Reply to review comments

We thank the reviewers for the time and efforts spent on the manuscript. We considered all
comments and hope that the revised draft properly addresses the remaining issues. Please
find our point-by-point replies below (colored in blue and in italics).

Reviewer #1 Marvin Geller

Received and published: 3 September 2017

This is an excellent paper. The authors have used both AIRS and HIRDLS observations
to study atmospheric gravity waves. AIRS is a nadir-viewing instrument, and hence has
relatively poor altitude resolution, but AIRS, having cross-track scanning capability, has
excellent horizontal resolution. HIRDLS is a limb-viewing instrument that has better
vertical resolution, but due to a malfunction has fixed azimuth viewing. Although the two
spacecraft on which these instruments are flying, Aqua in the case of AIRS and Aura in
the case of HIRDLS have overpasses separated by only a few minutes. The time separation
between observations at the same point is actually about 100 minutes, a time separation
over which gravity waves can vary considerably, so cases investigated in this paper have
been chosen to hopefully minimize the influence of this.

Another point made in these papers is that the high-resolution AIRS retrievals are supe-
rior to the operational retrievals for measuring gravity wave variances. The operational
retrieval uses 3x3 observational points. This is done to improve retrievals in the pres-
ence of clouds, but this is mainly important for the troposphere. The authors show that
their high-resolution AIRS retrievals, which use each individual viewing point give superior
stratospheric gravity wave information relative to the operational retrievals.

The measure of gravity wave activity used in this paper is gravity wave variance, but to
obtain this, the variances due to larger scale atmospheric variability plus the variance due
to instrumental noise must be subtracted from the measured variance. This is discussed in
considerable detail in the early portions of the paper. Now, the lower altitude resolution
and higher horizontal resolution of AIRS relative to HIRDLS means that higher frequency
gravity waves will preferentially be seen by AIRS relative to HIRDLS. A point made both
early and later in the paper is that these higher frequency waves, with shorter horizontal
and longer vertical wavelengths, will carry more momentum than the lower frequency waves
seen by HIRDLS, even if the vari- ances seen by the two are similar. The gravity wave
variances seen by AIRS and HIRDLS are compared for two cases. The first is for a mountain
wave event, and the second is a storm event with active moist convection. For both cases,
it is illustrated that the high-resolution AIRS product is superior for sensing gravity wave
variances relative to its operational counterpart, and also that the general distribution
of gravity wave variances, in both the horizontal and vertical, from the high-resolution



AIRS data closely resembles those of HRDLS, when one takes into account the different
frequencies and wavelength sensitivities of AIRS and HRDLS. This certainly suggests the
broad-spectrum source nature for gravity waves for both events. Gravity wave variances
at 2.5 hPa (about 42 km) show a large correlation with zonal winds at that level for both
AIRS and HRDLS. It is interesting that evidence of a similar correlation between winds
at 200 hPa and lower stratospheric gravity wave activity was noted by Wang and Geller
(2003).

We thank you for the supporting comments. Citation was added.

One important conclusion of this paper is that given the superior altitude and vertical
scanning capability of HRDLS, which allows estimates of gravity wave momentum fluxes
to be made, along with the superior horizontal information from AIRS that results from its
horizontal scanning capability, use of the two data sets in a complementary manner should
allow gravity wave propagation direction to be inferred by AIRS, and using this information
would allow for more certain gravity wave momentum flux information to be derived from
HRDLS. Of course, this relies on the broad-spectrum nature of the gravity wave fields
emanating from significant gravity wave sources. Since short horizontal and long vertical
wavelength gravity waves carry large momentum fluxes, perhaps clever combination of the
two data sets can also be used to place more certain bounds on gravity wave momentum
fluxes from various sources.

This is a very well written paper, with one exception, and that is the somewhat awkward
use of English in a few instances.

We revised the paper to fix language issues.

Of course, this is understandable given that only one of the authors is a native English
speaker. One example of this is on line 12 on page 1, where the verbal use is “are conform.”
The term “are similar” would be preferable in my mind.

Fized. Thank you.
This terminology is seen again on line 22 on the same page.
Fized. Thank you.

A similarly awkward terminology is on line 18 of page 12, where the wording “are diverse”
is used instead of the more preferable (to me) “are different.”

Fized. Thank you.

I also have a couple of relatively minor points that I would like to see dealt with in this
paper.

One is a greater emphasis on the implication of broad-spectrum sources of atmospheric
gravity waves.

We add the following paragraph to the introduction:



Gravity wave source processes can emit a broad spectrum of waves. For example, it s known
that deep convection excites a broad spectrum of gravity wave phase speeds (e.g., Beres
et al., 2004), as well as a broad range of gravity wave vertical and, in particular, horizontal
wavelengths. There are indications that the horizontal scales range from several ten to
several hundred kilometers (e.g., Choi et al., 2012; Trinh et al., 2016; Kalisch et al., 2016;
Ern et al., 2017). Similarly, gravity waves emitted from jets and fronts cover horizontal
wavelengths from less than 100 km to more than 500km (e.g., Plougonven and Zhang, 2014,
and references therein), and also the horizontal scales of mountain waves cover a range of
less than 10km to several hundred kilometers (e.g., Fritts et al., 2016; Smith et al., 2016;
FEhard et al., 2017, and references therein).

Another is on lines 15 and 16 of page 2, where they point out that satellite observations
are only sensitive to a certain portion of the gravity wave spectrum. Of course, this is true
for all observational techniques, a point made in Alexander et al. (2010).

We add the following paragraph:

Given the sensitivity limitations of different atmospheric sounding techniques from satellite,
it is evident that a single technique is not capable of covering the whole spectral range of
atmospheric gravity waves. As has been discussed by, for example, Preusse et al. (2008), or
Alexander et al. (2010), a combination of different measurement techniques (for example,
a combination of limb, sub-limb, and nadir sounding observations) can help to obtain a
more complete picture of the whole spectrum of gravity waves. Still, the range of very short
horizontal wavelengths (< 30km) and vertical wavelengths around 5-10km is not covered
by these standard satellite measurement techniques and requires other techniques such as
radiosondes or airborne observations (e.g., Fritts et al., 2016).

I also think the authors might spend a little time pointing out the different vertical phase
tilts in the high-resolution AIRS and HRDLS variances in figure 5. This is likely due to
the different propagation characteristics of the portion of the gravity wave spectrum seen
by the two instruments.

Hoffmann and Alexander (2009) attributed remaining small differences in the vertical phase
structures of the observed waves to the different vertical resolution for both instruments.
The lower vertical resolution of AIRS also affects the vertical structure.

Anonymous Reviewer #2

Received and published: 9 September 2017

Overall comments: The manuscript presents some interesting and new results on how well
gravity wave results from HIRDLS and AIRS high-resolution retrievals agree with each
other in sta- tistical averages, and in some individual cases. It also presents informative
results that extend and confirm previous conjectures on the complementarity of nadir and



limb measurements, without, however, acknowledging some of that previous work suffi-
ciently. The comparison of AIRS and HIRDLS observational filters is very nice, as are
the comparisons of the two data sets for orographic and non-orographic waves, and the
comparisons of seasonal patterns of variance. Although a minor point of the paper, the
comparison of the gravity wave calculations based on AIRS operational and high-resolution
data shows why the latter are needed.

