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We would like to thank all anonymous referees for their efforts and comments which
helped us to launch a revised manuscript version. This new version only focuses on the
observations (mesospheric water vapor and wind) and the robustness of the analyzed
data. The parts dealing with SD-WACCM model simulations and Aura MLS data are
removed with regard to the reviewer comments. In consequence many comments will be
answered only briefly due to the omission of manuscript parts.

Please find our point by point response to all three reviews below. A marked-up
manuscript version is provided in the end.

1 Response to Referee #2

Major issues

(1)
WACCM model results: a resolution of 2.5◦ means that only waves with wavelength
>400 km or so are resolved. So this is certainly a different part of the spectrum than
observed with the microwave radiometer. Figs. 4 and 5 show that the spectra are
completely different, and the only commonality is the height range, where the waves
maximise. But this is only a similarity and one cannot really identify common waves in
the model and observations.

We agree that the analysis of atmospheric wave parameters from the SD-WACCM model
simulations and Aura MLS data was not sophisticated enough. As stated in the intro-
duction, all parts in the manuscript dealing with WACCM or Aura MLS data are omitted
now. This includes also the hodograph analysis, which was only performed with SD-
WACCM data because the quality of the meridional wind observations by the Doppler
wind radiometer WIRA was not good enough.

Section 2.3 is deleted. In Sect. 2 we now only describe the microwave radiometers and
the corresponding data sets. In Sect. 4 the focus is put on the monthly mean H2O
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spectra (Sect. 4.1) and the temporal evolution of the 18-hour wave amplitudes in the
H2O and zonal wind data (Sect. 4.2). All parts and figures mentioning and showing SD-
WACCM results are removed (Figs. 5, 7, 9, 10, 11c, 12). In Section 4, a new subsection
4.3 is included and discusses the obtained results in regard of inertia-gravity waves or
the possibility of a non-linear wave-wave interaction between the quasi 2-day wave and
the diurnal tide.

(2)
The hodograph analysis in Fig. 13 requires explanation. There is some theory given in
section 3, but it is not well described what the authors really did to obtain the wave
parameters. Obtaining the intrinsic frequency from ε (ratio between the major and mi-
nor axis of hodograph ellipse) and then using the Doppler relation to get the horizontal
wavelength? How was the observed frequency defined, from the radiometer measure-
ments? And what is the error of this analysis? If the intrinsic frequency and horizontal
wavelength is known, the dispersion relation will give the vertical wavelength, but from
Fig. 13 a vertical scale of some 20 km is visible, is it possible that the difference 20 km vs.
<6 km comes from uncertainties of the analysis? ε is close to unity, and then a relatively
small error might give a large relative error for the wavelength. WACCM cannot resolve
waves with short vertical wavelength. The authors refer to Baumgarten et al. (2015),
but in their wind and temperature residuals the short wavelength is immediately visible.

With our instruments alone we were not able to make use of the hodograph method.
In principle it requires a higher vertical resolution than our microwave instruments can
provide. Since the SD-WACCM part of the manuscript is deleted, it does not make
sense any more to present the hodograph method and the simulated results.

Section 4.2.2 (Propagation analysis) is omitted together with Figs. 12 and 13. The
manuscript part about the numerical methods is much shorter now and only explains
the spectral data analysis we use.

(3)
Aura/EOS observations: The vertical resolution is less than 3 km, so I do not see how
waves with wavelengths <6 km can be resolved. The description of Fig. 14 is not very
clear. I assume that it shows temperature residual profiles every 12 hr? In the meso-
sphere, Fig. 14 shows maxima/minima constantly at the same level. This does not look
like a real atmospheric phenomenon, and it rather seems as if these are the original data
levels and the waves seen are due to aliasing. Analysis of Aura data therefore must be
explained in much more detail, and possible effects of resolution have to be discussed. I
doubt, however, that the results in Fig. 14 really show the gravity waves.

Our Aura MLS analysis is to a certain degree critical. If the vertical wavelength is less
than 6 km the Nyquist sampling theorem is not valid for the vertical resolution of the
MLS satellite data. However the result of a 6 km vertical wavelength is based on model
data and might not describe the real atmospheric situation. But with our observations
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we were not able to derive the vertical or horizontal wavelengths parameters. Based on
the results of the SD-WACCM hodograph analysis, we agree that a MLS temperature
profile analysis is more or less pointless.

Sections about Aura MLS and the temperature profiles (Sect. 2.2 and 4.3) is deleted,
including Fig. 14.

