafitif AIRS to the HIRDLS gravity wave variances by showing
HIRDLS gravity wave variances with and without the AIRS atvsg¢ional filter being applied. Additionally, gravity wave
variances of the AIRS high-resolution retrieval are shaRlotted are time series of the gravity wave variance at 42lktnde
for the same latitudes as in Sect. 3.2 from HIRDLS, HIRDLSWWEM/HA, AIRS high-resolution retrieval and HIRDLS
filtered with AIRS sensitivity function. Note that for a bettidentification the results from HIRDLS filtered data setrev
scaled by a factor of 5. The HIRDLS gravity wave variance gngicantly reduced after the AIRS observational filter is
applied. HIRDLS filtered with AIRS sensitivity function reggluces at the maximum 8 % at and at the minimum 3%
at 20N of the HIRDLS gravity wave variance. Values of HIRDLS inding the AIRS observational filter are considerably
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lower than values directly from the AIRS high-resolutiotrieval. This confirms that there is only small spectral tsyepf the
HIRDLS and AIRS sensitivity functions and points to an undsgresentation of small horizontal-scale waves in HIRDIiag
compared with AIRS. Still, relative variations are very gamand some structures seen in AIRS became visible in HIRDL
gravity wave variances after including AIRS observatidiir. At 44°N the filtered HIRDLS gravity wave variances show
the double peak structure during boreal wintertime 2006¢ckis not seen in unfiltered data. The gravity wave activity i
strengthening after the SSW when the zonal wind increasais &g both filtered HIRDLS gravity wave variances. This is
also seen in AIRS, but somewhat delayed. During boreal wi2d®6 and 2007 the filtered HIRDLS gravity wave variances
are more gradually decreasing with time atM4after the peak value than in the unfiltered HIRDLS gravitwevaariances.
This behaviour is very similar as in the AIRS gravity waveiaaces. The analysis confirms that AIRS and HIRDLS gravity
wave measurements can be considered complementary to temhlwecause they observe diverse sections of the gravity
wave spectrum. The relative variations in all time series similar, which indicates that these variations are induog
similar physical processes (e.g., wind effects and souehanisms). Therefore it might be possible to transferctoral
information obtained for AIRS to HIRDLS observations.

4 Summary and conclusions

In this study we compared temperature variances of AIRS aiRDHS to evaluate the relationship of their stratospheric
gravity wave observations. Our analyses are performedeHIRDLS operational retrievals, AIRS operational retalsy and

a dedicated AIRS high-resolution data set. The measuregeemetries of AIRS (nadir) and HIRDLS (limb) are diverse and
therefore they have opposite sensitivities to horizomdleertical wavelengths, which is shown by their sensitifiinctions.
However, a comparison of individual orographic and nongoaphic gravity wave events showed that stratospheric wave
structures of AIRS and HIRDLS agree very well, which is cetesit with earlier work of Hoffmann and Alexander (2009).
With respect to the AIRS high-resolution retrievals, theecatudies demonstrate that AIRS and HIRDLS agree generally
well in amplitude and phase structure for a mountain waveteaed a non-orographic wave event. AIRS has coarser vertica
resolution, which results in an attenuation of the ampétadd coarser vertical structures compared to HIRDLS, wikiotuch
more evident for the AIRS operational retrieval. HowevdR8 has a much higher horizontal resolution and the projpayat
direction of the wave can be clearly identified in geographinaps of the wave events. The horizontal orientation of the
phase fronts can be deduced from AIRS 3D temperature fiehls.i§ a restricting factor for gravity wave analyses of limb
measurements.