However, the description of the instruments and data used is sometimes unclear, and
occasionally wrong or misleading. Similarly, the description of the filtering is also oc-
casionally unclear. The advantages of the filtering they have used, and the differences
from alternative methods, is not spelled out.

Across-track background removal applied to AIRS has the advantage that planetary waves
will be largely removed. Remnants of planetary waves may be a problem for methods that
use slowly evolving planetary waves obtained by global analysis of the observed temperature
field.

The planetary wave removal applied to HIRDLS utilizes a global analysis of the observed
temperature field, as not enough information is available for local detrending, typically.
However, different from those methods, the temporal evolution of even short period traveling
planetary waves is explicitly accounted for.

For each instrument we selected the detrending methods which were found most suitable in
earlier work.

The wording is sometimes poor or awkward.
We revised the manuscript to fix language issues.
Specific Comments:

Sec. 2.1 needs to be revised. The beginning is quite stilted. It could be noted that the 3x3
pattern of AIRS footprints fit within the footprint of the microwave instrument, which is
used in the cloud-clearing approach. The discussion of the high- resolution data is needed,
but should be made clearer.

We rephrased the text to make it more clear.
The source of the pressure mentioned on p. 4, 1. 23 is not clear.

The pressure is calculated based on hydrostatic equilibrium and a given pressure at a ref-
erence altitude. The reference pressure at 30km altitude is obtained from the AIRS opera-
tional level-2 data.

Any additional references for the systematic errors and retrieval diagnostics would be useful
if they exist.

It exists only the reference Hoffmann and Alexander (2009). The retrieval approach and
error analysis closely follow Rodgers (2000).

Do 11 35-36 mean that only nighttime data are used in this study? This seems to be the
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case, but it is not clearly stated.

Yes, only nighttime data are used. We changed the sentence to: The data in this study
were split in day- and nighttime depending on the solar zenith angle and only the nighttime
data were used.

The range of the high-resolution retrieval is stated to be 10 to 70 km, with 5-6 degrees of
freedom- does this mean that the vertical resolution is 10-12km?

The vertical resolution varies between 7-15km with height.

In the discussion of HIRDLS, it could be noted that HIRDLS was damaged during launch,
precluding its planned ability to scan in azimuth, which would have given it 3D capabilities
[Gille et al., 2003]. The damage resulted in its single view direction of -47° relative to the
orbit plane. This also required extensive corrections to the processing algorithms [Gille
et al., 2008, 2011]. Measurements of thermal emission with 1 km vertical resolution are
made in 4 channels on the long-wave side of the 15 ym bands, from which the temperature
is retrieved as a function of pressure Khosravi et al. [2009a,b]. The Field of View of the
instrument is always 1 km; the resolution of the retrieval varies with altitude.

We added your suggestions.

Sec. 2.2: The “background removal” for AIRS is local, within one cross-track scan, 25°
. It is noted that this strongly suppresses wave fronts parallel to the cross-track direction
which cover large fractions of each scan. Why isn’t this an important problem?

Rewvisiting this problem and based on some additional sensitivity tests, we think that our
previous wording may have been overemphasizing this specific problem of the AIRS local
detrending method. We rephrased the statement as:

Note that this procedure tends to suppress wave fronts which are parallel to the across-
track direction, but only if the wave patterns covers most of the AIRS measurement track.
Smaller scale wave patterns of gravity waves with short along-track wavelengths are typically
not affected.

This seems much different from the method described for HIRDLS. Why couldn’t this
approach have been applied to comparable data from the overlapping 31 day time windows
of HIRDLS data? It would be interesting to see how different those results would be from
those used by Fetzer and Gille [1996], Alexander et al. [2008] and Wright et al. [2011,
2013], who used departures from 6 or 7 planetary scale waves that varied smoothly in
time. Note that the HIRDLS V6 data also have a gridded product (using a Kalman Filter
approach described in Gille et al., 2011).

For both instruments the well known standard procedures for background removal were ap-
plied. Applying the method used by HIRDLS to AIRS would be computationally expensive,
because there are 3 million temperature profiles to process each day.

Please clarify the last sentence of the first paragraph on p. 6. It appears that all small-
scale perturbations that get through the filtering are assumed to be GW. Is this correct?
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Is there evidence for this assumption?

This is correct. For HIRDLS only the backgraund variances are removed and no additional
noise correction is considered.

Please comment on last sentence of second paragraph: it is surprising that NH variance in
winter is > SH variance in winter, given the large zonal winds and the Andes and Antarctic
peninsula as such a large source.

Please note that this sentence refers to the background variance due to the planetary waves
rather than the gravity wave variances.

Sec. 2.3: HIRDLS empirically estimated precisions for V6 appear to be underesti- mated.
The values for V7 are much closer to the predicted precisions up to ~ 0.5 hPa, above which
they are smaller [Gille et al., 2012].

The last sentence of this section is unclear.

As can be seen from Figure 2 the predicted HIRDLS temperature noise is quite low, and the
bias of temperature variances due to noise is also quite low. Comparing the noise estimate
of HIRDLS and AIRS, the values of HIRDLS are quite low and therefore noise is not
corrected for in our HIRDLS analysis. We shortened the paragraph to avoid a lengthy and
perhaps unnecessary discussion of the HIRDLS noise.

Sec. 2.4: First paragraph- the treatment of wave phases is not clear.

We rephrased the paragraph as:

Each type of current satellite instruments can detect only a certain part of the full vertical
and horizontal wave number spectrum of gravity waves, which is determined by its obser-
vational filter (Alezander, 1998; Preusse et al., 2008; Alexander et al., 2010; Trinh et al.,
2015). For AIRS the sensitivity to vertical and horizontal wavelengths was determined
using an approach similar to Hoffmann et al. (2014). In the vertical direction, tempera-
ture profiles representing wave perturbations have been convoluted with the averaging kernel
functions of the retrieval to take into account the smoothing effects. In the horizontal di-
rection, the polynomial fit detrending method has been applied to given across-track wave
perturbation cross-sections to take into account the potential filtering of large-scale features.
In both cases, the sensitivity to the given wavelengths was determined by calculating the
ratio of the variances of the filtered and unfiltered perturbation data. Here we varied the
wave phases over all possible values when we calculated the variances.

These sensitivity functions, and related discussion, are close to those of Wright et al. ACP
15, 8459- 8477, 2015 [2015], which should be referenced and included in the discussion.

Clitation was added.

Sec. 4, toward end, could note that some combination of limb and nadir observations was
done by Wright et al., GRL 43, 894, 2016.

Clitation was added.



Figures: Figure 8: Suggest second sentence change to . . .presence of high clouds associated
with a storm system. . .

Fized. Thank you.

Technical comments: p.1, 1. 3: presumably vertical and horizontal resolution
Fized. Thank you.

1. 12, also

Fized. Thank you.

1. 22- better word than conform needed

Fized. Thank you.

1. 18- better word than “fit” needed

Fized. Thank you.

p-2, 1 17 give overviews

Fized. Thank you.

1. 18 comparisons

Fized. Thank you.

p- 3, 1. 1 Suggest “Zonal average differences tend to be . . .”
Fized. Thank you.

1. 31 scan covers 1780 km

Fized. Thank you.

p- 5, 111,2: combine the first 2 sentences

Fized. Thank you.