Minor issues

(1)
P 2, introduction, l 13: The paragraph on the solar effects may be deleted. At least
regarding the 11-year cycle, as the paper deals with gravity waves and not long-term,
interannual variability.

We agree that the paragraph on the solar variability misses the point.

Therefore, the paragraph on solar variability is deleted in the introduction.

(2)
P3, L7: maybe replace frequency by angular frequency, at least when first introduced.

We agree, that it is more correct to use the term angular frequency.

In the discussion Section 4.3 we use the term angular frequency when first introduced.

(3)
P9, L20, Fig. 10: How was the correlation calculated? For each profile separately, so
that the correlation is strong if the amplitudes maximise at the same height? This would
not mean too much, in particular would not give information on whether the amplitudes
appear simultaneously or not. If the correlation is insignificant, is it then simply set to
zero?

It is correct that the correlation was calculated for each profile separately and set to
zero if it was not significant (95 % confidence). However in the new manuscript version
no comparison to SD-WACCM is performed any more.

Figure 10 is not presented any more in the results.

(4)
P11, L 13: temperature amplitudes, do you mean residuals or filtered temperatures as
in Fig 14?
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With temperature amplitudes we referred to as filtered temperatures. But no Aura MLS
temperature data is shown in the revised version of the manuscript now.

Section 4.3 and Figure 14 is not part of the manuscript any more.

(5)
P11, L 21: how do you know that it is the 18 hr wave that is analysed from the temper-
ature profiles?

It is correct that we cannot say that the high-pass filtered time series of the temperature
profiles is only related to the 18 hour wave. Only the SD-WACCM hodograph analysis
suggested that the inertia-gravity waves have vertical wavelengths below 6 km and that
value was used as upper limit in the filter settings.

We do not show any MLS data now.

(6)
P 11, L 23: Which kind of temporal structures? Long-period variations of the waves?

Needless to answer, since MLS data is not shown any more.

Same as before. Section 4.3 is deleted.

(7)
Fig 13, caption: what means background wind speed?

The background wind speed is the projected true wind speed in the direction of wave
propagation (obtained from the hodograph analysis). The background wind speed as
shown in Figure 13 is not a 18-hour filtered component of u and v. Since the comparison
between SD-WACCM and WIRA / MIAWARA data is questionable we do not apply
the hodograph analysis in the new manuscript version.

Figure 13 and the presented results are omitted now.

2 Response to Referee #3

Major comment

Their result seems interesting, is broadly plausible and certainly suitable for ACP. My
main question, and it’s a serious one, is how can they actually observe this kind of oscil-
lation in their H2O data? Any wave in a conserved tracer field should only be manifest
if the vertical gradient of the tracer is small enough relative to the vertical displace-
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ment. The oscillations seen in their data (i.e. Figure 1) seem very large for what is
supposedly only a 6 km vertical wavelength. And further, their vertical resolution seems
insufficient to capture a 6 km wave. I am comfortable with a limb viewer such as MLS
seeing this wave, but a vertical sounder seems less likely. On page 4, line 20, they give
their vertical resolution as 11–14 km, but then say the 18 hour wave has 6 km vertical
wavelength. If that is the case, then how can they see it? At a minimum, they need
to present some simulations showing this. For example, the gravity wave community
has spent considerable time and effort illustrating how waves are seen differently in limb
vs. nadir sounders. Here, some sort of test case with an idealized wave is called for in
order to be truly convincing, in my opinion. Or perhaps taking the WACCM fields and
convolve them with the microwave averaging kernels. I’m worried that something else
with a period of 18 hours is contaminating their retrieval and thus they are not actually
seeing H2O oscillations. The authors jump too quickly to spectral analysis without first
presenting more raw data and showing how it varies. The same question applies to their
wind data which has stated resolution of 10–16 km.

I guess with your statement “this kind of wave” you mean an inertia-gravity wave with
a vertical wavelength below 6 km. You are right we would not be able to see such a
wave. Have in mind that the 6 km wavelength was derived from the WACCM model.
In consequence the 18-hour waves seen in WACCM and our water vapor or wind data
are not comparable. From this point of view we even do not know if we see the effect
of a inertia-gravity wave, which should then have a much larger vertical wavelength of
at least ∼20 km. We decided to completely remove the WACCM data analysis and with
it the propagation analysis of the hypothetical model resolved 18-hour inertia-gravity
wave. The focus is now only on our ground-based observations. Unfortunately we
have not the expertise on simulating inertia-gravity waves. Instead of our model based
simulation to explain our wave observations we try to show that our retrievals are robust
and not contaminated by possible 18-hour oscillations of instrument related parameters
such as measurement response or various temperatures (outdoor, indoor, mixer, FPGA,
Hot-Load, receiver).
We will also include more raw data. In case of MIAWARA water vapor we show monthly
time series averaged between 0.02–0.1 hPa, which shows how the amount of H2O varies
in the altitude region where the 18-hour oscillation is observed. In case of the zonal wind
measured by WIRA, we now show all observations which are available in December 2015.
Since the whole SD-WACCM analysis is removed from the manuscript, a convolution by
the microwave averaging kernels is redundant now.

