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Dear Editor, Dear Reviewers,

Thank you very much for these very helpful comments!Many thanks to the Editor and also many thanks to all Referees
for their very helpful comments that significantly helped to improve the manuscript! This is a short summary of
the changes that are made in the revised manuscript. For more details see out point-by-point reply to all reviewer
comments.

The main changes due to comments made by Reviewer #1 can be summarized as follows:

According to comment #1 we will include details on the smoothing filter used for the generation of the a-priori field
as well as on the calculation of the occurrence probability (comment #3). Comment #2 is a valuable hint and we
will change the determination of the resolution. Instead of the sphere in the horizontal and the FWHM of the row
of the averaging kernel in the vertical, we will now use a 3D ellipsoid to estimate the resolutions in horizontal and
vertical simultaneously. This new technique will account for the diagonal elements of the AVK matrix. However,
applying the new method does not change the resulting resolution values. In the appendix we will clarify the sentence
mentioned in comment #4.

The main changes due to comments made by Reviewer #2 can be summarized as follows:

To increase the visualization of the paper, Figures 2 and 3 will be updated according to remarks #25 and #26.
According to comment #33, the physical meaning of the total momentum, which is a measure for the drag, a
GW event can exert on the atmosphere, will be better explained. This number is especially important as it can
be compared to the GW drag of GCMs and cannot be provided by 1D wind observations. Comment #34 has
been mentioned in a similar way by all referees. We will include more details on how the occurrence probabilities
were determined. A similar distribution derived from GLORIA measurements (comment #39), cannot be provided,
as tomographic measurement patterns are event based only and, thus, not suitable for a statistical analysis. We
very much appreciate remark #44 and will extend the discussion on the different results of 1D and 4D ray-tracing,
respectively. Further we will include a paragraph on how the results of our paper can advance GW parameterizations.

The main changes due to comments made by Reviewer #2 can be summarized as follows:

According to comment #2 we will include details on the smoothing filter used for the generation of the a-priori
field. Further, we will include a figure with a comparison of GLORIA and in-situ measurements (comment #4).
As mentioned by the Referee, this will further support the capabilities of GLORIA. Regarding comment #5, the
authors want to clarify, that for the derivation of Equation (2), the mid-frequency approximation was not used.
However, the low and high frequency terms of Equation (6) in Ern et al. (2004) have been omitted in our paper, as
their impact on the result is below 1% in the measured gravity wave range. This will be addressed in the revised
manuscript. Comment #6 has been mentioned in a similar way by all referees. We will include more details on how
the occurrence probabilities are determined. A comparison of GLORIA measurements with ECMWF shows that
for the case discussed in our paper, the GWMFs have a similar magnitude. Therefore, we have confidence that the
statistics derived from ECMWF are a meaningful way to set our event into a broader context.

For details and our reply to all other comments see the point-by-point reply and the revised manuscript.
Again, thank you very much for your effort!

Sincerely, Isabell Krisch
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Point-by-point reply

Isabell Krisch et al.
October 26, 2017

Reviewer #1

Reviewer comment: What smoothing filter was used (type and fwhm) for the a-priori field generation?
Authors response: More details will be included in the text.

Text changes: This smoothing was done by applying a low-pass Fourier filter with cut-off wavenumber 18 in zonal
direction. In height and latitude direction Savitzky-Golay (SG) filter (Savitzky and Golay, 1964) was applied with
4th order polynomials over 11 and 25 neighbouring points respectively. On the one hand, the so generated a-priori
field improves the convergence speed of the iterative minimization, as this temperature structure is close to the true
values due to the high quality of the ECMWF model. On the other hand, the smoothening ensures that any GW
signature in the retrieval result does not stem from the used a priori data. If the a-priori data exerts any influence,
it would dampen the GW structure.

Reviewer comment: Are you simply looking at the elements in the row of the AVK matrix corresponding to the
grid points directly above the grid-point of the row, or are you collapsing (i.e. performing a summation) the two other
dimensions (x,y) before this FWHM is calculated? If the first approach is used, some description of the elements
located diagonally above and below the grid-point should be included, as these can (in principle at least) indicate
information leakage from higher altitudes that the elements directly above.

Authors response: The determination technique for the resolution will be changed to a 3D ellipsoidal fit to include
diagonal matrix elements. However, applying the new method, does not change the resulting resolution values.
Text changes: The horizontal and vertical resolutions can be defined by the axes of the smallest ellipsoid contain-
ing all elements of the averaging kernel larger than half the maximum. Accordingly, in the middle of the performed
hexagonal flight path, the vertical resolution is around 200 m, the horizontal resolution around 20 km.

Reviewer comment: How are the GW located in the ECMWF data and how are the occurrence frequencies cal-
culated? a bit more details on how this was done would be good to include.