1. 20: measurement typically consists

Fized. Thank you.

p- 6, 1. 28: data are

Fized. Thank you.

p. 7, 1. 16: perturbations

Fized. Thank you.

1. 21: The sensitivity function of the current generation of limb sounders. . .

Fized. Thank you.



p- 9, 1. 31: Does the sentence beginning in this line refer to Figure 67 Text not clear.
The sentence refers to Figure 8. We changed the sentence to: Low brightness temperatures
indicate the presence of high clouds associated with a storm system in the study area, which
could also be a potential source for the gravity wave event.

p. 12, 1. 28: . . .current limb measurements.

Fized. Thank you.

Anonymous Reviewer #3

Received and published: 22 September 2017

The paper compares the gravity wave detection capabilities of the AIRS nadir sounder
and the HIRDLS limb sounder. Reviewer 1 has already described the science area in some
detail, so I will not repeat this except to say that the area is of significant current interest
and the study is eminently suitable for AMT. Reviewer 2 has already addressed several
important technical details, and I agree with him/her that these should be addressed. In
particular, I strongly agree with his/her comments that the large differences in background
removal method are important, and will discuss this further in my comments below. I also
agree with both other reviewers that the language needs some work, although it is generally
clear throughout and to a certain extent can be handled in copy-editing. Aside from this
minor issue, the paper is well-structured and clear, and I suggest only moderate additional
revisions beyond those suggested by Reviewer 1 and 2.

1. T feel that the time difference between the two datasets could do with more consid-
eration. This takes two main forms: la. in figures 4,5,6 and 9, the waves appear to be
in almost exactly the same phase to the eye. For the mountain wave case, this is quite
plausible; however, for the non- orographic case I'd like to see more evidence to confirm
why this is so. In particular, since the full three-dimensional wavenumber vector can be
inferred from the available data, it should be possible to infer the phase and group velocity
of the wave (e.g. Fritts and Alexander 2003; Wright et al 2017), and hence confirm if the
change between the two measurement times is indeed so small.

Newvertheless, the vertical cross-sections of the AIRS high-resolution and HIRDLS retrievals
show a similar structure, with larger amplitudes in HIRDLS and slightly larger vertical
wavelengths in AIRS. The coarser vertical resolution of AIRS is obvious in the vertical
cross-section and results in an attenuation of the amplitudes and coarser vertical struc-
tures compared to HIRDLS. This effect increases with altitude, which can be attributed
to decreasing vertical resolution of the AIRS retrieval with height. The observed phase
shift with altitude is expected, because of the time difference between AIRS and HIRDLS
measurements of 100 min and the non-orographic source of the gravity waves.



1b. in the global time series of variance, presumably there is a not-insignificant time- of-day
difference between the two datasets. There’s not much that can be done about this, but a
little more discussion of how it may affect the results would be useful. This is likely to be
most significant in the tropics, where convection has a diurnal cycle: while Aura and Aqua
cross the equator in formation, the high viewing angle HIRDLS uses presumably means
the scan track will cross at quite a different time than AIRS nadir sensor.

Yes, indeed, there are local time differences between the two datasets. The main effect,
however, is not caused by the the sidewards view of HIRDLS. The main difference is that
for AIRS only the descending node is considered (only nighttime data), while for HIRDLS
both ascending and descending nodes are considered (daytime data and nighttime data are
averaged). This may indeed have some effect in the tropics where a diurnal cycle in the
gravity wave sources is expected, but should not have much effect in the polar vortex region
during wintertime.

2a. (also discussed by reviewer 2). The background-removal analysis is inconsistent be-
tween the two datasets. I'm not sure why this needs to be so: since global data is available
for both AIRS and HIRDLS, presumably a common background removal method could be
implemented, presumably more similar to the HIRDLS method used in the paper.

This could make the two data sets more comparable, but applying the HIRDLS method
to AIRS is computational very expensive. We used the well established standard methods
for background removal of each instrument. At this point a more detailed comparison of
detrending method is beyond the scope of the study.

2b. also, why in particular is a fourth-order polynomial specifically used for the back-
ground removal? I realise this is in common with previous studies, but my understanding
was that this was to remove solar glint from the AIRS radiances, which is presumably
removed in the 3D temperature retrieval. [I am happy to be corrected on this!]|

For radiances, the general purpose of the 4th order polynomial was to remove large-scale
features of any kind from the AIRS observations. This could be effects of the so-called limb-
brightening (for the outermost AIRS measurement tracks the path through the atmosphere
is longer, and incoming radiances are thus increased), as well as large-scale variations due
to changes in the background temperature (e.g. temperature gradients at the polar vortex
edge). Of course, the effect of limb brightening should be removed by the temperature
retrieval, however, large-scale temperature structures could still bias gravity wave analyses.
The use of a 4th-order polynomial turned out to be a good compromise of removing large
scale structures and at the same time keeping as much gravity wave signal as possible. Tests
using a 2nd-order polynomial showed that not all large-scale features have been removed,
in particular near the vortex edge.

3. P10L21 onwards: You refer in passing to a double-peak in HIRDLS GW variance at
44N in winter 2007, with no attribution, but then explain in detail a similar features in the
AIRS data as being due to an SSW. I definitely believe the AIRS feature - for example, the
AIRS time series look extremely similar to figure 3 of Wright et al (2010) and it may be
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useful to say this - but it seems odd to focus in the text on this relatively small feature of
the AIRS time series but not on the (to my eye) much larger change in the HIRDLS series
in early 2007. Do you have any idea why the HIRDLS double-peak in early 2007 occurs?

The double peak in January 2007 is due to a strong warming (Résevall et al., 2007). The
enlarged peak in the HIRDLS data is mainly caused by short vertical and long horizontal
wavelength waves that are not visible for AIRS. This becomes clear if Fig. 12 is compared
to Fig. 13. The HIRDLS data which are filtered with the AIRS sensitivity function show
a strongly reduced second peak which is more similar to the AIRS time series.

We adapted the text and included the reference Wright et al. (2010).

4. The idea of combining limb and nadir sounders has been used previously, for example
by Wright et al (GRL, 2016) [and references therein]. It would be useful to mention this
in your conclusions, where you suggest that combining limb and nadir datasets for better
coverage would be useful. [I realise there are important differences in the two approaches!]

Clitation was added.

5. The colourbars on figures 1, 10 and 11 are extremely difficult to read, with most of the
range condensed into a small region on the left and the rest used solely to indicate the
extrema in the data. They need to be modified significantly to be useful; saturation in
some regions should be an acceptable tradeoff for clarity over most of the globe.

We adapted the colourbars, in particular for Figure 1, which was most difficult to read.

6. Related, most graphs makes heavy use of both red and green; this is difficult for our
colourblind colleagues, and should be modified if possible by e.g. changing line styles as
well as colours.

We adapted the graphs by changing the colours and adding different linestyles.

7. Figure 7 has the upper panel is labelled in km, and the lower panels in hPa. While the
conversions are given in the text, this still makes it hard to read. I'd suggest either adding
a pressure axis to the upper panel or changing the titles of the lower two panels.

Fized. Thank you.

8. T'd also suggest putting a box on the maps on figure 7 showing the region covered by
figure 6.

Fized. Thank you.

9. The black circles on figures 4 and 6 are quite hard to see on my screen; I'd suggest
either strengthening or enlarging them.