A comparison of time series of gravity wave variance of AIR®E &IRDLS revealed that HIRDLS gravity wave variances
show an offset due to regular background activity of grawgves and are typically about a factor of 3-5 larger than for
AIRS. This is attributed to the different measurement geoiesand the limitation to long vertical wavelengths folRE in
particular. We calculated a momentum flux factor, which gigerough estimate how much the waves given horizontal and
vertical wavelengths and amplitude contribute to momentium if they exist in the real atmosphere. It indicates thwe t
waves with short horizontal and long vertical wavelengthsrnsby AIRS contribute significantly to momentum flux, even

12
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if the AIRS temperature variance may be small compared tolHIR Despite this systematic difference, the seasonal and
latitudinal distributions of stratospheric gravity waaiaity found in both data sets are rather similar. Ovetakse variations
are related to the well-known seasonal patterns of gravayenactivity with summertime maxima in the subtropics, and
wintertime maxima at high latitudes (e.g., Ern et al., 202013; Hoffmann et al., 2013, 2014). Several sources of tyravi
waves can produce these maxima. Because of the strongetyactideep convective sources during summer, the summerti
maxima in the subtropics occur. Gravity wave variances spoeat enhancement in the winter hemisphere over mid and
high latitudes where the polar night jet is strongest (Ptowgn and Zhang, 2014) and due to strong mountain wave gctivi
(Jiang et al., 2004a). The seasonal distribution of stpdtesc gravity wave activity found in this study agrees weth other
satellite climatologies based on limb measurements @rgusse et al., 2009a). The gravity wave variances agrdicagjualy

well with the AIRS climatology of Gong et al. (2012), whichdased on 1xm radiance measurements and of Hoffmann et al.
(2013), which is based on 4.3n 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 déffe vertical resolution capabilities, the three instratseepro-
duce each others results for magnitude and vertical scaper@irbations to within their resolution limits in approxately
50 % of cases. In a second study Wright et al. (2016) investijaf the dissimilar results of many gravity wave studies a
primarily of instrumental or methodological origin. Theinalysis is located around the southern Andes and Drakedrass
with different gravity wave resolving instruments. Theésults show important similarities and differences. Linooirsder
measurements show high intercorrelation between anyim&nt pair. AIRS and radiosonde observations tend to bertexco
lated or anticorrelated with the other data sets, sugggesery different behaviour of the wave field in the differepestral
regimes accessed by each instrument. Evidence of wavedissi is seen and varies strongly with season. In contrdbese
two studies, we focus on a global statistical comparisonraddir instrument (AIRS) and a limb instrument (HIRDLS) oeer
measurement period of three years. The data sets of AIRS HRIOLS$ are found to be complementary to each other. AIRS
primarily observes only the short horizontal and long eativavelength waves and HIRDLS primarily observes onlylding
horizontal and short vertical wavelength waves. To additesslifferences between the AIRS and HIRDLS distributiothi®
different sensitivity functions a simple approach of filbgr HIRDLS data with the AIRS sensitivity function was cormtied.

Still, relative variations are very similar and some staues seen in AIRS became visible in HIRDLS gravity wave vares
after including the AIRS sensitivity function. Of coursetrall differences can be explained by this simple approbuahit
might be possible to transfer directional information afea for AIRS to HIRDLS observations for case 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 relativeitligions of gravity wave variances agree well. The analgsigfirms
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 beresédeCombining the observations would be a great chance for
gravity wave research in the future.
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Figure 7. Top: Zonal average of horizontal wind of ERA-Interim for anrorographic gravity wave event over the southern Indiaaadc
on 8 August 2007, 18:00 UTC. Bottom: Horizontal wind maps BiAE=Interim.
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Figure 8. 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 a storm system in the study area.
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Figure 9. 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 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 wfrem 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). Green: AIRS operational estal. Red: AIRS high-resolution retrieval. Blue: HIRDLSaBk dashed lines indicate
zonal mean winds at 2.5 hPa from ERA-Interim.
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Figure 13.Time series of gravity wave variances at 42 km altitude affdra@int latitudes (see plot titles). Red: AIRS high-resioln retrieval.
Light blue: HIRDLS. Dark blue: HIRDLS with MEM/HA. Cyan: HIBLS filtered with AIRS sensitivity function. Note that filed HIRDLS
data are scaled by a factor of 5.
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