Authors response: We will include the details on how the occurrence probabilities are determined in the manuscript.
Text changes: To classify this event, a comparison of all GW events in January 2016 has been performed in the
6-hourly operational analyses of ECMWF. First the temperature background was isolated, as described in Sec. 2.1
for the a-priori field, and subtracted from the original field. The remaining temperature residuals were analyzed
for GWs using the 3D sinusoidal fit algorithm described above. The GWMFs for all cubes were calculated. The
GWMFs from all 124 analyses fields were combined to obtain the probability of GW occurrence (Fig. 6, former
Fig. 5). Here, all GWMF values were considered independent of the horizontal and vertical wavelengths. Removing
wavelengths larger than 2.5 times the cube size in order to filter less significant fits (not shown) induced no major
changes in the general shape of the distribution. This indicates that GW events with less certain fits do not bias
the probability distribution. For the GW event over Iceland similar GWMF magnitudes were determined from the
ECMWF analyses and from the GLORIA measurements. Thus, a comparison of the measurement results with the
occurrence probability determined from the ECMWEF analyses seems reasonable. According to Fig. 6 the measured
GW event can be classified as a very strong case since the sum of all occurrence probabilities of stronger events is
far below 1%.

Reviewer comment: What is meant by full height range of the S3D fitting volume? Does it refer to each individual
fitting volume i.e. 160 km x 160 km x 3.6 km?

Authors response: The sentence will be restructured to clarify this point.

Text changes: In Fig. Alleft column the instantaneous value £,—11 5 of the ray at the middle point of each fitting
volume is compared to an average £ of all values of the ray in the height range of the respective S3D fitting volume
(comparable to the S3D fitting result).

Reviewer #2

Reviewer comment: Page 1, Line 2-3, the term global atmospheric circulation models. Even there are more than
one options, mostly GCM refers to general circulation model.

Authors response: All occurrences of global atmospheric circulation models will be replaced by general circulation
model.



Reviewer comment: Page 1, Line 5, measured - observed/revealed.
Authors response: This will be changed in the manuscript.

Reviewer comment: Page 1, Line 12-13, the last sentence should be reworded.

Authors response: The last sentence of the abstract will be reworded.

Text changes: Forward ray-tracing reveals that the waves propagate laterally more than 2000 km away from their
source region. A comparison of a 3D ray-tracing version to solely column based propagation showed that lateral
propagation can help the waves to avoid critical layers and propagate to higher altitudes. Thus, the implementation
of oblique gravity wave propagation into general circulation models may improve their predictive skills.

Reviewer comment: Page 1, Line 17, I do not see a good logic relation when using Thereby.

Authors response: The relation between the two sentences will be clarified.

Text changes: The exerted drag induces the meridional circulation in the mesosphere / lower thermosphere (MLT)
and finally leads to the cold summer mesopause and the warm winter stratopause.

Reviewer comment: Page 1, Line 20, add abbreviation QBO for quasi-biennial oscillation.
Authors response: The abbreviation will be added.

Reviewer comment: Page 2, Line 14, there are more published papers about the gravity wave parameterization
schemes such as Alexander and Dunkerton 1999, Beres et al. 2004 and 2005, Richter et al. 2010. Page 2, Line 15,
besides the source distribution, the launched wave propagation direction is another simplification.

Authors response: A more detailed list of references on GW parameterization schemes will be included. The
simplifications in the source distributions have been mentioned.

Reviewer comment: Page 2, Line 24, polarization - polarisation, analyzed - analysed, you may skip this since they
are just differences between American and Bristish English.
Authors response: This will be addressed in the revised manuscript.

Reviewer comment: Page 2, Line 25, there are several published papers using multiple instruments (colocated or
network) to study the 3D strucuture of gravity waves such as Lu et al. 2016 (two lidar and imager), Cao et al. 2016
(lidar and imager), Bossert et al. 2015 (lidar and imager).

Authors response: The mentioned further examples of 3D measurements in the mesosphere have been mentioned
in the manuscript. However, these measurements have the same restriction as the MAARSY measurements, that
they are far away from the sources and limited to few ground based stations.

Text changes: In the mesosphere, a full wave characterization of short scale GWs has been achieved with the Middle
Atmosphere Alomar Radar System (MAARSY; Stober et al., 2013). For medium scale GWs in the mesosphere, a
full characterization has been derived by combining lidar and airglow imager measurements (Bossert et al., 2015; Lu
et al., 2015; Cao et al., 2016). However, all these observations are limited to a few ground based stations. Further, it
is difficult to link observations at altitudes as high as the mesopause region to specific GW sources, which are usually
located at much lower altitudes in the troposphere and lower stratosphere. So far no measurement technique existed
to measure the 3D structure of mesoscale GWs in the lower stratosphere.