Fized. Thank you
10. T'd suggest rearranging figures 7 and 8 to not be between figures 6 and 9, as [ had to

10



scroll a lot to match up the common features in figures 6 and 9.

Fized. Thank you.

11. You refer to both the predicted and directly-estimated precision for both HIRDLS and
AIRS for figure 2, but only show one for each. Is there a reason?

We focus now only on the predicted precision due to a comment of reviewer # 2.

12. Use of boreal winter 20XX in several places is ambiguous - is this: Decem- ber 20XX
- February (20XX+1), or December (20XX-1) - February 20XX? It would be clearer to
specify it as, e.g. DJF XX/(XX+1), to remove the potential ambiguity.

Fized. Thank you.

13. I don’t understand P05L13 - please rephrase.
Fized. Thank you.

14. HIRDLS version 6 is now fairly old, and was supplanted several years ago. Is there a
particular reason this was used?

Regarding gravity waves in the altitude range considered, there is not much difference be-
tween V006 and V007. Further, V006 has the advantage of a couple of days more data in
January 2005.

15. PO9L30: what height is the 8.1um channel, approximately?

The 8.1 um channel covers a spectral window region. It shows surface emissions or cloud
top temperatures.
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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 theiertical and horizontal resolution 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 HIREZASS

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 HIRDL&gressftenoftenagreevery well. Case studies of a mountain wave event and a nograpbic
wave event demonstrate that the observed phase strucfk#® and HIRDLS aresenferralsosimilar. AIRS has a coarser
vertical resolution, which results in an attenuation of #meplitude and coarser vertical wavelengths compared tdHBER
However, AIRS has a much higher horizontal resolution aedgitiopagation direction of the waves can be clearly idedtifie
geographical maps. The horizontal orientation of the plfrases can be deduced from AIRS 3D temperature fields. Thas is
restricting factor for gravity wave analyses of limb measuents. Additionally, temperature variances with respestrato-
spheric gravity wave activity are compared on a statistigais. The complete HIRDLS measurement period from January
2005 to March 2008 is covered. The seasonal and latitudistddltitions of gravity wave activity as observed by AIRSlan
HIRDLS fit-agreewell. A strong annual cycle at mid and high latitudes is foim¢éime series of gravity wave variances at

42km, which has gits maximaduringwintertimeand

its minimaduringsummertimeThevariability is largestduringaustral wintertime at 6(thevariabilit-istargest Variations
in the zonal winds at 2.5 hPa are associated with large vlityah gravity wave variances. Altogether, gravity wavariances

of AIRS and HIRDLS areenfermandcomplementary to each oth&terebylargeLargeparts of the gravity wave spectrum
are covered by joint observations. This opens up fascigaistas for future gravity 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 sourceprocessesan emit a broadspectrumof waves.For example,it is known that deepconvection
excitesa broadspectrumof gravity wave phasespeedge.g., Beres et al., 2004as well as a broadrangeof gravity wave
to severalhundredkilometers(e.g., Choi et al., 2012; Trinh et al., 2016; Kalisch et aD1@; Ern et al., 2017)Similarly,
gravity wavesemittedfrom jets andfronts cover horizontalwavelengthsrom lessthan 100km to morethan500km (e.g.,
Plougonven and Zhang, 2014, and references themgidalsothe horizontalscalesof mountainwavescovera rangeof less
than10km to severahundredckilometers(e.qg., Fritts et al., 2016; Smith et al., 2016; Ehard et 81,72 and references therein)
Most global atmospheric models use gravity wave paranzetéons because gravity waves are small-scale phenomena an
cannot be resolved or are only poorly resolved in the mo@&stellite observations are well suited to validate grawiwe
parametrization schemes of general circulation modelsdiiition, characteristics of gravity waves can be inveséd in
global studies with satellite observations (Geller et2013).

Fetzer and Gille (1994) were the first to demonstrate thallgatremote sensors can observe gravity waves. The nuaiber
instruments with sufficient spatial resolution to obserx@/gy waves has increased over the last years. An impolitaitéa-
tion of satellite observations is that each instrument tygreonly detect a certain part of the full vertical and haniabwave
number spectrum of gravity waves. Wu et al. (2006), Preusake €£008), and Alexander et al. (2010) gizaoverviewand
compariserpverviewsand comparison®f different observation methods and the range of deteetadattical and horizontal
wavelengths. Advantages and disadvantages of limb measais vary in contrast to nadir instruments. Limb instruteen
have a good vertical resolution, which leads to high seritsitto short vertical wavelength waves. However, the d@ntsi

for short horizontal wavelengths is reduced due to the éichhorizontal resolution of current limb sounders (Preessg.,
2009b). Furthermore, a single measurement track can nadzbta identify the horizontal propagation direction of teeves.
Nadir instruments observe only gravity waves with long icattwavelengths, but the horizontal resolution is bettezantrast

to limb instrumentsGiventhe sensitivitylimitations of differentatmospherigoundingtechniquesrom satellite,it is evident
by, for example Preusse et al. (2008)r Alexander et al. (201Qcombinationof differentmeasuremertechniguesanhelp
to obtainamorecompletepictureof thewholespectrunof gravity waves Still, therangeof very shorthorizontawavelengths
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(< 30km) andvertical wavelengthsaround5-10km is not coveredby thesestandardsatellitemeasuremertechniquesand

requiresothertechniqguesuchasradiosondesr airborneobservationge.g., Fritts et al., 2016)
For studies of atmospheric gravity waves AIRS radiance oreasents areppropriatsuitable The long-term time series

of AIRS radiance measurements offers the opportunity tdysgravity wave occurrence frequencies and other chaiacter
tics climatologically and on a global scale (Gong et al., 20Hoffmann et al., 2013, 2014). AIRS operational temperatu
retrievals are typically not used for gravity wave researfcimain drawback is their limited horizontal resolutionatdd to
the cloud-clearing procedure. This procedure facilitatggevals in the troposphere by combining radiance messents
of 3x 3 footprints to reconstruct a single cloud-free spectruhisTauses a substantial loss of horizontal resolutioneNev
theless, stratospheric 3D temperature fields with a higltiadpasolution can be retrieved from AIRS radiances. ThR3l
high-resolution retrieval of Hoffmann and Alexander (2P@govides a temperature data set which is considered optimna
stratospheric gravity wave studies. Meyer and Hoffmanii{2@erformed a comparison between the AIRS high-resalutio
stratospheric temperature retrieval, the AIRS operatioexel-2 data, and the ERA-Interim reanalysis (Dee et 81,19 on the
basis of nine measurement years (2003-2011). That stugeshibat the AIRS high-resolution retrievals reproducemsazd
standard deviations of ERA-Interim stratospheric temijpees with good accuracy. Zonakeragednelineaveragdalifferences
tendto be mostly belowt 2 K. Sato et al. (2016) used the AIRS high-resolution re&igto study interactions of gravity
waves with the El Nifio-Southern Oscillation (ENSO). Tsyehet al. (2016) investigated interactions of gravity wawéh
the Madden-Julian Oscillation (MJO) using the same dataEsetet al. (2017) and Wright et al. (2017) applied 3D spéctra
analysis techniques to the AIRS high-resolution retrigwald estimate thereby directional gravity wave momenturn flu

By using the limb sounding technique, HIRDLS is sensitivelort vertical wavelength gravity waves and is therefoeaily
suited to complement AIRS observations. HIRDLS tempeeatiiservations have been widely used to study the globai-dist
bution of gravity waves. In particular, absolute gravityswanomentum 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 gravityZomtal 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 wigdvaw 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 seapturegovers1780 km
ground distance with 90 individual footprints. The scars performed in 2.667 sec and the along-track distance is 18 km
Granules of six minutes measurement time, i.e., 135 scah2150 footprints, are accumulated in the AIRS measurements
2.9 million radiance spectra are globally detected by AlRBiw one day. The measurement coverage of the AIRS instntime
is almost complete since the observations started in SéygieB002. The analysis of this study is based on measurements
during January 2005 to March 2008, which is the measureneitgof 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 microwaveméla

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 antedptiso-
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 tropeisphnd lower stratosphere, respectively, by comparingsAIR
with radiosondes (Divakarla et al., 2006).