We included new Figs. 2 and 3 showing monthly time series of MIAWARA H2O aver-
aged between 0.02–0.1 hPa. Fig. 4 shows now a longer zonal wind profile time series
from the WIRA radiometer (2. Dec to 15 Dec.). Still the spectral analysis can only be
performed between 5. Dec to 9. Dec., so the WIRA plot in Fig. 9 has not changed.
In order to show that instrument related temperatures do not have a dominant 18-hour
oscillation mode we exemplary show monthly mean wave spectra of 6 temperature time
series for January, February and March 2016 (new Fig. 10). The results are presented
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in the beginning of the new Section 4.3 (Discussion). The spectral analysis in the new
Fig. 11 shows dominating oscillations in the a priori contribution (respectively mea-
surement response) of the water vapor retrievals. We have not identified any prominent
oscillations in the defined quasi 18-hour period band. Thus we conclude that we indeed
observe real atmospheric wave oscillations in our data sets. Of course still it is not clear
what causes these oscillations in the H2O tracer field and zonal wind. Section 4.3 contin-
uous to discuss about the inertia-gravity wave theory, but also on non-linear wave-wave
interactions with regard to other published studies (eg. Li et al. (2007); Nicolls et al.
(2010); Lieberman et al. (2017)

Minor comments

(1)
What is their integration time? On page 4, line 24, they say 3 hours. On page 5, line
22 they say 6.

On page 4, line 24 we were describing the MIAWARA water vapor retrieval and this
uses an integration time of 3 hours. On the next page 5 line 22 we talk about the wind
radiometer WIRA, which uses an integration time of 6 hours. Due to the omission of
SD-WACCM and AURA MLS data, section 2 will now only present the ground-based
microwave radiometers.

Old section 2 (Data sets) is renamed (Instruments and data sets) and splitted into two
subsections: 2.1: Middle atmospheric water vapor radiometer and 2.2: Doppler wind
radiometer. So the two used instruments are separately presented, which makes the
structure more clear. Old subsections about SD-WACCM and Aura MLS are removed
now.

(2)
If their measurement is only valid to 0.02 hPa (e.g. page 3), then they should cut off
their plots at that level (e.g. Figures 1, 3, 6)

Yes, it is more convenient to cut off the H2O related plots at the upper measurement
limit of 0.02 hPa, except for Figure 1, where we show the MIAWARA H2O time series
together with the pressure level where the measurement response drops below 0.8.

As suggested from the referee, Figs. 3, 4, 6 and 8 are cut off at 0.02 hPa now.

(3)
End of abstract and beginning of Intro: They use “manifold” in adjacent sentences which
seems awkward.

6



Thank you for the hint, we will replace the word manifold.

We changed the word “manifold” to “broad”.

(4)
Page 2, line 2: “Latter analyzed”...?

We suggest the following new expression:

We changed “Latter analyzed...” to “..., who analyzed ...”

(5)
Page 2, line 23 either “a” or use plural

You are correct.

Now we use plural: ...ground-based water vapor oscillations...

(6)
Line 1 on page 3- what is this supposed to mean?

We use a much longer data set than the campaign-based study of Li et al. (2007). As
supposed to this study, we are able to derive monthly mean wave amplitude character-
istics in the sub-diurnal period range. That was the main point we wanted to express
in this sentence.

Due the substantial manuscript changes in the introduction, this sentence was removed.
In the discusison part of the results (Sect. 4.3) we take up the study of Li et al. (2007) in
context with the possible (we are not sure) observations of low frequency inertia-gravity
waves in our data sets.

(7)
Line 24-25 on page 4: again, a poorly expressed thought: I think I understand why
the winter data are more usable- due to lower tropospheric humidity. But this sentence
implies something else. Do they mean that the measurement response in winter is suffi-
ciently high that they can use a time integration as short as 3 hours (as opposed to say,
a day?). If so they need to express that more clearly.