A high-resolution retrieval scheme for stratospheric terafures 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 samplirgaiehthatis 3 x 3 times better than the operational retrieval data provideldASA. While

the operational retrievals are tightly constrained in th@gsphere, the high-resolution retrieval configuratifiars an 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 redtieas a vertical sampling whichii&e-the sameasthe AIRS opera-
tional retrieval grid. Based on the assumption of hydrastguilibrium and using a given reference pressuwen the AIRS
operationaretrieval at 30km altitude the pressurgrofile is calculated, whereas the temperatprefile is retrieved. In the
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altitude range between 20 and 60 km the noise of the higHeteso retrieval is about 1.4 to 2.1 K and the total retriesabr,
which includes several systematic errors, is 1.6 to 3.0 Khis altitude range the retrieval achieves the most radiagults,
which is indicated by the retrieval diagnostics. There d@ua5-6 degrees of freedom for signal in the retrieved @®illhe
The retrieval setup of the AIRS high-resolution retrievatidiguishes between day- and nighttime conditions. Thediclu
Rapid Spectral Simulation Code (JURASSIC) model (Hoffmand Alexander, 2009) is used for radiative transfer calcula
tions. This model assumes local thermodynamic equilibifuff), which restricts the study of daytime measurementb¢o
15um channels. The 4,38m channels arat daytimeaffected by non-LTE effects due to solar excitation of Q@olecules
(de Souza-Machado et al., 2007; Strow et al., 2006). Non-&ffécts are not noticed in nighttime measurements of AIRS.
Therefore thenighttimeretrieval uses both wavebands. Lower retrieval noise at@roeertical resolution of the nighttime
retrievals compared to the daytime retrievals is the camsece. The data in this stusyasweresplit in day- and nighttime
depending on the solar zenith angledonly the nighttimedatawereused The retrievals consider values larger than<188
nighttime data. Note that especially throughout polar semat high latitudes thismitatienrestrictionleads to data gaps.

The High Resolution Dynamics Limb Sounder (HIRDLS) is a 2amhel infrared limb scanning radiometer aboard NASA's
Aura satellite (Gille et al., 2003, 2008ke-, which is partof the A-Train constellation of NASA satellitéseludesAura, too.
Therefore AIRS and HIRDLS cross the same geographic lotatiathin a few minutes. Aura was launched on 15 July 2004
in a sun-synchronous polar orbit. Aura has an inclinatio@&fat a flight altitude of 705 km¥he-During launchHIRDLS
wasdamageandit wasnot possibleto scanin azimuth,which would havegiven3D capabilities(Gille et al., 2003) Instead,
theline of sight of HIRDLS is fixed to an azimuth of -4 &encerningwith respecto the orbit plane—+Fherefereresultingin

a latitudinal coverage of about 83 to 80 Neeeurs In orderto resolvethe issueshatwerecausedy this damagegxtensive
extensivecorrectiongo the processinglgorithmshavebeenperformed(Gille et al., 2008, 2011). Along-track distances be-
tween subsequent altitude profiles are down to only 100 krauseethe line of sight of HIRDLS is fixed. This remarkably fine
along-track sampling offers a great opportunity for thelysia of gravity wavesMuttiple-thinspeetrabhanneldleasurements
of thermalemissionswith 1km verticalresolutionaremadein 4 channelon the long-wavesideof the 15um CO,-infrared

emissiensreusedieretrieveatmospheritemperaturdsandsfrom whichthetemperaturés retrievedasafunctionof pressure
(Khosravi et al., 2009a, b). The fractional cover-up of HIEEXield of view induces perturbations of the measured atinesp

limb radiances, which have been eliminated (Gille et al080Temperature retrievals are provided for January 200&4drch

2008. HIRDLS measures in an altitude range between the pense region and the upper mesosphere on a pressure grid with
121 levels Betweenl3and6okm-the The vertical field of view of the instrument is 1 km which is acheelvas vertical reso-
lution between13 and60km from the measured temperature altitude profiles (Gille.¢2808). Our analysis uses retrieval
products obtained with processing software version 6. HIRDemperature retrievals are carefully validated. Cornispas
between HIRDLS and SABER and HIRDLS and ECMWF temperaturdisate that HIRDLS has a warm bias at the tropical
tropopause. In the stratosphere HIRDLS temperatures dhénwli K of ECMWF temperatures, within 1-2 K of Microwave
Limb Sounder temperatures, and within 2 K of lidar tempeegGille 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 €7 ,) of the satellite temperature measuremestgpicaty-consistingtypically consistsof three components:
the variance of gravity waveﬁjw), of background signals;ﬁg), and of noise?

nm’,se)'

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 temperagfradients and planetary wave activity are linked with tiack-

ground signalsFor AIRS a local detrendingmethodis applied whereasa global detrendingmethod has beenusedfor

HIRDLS. Both methodsare standardmethodsthat have beenoptimizedfor eachinstrument.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 temper
data. Here we transferred the method to temperature ralsiend applied the fit independently for each altitude. Nioss
this proceduresuppressestronrghrtendsto suppressvave fronts which are parallel to the across-track dir@etiahwhich

ceverlargefractionsefeachsean butonly if thewavepatternsovermostof the AIRS measuremeritack. Small-scalevave

atternsof gravity waveswith shortalong-trackwavelengthsretypically not affected This effect can possibly be reduced if
the background is smoothed along-traekiowever,n the case of extreme latitudinal gradients in the tempeedieids, e.g.,

at the polar vortex edgetherproblems can be introduced by smoothing. Therefore aloagkismoothing was not considered
here.