Yes, this sentence was not expressed very clearly. Due to a lower amount of tropo-
spheric water vapor in winter the signal from the middle atmosphere is less attenuated
and we can use a shorter integration time for the observed H2O line spectrum at 22 GHz.

We now write: “During the winter months the tropospheric humidity is lower than dur-
ing summer and in consequence the microwave signal from the middle atmosphere is
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less attenuated by penetrating the troposphere to the ground-based receiver. Hence an
integration of the signal of only 3 hours can be used to retrieve the H2O profiles. A con-
ceptional parameter that is usually used to express the altitude dependent measurement
sensitivity is the so-called measurement response.”

(8)
Page 5,line 10: “To our knowledge and made efforts,” ? “made efforts” is poor English.

Ok, thank you for the grammatical hint.

This sentence is removed in section 2. We explain and show results of our “efforts” that
try to show that our observed oscillations are not related to artificial effects and thus a
real atmospheric phenomenon now in the beginning of the discussion of the results in
Sect. 4.3.

(9)
Page 12, line 25 “is capable of resolving”

You are correct.

Changed “...is capable to resolve” to “...is capable of resolving”

3 Response to Referee #4

General remarks

(1)
Whereas the authors wrote in the introduction at page 5 lines 10–12 To our knowledge
and made efforts, artificial effects leading to the observed 18-hour variability can be
excluded and therefore the wave is expected to be of atmospheric origin. We aim to
report on findings based on middle atmospheric observations and model simulations.
Revealing possible sources of an 18-hour inertia-gravity wave is beyond the scope of this
paper. However, in the following they are only focusing on an 18-hour inertia gravity
wave based on a single case study (Figs. 12 and 13). From the reviewer point, this
generalization on all events is not valid because the difference between the observed
period (∼18 h) and the inertial period of 16.4 h as upper limit for the intrinsic period at
the latitude of Bern (46.88◦N) requires more or less at least constant background winds
to get the Doppler shift of the intrinsic GW frequencies which has not been shown here.

The focus on the two wave events (with hodograph analysis) is removed by completely
omitting the SD-WACCM data. The generalization from the 2 events was not valid. We
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now only focus on our ground-based observations and let the explanation of the 18-hour
wave open to some extent. In the discussion we now do not only focus on inertia-gravity
waves but also on the possibility of a wave-wave interaction between the migrating di-
urnal tide and the quasi 2-day wave, which is a more likely explanation even in regard
to the quite low vertical resolution of our microwave radiometers.

In the new Sect. 4.3 (Discussion) we add the argument about the background wind speed
related to the inertia frequency: “...The main point would be to check if the vertical
wavelengths are large enough for our microwave radiometer observations with a vertical
resolution of more than 10 km to be able to see it. Further, in case of inertia-gravity
waves with a ground related frequency of around 18 hours a specific background wind
speed is required that reduces the actual intrinsic wave frequency (Doppler shifting)
below the inertia frequency which is 16.44 h at the location of Bern.”

(2)
An oscillation with a period of about 18 h can also be the result of a nonlinear wave-wave
interaction of two waves, e.g. between quasi two day wave and the semidiurnal tide or
between the semidiurnal and terdiurnal tide. This must be checked and considered as a
possible reason for the obtained oscillations.

This is a very interesting hint. It could be that we observed a non-linear wave-wave
interaction between the quasi 2-day wave and the migrating diurnal tide resulting in
a westward traveling sum wave with periods around 16–18 hours, that behaves like a
inertia-gravity wave (as stated in Lieberman et al. (2017)). So far we have not analyzed
the quasi 2-day wave in our data for Bern, but this is planned in future. Within this
paper revision it is virtually not possible for us to do this. In this paper we only focus
on an interesting wave observation, but the clarification about the sources/causes has
to be postponed.

We decided not only to discuss about our results in regard of inertia-gravity waves, but
also in regard of such a non-linear wave-wave interaction in the new section 4.3 now.
See also answer to major comment 1 by Referee #3.

(3)
In contrast to Figs 3 and 4, the SD-WACCM spectra show diurnal tidal waves with a
poor spectral resolution, but no dominant oscillations between 15 and 21 h. It is sur-
prising that there is such a similarity and significant correlation between the bandpass
filtered wave amplitudes derived from MIAWARA and the corresponding water mixing
ratio derived from SD-WACCM simulations (Figs 6–10). Can you comment this?

In Figure 10 only the correlations of individual amplitude profiles are shown. The plot
somehow is misdirecting and does not show a temporal correlation between MIAWARA
and SD-WACCM 18-hour amplitudes. We figured out, that the quite high correlation
coefficients came from the good agreement between the model and observations at low
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altitudes (below 0.1 hPa), where no or only very small 18-hour wave amplitudes are
present.