The background removal applied to HIRDLS temperatures cm@p several steps. For a fixed latitude and altitude, ttee da
set is subdivided into overlapping time windows of 31 daystl. For these 31-day time windows, the zonal mean tempera-
ture and trend are removed, and 2D spectra in longitude emeldre estimated. By back-transformation of these spemtra 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 calculatedd@rétise 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 mowdldietErn et al. (2011). At the end of the procedure quasi-
stationary zonal wavenumbers 0—4 are subtracted to rerhevsignificant tidal modes. Thereby ascending and descgndin
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 planetargvesand gravity waves.
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 backgrduwwill contain minor contributions due to gravity waves witimg
vertical wavelengths. Still, at most latitudes the backagbvariances will be dominated by global-scale waves. Eimmces
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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 variancesdpttie measurement period between 2005 and 2008 at 42 km
altitude. The overall structuref the backgroundsignalsin both data sets is rather similar. An annual cycle at higjtuldes

its maximaduringwintertimeandits
minimaduringsummertimeThe maximum in both data sets is up to 2704dtound 50 to 60° N/S. The activity of planetary

is detected which haguringwintertimeitsmaximaanddy ima

waves is weaker in the southern hemisphere winter and inathéaarn hemisphere the polar vortex is more invariant in con
trast to the northern hemisphere (e.g., Day et al., 2011} iShrepresented by the background varianegsch are larger in
northern hemisphere winter than in southern hemispherewin

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 the noise was estidhdirectly from the measurements using the method
of Immerkaer (1996), following the approach of Hoffmann et(@aD14). Immerkeer (1996) presented a generic technique for
noise estimation developed forimage analysis. Individo@ée estimates are obtained for each AIRS granule and #dube

The temperature data-nestedare convolvedwith a 3x 3 pixel filter mask which eliminates image structures. Thearae

of the filtered data is calculated which gives an approxiamtf the noise. Note that it is possibléth-the-methodef-to
misinterpret plane waves with very short horizontal wangtls as noisith the methodof Immerkeer (1996), because thin
lines areeventuallyrecognized as noise. However, based on inspection of tieenatoncluded that this 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 valuesiy. Noise profilesffor 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 2.1K in the altitude range between 20 and 60Haifihann and Alexander, 2009). Gravity wave variances
of AIRS areanahyzeecorrectedoy subtracting the squared noise estimate from the temperaariances. For HIRDLS both

a measured and a predicted precision are provided. Thecpeddirecision corresponds to the expected uncertaintipeof t
retrievals based on uncertainty of the input parameteiis.iitludes the radiance noise, but also other parametgrsfaward

model errors (Khosravi et al., 20093, b; Gille et al., 20THe theoretically estimated temperature precision of HIBDas

no seasonal vanablllty and is about 0.6 to 1.7 K, increasiitly altitude (see Fig. ZAddmmLy%eJems%hee%eﬂeabsHmate

increaseso 0-6K-at50km-NeisewasComparinghenoiseestimateof HIRDLS andAIRS, thevaluesof HIRDLS arequitelow
mnot corrected for in our HIRDLS analy&beeaus&hm*&luese#ﬂqezeﬂalaferagmmedevﬁreﬂs
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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 observatiortdif{ Alexander, 1998; Preusse et al., 2008; Alexander.e2@10;
Trinh et al., 2015). For AIRS the sensmwty to vern@qmml\/vavelengths was determm@#ewmgtmh
similarto Hoffmann et al. (2014)-e-

vertical direction, temperaturgrofilesrepresentingvave perturbationhavebeenconvolvedwith the averagmg kernel func-

detrendingrocedurenwavepackagesnof theretrievalto takeinto accounthesmoothingeffects.In thehorizontaldirection,
the polynomialfit detrendingnethodhasbeenappliedto simulatedwave perturbationsn across-track directioappliedand
in orderto guantify the potentialfiltering of large-scaldeaturesin both casesthe sensitivityto the given wavelengthsvas

determinedy calculatingthe ratio of the variances of thke

theiroverallmaximundiltered andunfilteredperturbatiordata.Herewe variedthe wave phase®verall possiblevalueswhen
we calculatedhevariances

The sensitivity function othe currentgeneratiorof limb sounders is really two dimensional and the sensitifatyhorizontal
and vertical wavelengths can not be estimated indepernyd@ii calculation of the HIRDLS sensitivity function folls the
approach of Preusse et al. (20@2)dTrinh et al. (2015), with additional vertical filtering bgjmpplied. This additional filter-
ing was added because in the analysis by Ern et al. (201 liigveave 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 usdldd vertical analysis of altitude profiles. This verticahbysis

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
40 km 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 flentroposphere into the stratosphere (Preusse et al.,,2008)-
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 wavelengtbaeahthan 1280 km. Highest sensitivity is found for longtirer
cal and short horizontal wavelengths, as expected for a sadinder. In contrast, the observational filter of HIRDL®wh
the typical picture for limb sounders with high sensitivitr short vertical and long horizontal wavelengths. The 2e%&I

of sensitivity is exceeded for vertical wavelengths lontiem 2 km and shorter than 39 km and for horizontal wavelength
longer than 140km. The horizontal wavelengths considenetié HIRDLS sensitivity function are the wavelengths along
the line-of-sight of the satellite. The true wavelengthssially shorter than this projection. Therefore lisdarnrersounders
can detect gravity waves with even shorter horizontal wenvgth than suggested by the sensitivity function. Assurttiiad
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horizontal wave vectors of observed gravity waves are ramglalistributed, the average horizontal wavenumber wowd b
underestimated by a factor ¢f2, giving a rough measure of how much shorter observed truedral wavelengths could be
on averageSimilar valuesfor HIRDLS arefoundby Wright et al. (2015)

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

AN\ 2
T
th:M(kh7m)X (f) ) (2)
for a given normalized wave amplitud&/7". Following Ern et al. (2004), the momentum flux factor is cédted according to
_ 1 rgN\?ka
N[(kh7m)—§P(N) EAB7 Q)
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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 nedat
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 observeaswity
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.

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 compardd wi
HIRDLS observations at the same location and at a similae.ti@verpass times of the same geographic locations are for
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AIRS and HIRDLS within minutes, because both arembeimember®of the A-Train constellation of NASA satelliteBased
Howeverbasedn their different viewing geometries, AIRS as nadir souraahel HIRDLS as limb sounder with fixed azimuth
angle of -47, the times where AIRS and HIRDLS see the same geographitidosaiffer by about 100 min. The gravity wave
patterns can change substantially on timescales of 100mp@rticular in case of gravity wavéom non-orographisources
with high frequencies and fast group velocities. Variasionthe phase structure of mountain waves are more likebriart in

a 100 min interval in contrast to waves from other sourcesabge they are stationary relative to the ground. Mountaives
are therefore best suited for a direct comparison of AIRSHIRDLS data.Heweverwe-Additionally to the effectdueto

For AIRS only the descendingrodeis consideredonly nighttimedata),while for HIRDLS both ascendinganddescending
nodesareconsidereddaytimedataandnighttimedataareaveraged)This mayhavesomeeffectin thetropicswhereadiurnal
cyclein the gravity wave sourceds expectedput shouldnot havemucheffectin the polarvortexregionduring wintertime.

We analyzed several gravity wave eveafdrom different sources, which are observed by both AIRS and HIRDEigures

4 and 6 show temperature perturbation maps of the AIRS dpeedtetrieval and the AIRS high-resolution retrieval vas|

as HIRDLS measurement locations at 30 and 42 km altitudeigs. B and 7 the corresponding vertical cross-sectionseof th
AIRS operational retrieval, the AIRS high-resolution ietal, and HIRDLS are presented. The AIRS measurementdiesare
linearly interpolated to the HIRDLS track for this compaiis

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-resolutemieval and HIRDLS agree well in amplitude and phase stinect

of the mountain wave everRRemainingdifferencesarelikely-dueHoffmann and Alexander (2008)tributedremainingsmall
differencesn the vertical phasestructureof the observedvavesto the different vertical resolution of both instrumentsitél
that the AIRS operational retrieval also shows this evaritihe retrieved wave amplitudes are significantly loweke Vértical
resolution of the operational retrieval is also signifitamtegraded compared with the high-resolution retrievaivao40—

45 km. Fhisis-attributedHoffmann and Alexander (2009ttributedthis to stronger smoothing constraints in the operational
retrieval.

The second case study shows a non-orographic wave eventheveouthern Indian Ocean on 8 August 2007 (Figs. 6 and
7), which was likely initiated by jet or storm sources. Figu shows in the upper panel a zonal average of the horizontal
wind of ERA-Interim and in the lower panel the horizontal dénat 243 hPa (about 10 km) and 13.9 hPa (about 30km). In
the zonal average of the horizontal wind the jets at the uppposphere lower stratosphere and in the polar stratosatne
clearly seen. The maps at 243 hPa and 13.9 hPa show the pmiajdt, too. The exit region of the jets, where gravity wave
generation is common, is located at the position of the waeate Figure 9 shows 8;Im brightnessemperaturestAIRS:

Fhis-mapindicatestemperatureneasurementsf AIRS, which covera spectralwindow regionand are sensitiveto surface

or cloud emissionsLow brightnesgemperaturegdicatethe presence diigh cloudsassociateavith a storm systenn the
studyarea which could also be a source for the gravity wave event. €gerature perturbation maps show that the HIRDLS
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track is at the edge and catches mostly the western part ofdlie event. Nevertheless, the vertical cross-sectionbeof t
AIRS high-resolution and HIRDLS retrievals show a similausture, with larger amplitudes in HIRDLS and slightlydar
vertical wavelengths in AIRS. The coarser vertical resotudf AIRS is obvious in the vertical cross-section and hssn an
attenuation of the amplitudes and coarser vertical strasttompared to HIRDLS. This effect increases with altifwdeich
can be attributed to decreasing vertical resolution of tHeSAretrieval with heightThe observedhaseshift with altitudeis
expectedpecausef thetime differencebetweenAIRS andHIRDLS measurementsf 100min andthenon-orographisource
of the gravity waves.A comparison between the AIRS operational and high-remoluetrieval shows a severe attenuation
of the amplitude of the wave event and the coarser horizoesallution of the operational data. These case studiesrilie
that despite the rather different sensitivity function®&land HIRDLS are capable of observing gravity waves fronséme

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 42 km 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 chosenualétis shown. Latitudes 48 and 47S in Fig. 12 are chosen,
because they are the maximum and minimum latitudes, whzl@npletely covered by AIRS measurements. We found that
the seasonal cycle is captured very well in the AIRS and HIRDIata sets and the structure is rather similar. Apart from
the wintertime maxima in the polar regions, gravity waveamce between 56 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 2iF (30km) and 2 and 5K (42 km)

for HIRDLS. In the subtropics a weaker annual cycle with maxduring 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 deepexttive sources during summer (e.g. Choi et al., 2012hTetral.,
2016). Additionally, a major effect is the modulation of veeamplitudes by the background winds. We found an annuagcycl
at high latitudes, which hasringwintertimeits maximaandduringsummertimatsminimaits maximaduringwintertimeand

its minimaduringsummertimeThe highest values are found at the polar vortex in the ssothemisphere with values up to

9 K? for AIRS high-resolution retrieval and up to 29 Kor HIRDLS. BuringbereaiwintertimeBetweenDecembe2006and
February?2007 a double-peaked maximum atBdis seen in AIRS high-resolution retrieval and HIRDI®ie secondoeakin

bothdatasetscouldberelatedto astrongwarmingin thebeginningof Januan2007(Rosevall et al., 2007T heenlargedeak
stronglyreducedsecondgeakwhichis moresimilarto the AIRS time series AIRS high-resolution retrievals detected a double-

peaked maximurddringbereaiwintertimebetweerDecembeP005andFebruary2006 at 44N, which is not seen in HIRDLS
at this latitude but somewhat further norithe samebehaviouwasfound by Wright et al. (2010)jn zonalmeanmomentum

flux measurementsf HIRDLS. In January 2006 a major sudden stratospheric warming (S$@jreed and the double peak
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structure is likely related to the SSW. In the high-resalntretrieval of AIRS it could be seen, with a small delay, ttiest
gravity wave activity is strengthening after the SSW whes zbnal wind increases again. For an overview of gravity wave
activity in the northern hemisphere polar region duringeréavinters see Ern et al. (2016). Hoffmann et al. (2016)wtised
gravity wave activity located at southern hemisphere aplgic hotspots and their correlation with background windsore
detail.

Comparing zonal winds at 2.5 hPa (about 42 km) and stratosgravity wave variances a strong correlation can be fdond
both AIRS and HIRDLS. The largest gravity wave variancesio@t mid- to high-latitude regions where stratosphericaion
mean winds are- 25ms! 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 tless@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
DBepplershiftedDoppler-shiftedowards longer vertical wavelengths, which are betteiblésin particular for AIRS. A more
detailed discussion of this effect can be found, for exarripl&rn et al. (2015) and Hoffmann et al. (2016). This also nsea
that long vertical wavelength gravity waves are prefeaiytfound in regions of strong background winds. This is likely
reason why in Fig. 11 the patterns of AIRS gravity wave vazematch the distribution of the background winds somewhat
better than the HIRDLS variances.

The values of the operational retrieval are a factor of tweeloif #-they are compared to the AIRS high-resolution retrieval.
At 44°N no double peak related to the SSW is seen in AIRS operatietratval valuesturingberealwintertimebetween
DecembeR005andFebruary2006 andbecembel006andFebruary2007. At 20N and 20'S gravity wave variances during
wintertime are not increasing, which is seen in btith AIRS high-resolution retrieval and isHRBESthe HIRDLS data
Obviously, the AIRS high-resolution retrieval is more abie for the analysis of gravity waves than the AIRS openatio
retrieval due to the better horizontal resolution and imptbvertical resolution.

3.3 Influence of sensitivity functions on gravity wave variaces

As we conducted a full spectral analysis of the HIRDLS date,are able to apply the AIRS sensitivity functions to the
HIRDLS data in order to estimate the fraction of variancesd th actually observed by both instruments. For this proced
horizontal and vertical wavelengths of the gravity waves rquired. From the HIRDLS measurement track consecutive
altitude profiles, which observe the same gravity wave, aeslio determine horizontal wavelengths. This approachées
used before to estimate gravity wave momentum fluxes froelisatdata (e.g., Ern et al., 2004). The average samplistgadce
between these consecutive altitude profiles is 90 km, anprtifées are observed within only about 15 sec. Therefoendfie
same gravity wave should be observed in consecutive profifesdue to the short sampling times the wave field should not
change due to the oscillation frequency of the wave. Thezbatal structure of the wave is responsible for phase diffees.
Nevertheless, to ensure that in successive profiles the geaviey wave is looked at, only waves with the vertical wargjths
differing by no more than 40 % in the two profiles of a pair adested. The fraction of selected pairs with respect to the to
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number of possible pairs is thereby reduced to about 60—Adé&wdatitudes, and to about 50-60 % at high latitudes. Gyavi
wave variances due to the strongest gravity wave compoieatksingle profiles without pair selection and of the stdec
pairs are almost exactly the same. Therefore the selectesigra considered to be representative for the globalilligion

of all gravity waves. However, there will always be an angleetween the horizontal wave vector of the gravity wakesy
and the sampling track of the satellite. The observed hot@avavenumbekzsskqops Will therefore underestimategw by

a factorcos(«r), and the horizontal wavelength will be overestimated byctoial / cos(a).