Figure 10 is removed and a comparison between MIAWARA and SD-WACCM in terms
of the 18-hour variability is not meaningful. Anyway the whole SD-WACCM part of the
original manuscript is canceled.

(4)
Please explain and/or improve the spectral resolution presented in Figs 3–5.

In Sect. 4.1 (Monthly mean H2O wave spectra) the spectral resolution is given as 1
hour. A even shorter spectral resolution does not make sense in our opinion because
the sampling of the water vapor data is at 3 hour intervals. So the spectral resolution is
already much shorter than the temporal resolution of the raw data.

Added the word “spectral” in Sect. 4.1 to make it more clear.

(5)
Please define the term “relative amplitudes” as used in Figs 6–10.

Thank you, it is important to make the term “relative amplitudes” more clear.

In the beginning of Sect. 4.2 (Temporal evolution of quasi 18-hour wave) we now write:
“Absolute and relative wave amplitudes, which are calculated relative to the average
water vapor mixing ratio at a pressure level over the investigated time period, are pre-
sented.”

(6)
The case study (d) from 5–9 Dec 2015 (Fig 11) shows similar wave amplitudes between
MIAWARA (water vapour), WIRA (u), and SD WACCM (u) and gives confidence that,
with meridional winds from WIRA, a better wave estimation at the same location will
be possible. In the frame of the used title focusing on 18 h waves, however, Fig. 4c show
during this period only tides (12h, 24h) but nothing between 15–21 h

It is true that with meridional winds from WIRA a first estimation of the wave charac-
teristic would be possible above the measurement site. The fact that our instrument see
this wave leads also to the aspect that the 18-hour period waves must have a much larger
vertical wavelength than the original stated range λz < 6 km. So to say, the SD-WACCM
hodograph analysis resulted in impractical conclusions. The fact that Fig. 4c has no
prominent amplitude peaks within the 15–21 h period range is due to the averaging over
the entire month. The diurnal and semi-diurnal wave amplitudes were on average much
larger in December 2015 than the 18-hour wave component. Unfortunately we can only
use co-located WIRA data in December 2015 to compare with the water vapor observa-
tions.
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Nothing changed accordant to the above comment 6.

(7)
The hodographs in Figs 13 and the derived possible characteristics of a monochromatic
gravity wave are based on band pass filtered model simulations. It is not clear for
the reviewer, how realistic are these simulated amplitudes, where the gravity waves are
handled consistent a parametrization (see Page 6, lines 21–26). The cited papers of
Baumgarten et al. (2015) and Li et al. (2007) used LIDAR data with a high resolution
to estimate their hodographs. Please consider also a Stokes parameter analysis to get a
more averaged GW description instead of the snapshot hodograph of a single monochro-
matic wave. Furthermore it is recommended to add the dispersion and Doppler equation
to the wave parameter estimation to improve the readability.

We agree that the derived wave characteristics from filtered SD-WACCM simulations
and their expressiveness was unclear in context to our observations. Probably other and
more sophisticated model simulations (e.g. higher spatial resolutions) would be needed
for a better comparison.

The complete hodograph analysis is not shown any more as stated before. Old Sect.
4.3.1 is removed and with it the numerical method part in Sect. 3 describing the hodo-
graph method.

(8)
The AURA MLS temperatures and water vapour profiles are important for the MI-
AWARA data as described in Sec 2.1 (page 4). However, at altitudes of about 0.1 hPa,
where the observed 18 h oscillations have their maxima, the vertical resolution lies be-
tween delta h 5.5 and 6 km (see page 6, line 6) , so that only waves with vertical
wavelengths larger than 2 x delta h (11–12 km) can be resolved. From this point, the
filtered temperature profiles with vertical wavelengths ¡ 6 km are questionable, at least
above 0.1 hPa.

We agree that the filtered Aura MLS temperature profiles in regard of wavelengths below
6 km is problematic due to the too low vertical resolution.

We decided to completely remove the Aura MLS temperature analysis during the revi-
sion.

Technical corrections

(9)
Page 2 line 8 please add wind
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Ok.

Page 2, line 8: We added “wind”

(10)
Page 7 line 13 bandpass

Ok.

Page 7, line 13: Changed “passband” to “bandpass”.

(11)
Page 8 line 32 are given in the next Section.

OK.

Sentence is removed because it pointed to SD-WACCM results.
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