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 atvsg¢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 variance gngicantly reduced after the AIRS observational filter is
applied. HIRDLS filtered with AIRS sensitivity function reggduces at the maximum 8 % at“4¥ and at the minimum 3 %
at 20N of the HIRDLS gravity wave variance. Values of HIRDLS inding the AIRS observational filter are considerably
lower than values directly from the AIRS high-resolutiotrieval. This confirms that there is only small spectral taeof the
HIRDLS and AIRS sensitivity functions and points to an undsgresentation of small horizontal-scale waves in HIRDiag
compared with AIRS. Still, relative variations are very Banand some structures seen in AIRS became visible in HI&DL
gravity wave variances after including AIRS observatidiir. At 44°N the filtered HIRDLS gravity wave variances show
the double peak structueeiringbereakwintertimebetweerDecembeR005andFebruary2006, which is not seen in unfiltered
data. The gravity wave activity is strengthening after t&¥\Swhen the zonal wind increases again in both filtered HIRDLS
gravity wave variances. This is also seen in AIRS, but sonad¢wlelayedBuringbereatwinterBetweenDecember2005
andFebruary2006 andDecembe2006 and February2007 the filtered HIRDLS gravity wave variances are more gailgl
decreasing with time at 40 after the peak value than in the unfiltered HIRDLS gravityameariances. This behaviour is very
similar as in the AIRS gravity wave variances. The analysigficms that AIRS and HIRDLS gravity wave measurements can
be considered complementary to each other, because theyvesrersedifferentsections of the gravity wave spectrum. The
relative variations in all time series are similar, whiclircates that these variations are induced by similar phypiocesses
(e.g., wind effects and source mechanisms). Thereforeghtibe possible to transfer directional information obealirior
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 performed @iHtRDLS operational retrievals, AIRS operational retailsy

and a dedicated AIRS high-resolution data SémeasuremergeometrientAIRS (nadir) and HIRDLS (limbprediverse
havedifferentmeasuremergeometriesand therefore they have opposite sensitivities to horedaand vertical wavelengths,
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which is shown by their sensitivity functions. However, angarison of individual orographic and non-orographic gyav
wave events showed that stratospheric wave structuresR Ahd HIRDLS agree very well, which is consistent with earli
work of Hoffmann and Alexander (2009). With respect to thé&k&Ihigh-resolution retrievals, the case studies demdastra
that AIRS and HIRDLS agree generally well in amplitude andgghstructure for a mountain wave event and a non-orographic
wave event. AIRS has coarser vertical resolution, whichltesn an attenuation of the amplitude and coarser versicak-
tures compared to HIRDLS, which is much more evident for tieRoperational retrieval. However, AIRS has a much higher
horizontal resolution and the propagation direction of Weve can be clearly identified in geographical maps of theewav
events. The horizontal orientation of the phase fronts @ddnluced from AIRS 3D temperature fields. This is a restdcti
factor for gravity wave analyses ofirrentimb measurements.

A comparison of time series of gravity waverianeevarianceof AIRS and HIRDLS revealed that HIRDLS gravity wave
variances show an offset due to regular background actiigyavity waves and are typically about a factor of 3-5 lathan

for AIRS. This is attributed to the different measuremermrgetries and the limitation to long vertical wavelengths4tRS in
particular. We calculated a momentum flux factor, which gi@&ough estimate how muéewaveswavesof given horizontal
and vertical wavelengths and amplitude contribute to maomarilux, if they exist in the real atmosphere. It indicatest tihe
waves with short horizontal and long vertical wavelengtessby AIRS contribute significantly to momentum flux, evetné
AIRS temperature variance may be small compared to HIRDIESpide this systematic difference, the seasonal anddaiill
distributions of stratospheric gravity wave activity falin both data sets are rather similar. Overall, these vansgre related

to the well-known seasonal patterns of gravity wave agtiwith summertime maxima in the subtropics, and wintertinam
ima at high latitudes (e.g., Ern et al., 2011, 2013; Hoffmanhal., 2013, 2014). Several sources of gravity waves catyze
these maximaBeeausel he summertimanaximain the subtropicsoccur,becausef the stronger activity of deep convective
sources during summghesummertimeanaximainthesubtrepiesecur. Gravity wave variances show great enhancementin
the winter hemisphere over mid and high latitudes where thermight jet is strongest (Plougonven and Zhang, 2014 )aied

to strong mountain wave activity (Jiang et al., 2004a). Tewssenal distribution of stratospheric gravity wave attifound in

this study agrees well with other satellite climatologiasdd on limb measurements (e.g., Preusse et al., 2009ayravity
wave variances agree qualitatively well with the AIRS cliclagy of Gong et al. (2012), which is based onib radiance
measurements and of Hoffmann et al. (2013), which is based3ymm brightness temperature variances.

Wright et al. (2011) compared HIRDLS, COSMIC, and SABER detas 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 % ofthecases. In a second studyestigatedi-Wright et al. (2016aj)nvestigatedwhetherthe dissimilar results of many
gravity wave studies are primarily of instrumental or metblogical origin. Their analysis is located around the beut
Andes and Drake Passage with different gravity wave resglinstruments. Their results show important similarites!
differences. Limb sounder measurements show high intexiadion between any instrument pair. AIRS and radiosoide
vations tend to be uncorrelated or anticorrelated with thermdata sets, suggesting very different behaviour of teeviield

in the different spectral regimes accessed by each instrurggidence of wave dissipation is seen and varies strongly
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seasonA first combinatiorof anadirinstrumen{AIRS) andalimb instrumen{MLS) observationgsvasdoneby Wright et al.

(2016b) who analysedhewavemomentunflux andthefull 3D directionof propagatiorior a mountainwavecasestudyover

the Andes.In contrast to theseéwe-threestudies, we focus on a global statistical comparison of arrnastrument (AIRS)

and a limb instrument (HIRDLS) over a measurement periothiefet years. The data sets of AIRS and HIRDLS are found to
be complementary to each other. AIRS primarily observeg th@ short horizontal and long vertical wavelength waves an
HIRDLS primarily observes only the long horizontal and gheartical wavelength waves. To address the differencesdssi

the AIRS and HIRDLS distribution to the different sensitwiunctions a simple approach of filtering HIRDLS data witle t
AIRS sensitivity function was conducted. Still, relativariations are very similar and some structures seen in AlR&ine
visible in HIRDLS gravity wave variances after includingtAIRS sensitivity function. Of course, not all differenaam be
explained by this simple approach, but it might be possibleansfer directional information obtained for AIRS to HDRS
observations for case studies.

In summary, despite the different sensitivity functionRA 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 sectionshaf gravity 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 Fuegtop: AIRS operational retrieval. Bottom: AIRS high-resiiin retrieval. Black 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. SameasFig. 5, butfor anon-orographigravity waveeventover the southernndian Oceanon 8 August2007,about17 UTC.
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Figure 8. Top: Zonal average of horizontal wind of ERA-Interim for anrorographic gravity wave event over the southern Indiagadc
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Figure 9. 8.1um brightness temperature measurements of AIRS for a nagrapbic gravity wave event over the southern Indian Ocean on

8 August 2007. Low brightness temperatures indicate thegmiee ohigh cloudsassociatedvith a storm system in the study area.
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Figure 10. Time series of monthly temperature variances due to gravityes 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 wfrmm 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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