Reviewer comment: Page 3, Line 5, remove measurement
Authors response: This word will be removed.

Reviewer comment: Page 3, Line 7, the title of this section could better be Data and Methodolody. Page 7,
Section 3 title Analysis-Results.
Authors response: Both section titles will be changed.

Reviewer comment: Page 3, Line 18, I suppose less pixels are used thus the readout time is reduced.
Authors response: This will be addressed in the text.

Reviewer comment: Page 3, Line 23, what is the aircraft flight altitude? what is the altitude range the measure-
ments are taken?

Authors response: These points will be included in the manuscript.

Text changes: The aircraft flight altitude during this time was between 12.5km and 13.5km. Towards low alti-
tudes, the GLORIA measurements were limited by clouds reaching up as far as 9km to 10.5 km.

Reviewer comment: Page 4, table 1 caption, the second sentence: The last column indicates the retrieved quantity
for each spectral range.

Authors response: This will be changed in the text.

Reviewer comment: Page 4, Line 12, this part - which part? the altitude range?
Authors response: This will be changed in the text.

Reviewer comment: Page 5, Line 7, what is the temporal resolution, such as the integration time or exposure



time?

Authors response: A sentence on the temporal resolution will be added to Sec. 2.1.

Text changes: The time needed to accomplish the hexagon was about 2h. During this time 2200 infrared images
and corresponding spectra were taken. The presented tomographic retrieval represents a temporal mean over all
these measurements.

Reviewer comment: Page 5, Line 9-10, what is the evidence that this is a mountain wave? This is important
because this is the prerequisite of fitting. Is it stationary or near stationary during your 2 hour observation window?
Authors response: These waves were predicted by the ECMWF forecast to be stationary above Iceland for more
than 6 hours. This will be included in the text.

Reviewer comment: Page 5, Line 12, remove as discussed in Sec. 3.2. It is not proper to refer to something in
latter discussions.
Authors response: This will be removed.

Reviewer comment: Page 5, Line 17, GW-GWs.
Authors response: This will be changed.

Reviewer comment: Page 5, Line 18-19, what is the relation between S-G filter and the polynomial fitting?
Authors response: The method proposed by (Savitzky and Golay, 1964), which is called Savitzky-Golay filter, is
based on a so-called running polynomial fitting. A polynomial of order k is fitted to a box of n neighbouring points
and the middle point is replaced by the value of the fit. This is done for all data points by shifting the boxes over
the data. Thus, Savitzky-Golay filter is a common name for polynomial filter.

Text changes: This was done through applying SG filters to the GLORIA temperature data in all three dimensions.
For the SG filtering, 3rd order polynomials were fitted to 25, 60, and 60 neighbouring points in the vertical, zonal,
and meridional directions.

Reviewer comment: Page 6, Figure 2, I feel Fig. 2 could be improved for better visulization. Add x -y - z
coordinate to show the scale of wave structures. The colorbar for positive and negative temperature perturbation
should be properly chosen (redwhite-blue) to clearly demonstrate the wave pattern. Figure 3 of Wright et al. 2017
is a good example.

Authors response: Fig. 2 will be changed according to the remarks.

Reviewer comment: Page 6, Line 1, direction-directions, taken-treated. Page 6, Line 2, can be seen - is demon-
strated.
Authors response: This will be changed.

Reviewer comment: Page 7, Figure 3, the x-coordinate of bottom sub-figures could be just the distance, which is
more straightforward to compare the scales of GWs.

Authors response: Fig. 3D-F now plots distance as x-axis. Furthermore, the colormap of Fig. 3 will be changed
to be in agreement with the updated Fig. 2.

Reviewer comment: Page 7, Line 8, and the data plotted in Fig. 2 and Fig. 3, what is the horizontal resolution
of the raw temperature measurements? You may clarify these basic information in the text.
Authors response: This information can be found at the end of Sec. 2.1.

Reviewer comment: Page 7, Line 9, 3D direction- please clarify this direction, is this direction the wave propa-
gation direction or the orientation of the wave front? You assume it is a mountain wave, so the wave is not really
propagating. So if it is the orientation of the wave front, is there a relationship between the wave front orientation
and the mountain ridge orientation?

Authors response: The 3D direction is the direction of the wave vector k= (k,1,m). And the wave vector is
oriented perpendicular to the mountain ridge. 2 panels with the horizontal wave vector direction and the orography
of Iceland will be added to Fig. 5 (former Fig. 4).

Text changes: The fitted parameters are the 3D wave vector k = (k, 1, m) and the amplitudes (Fig. 5C). Horizontal
and vertical wavelengths, and the horizontal wave direction were calculated from the wave vector k and shown in
Fig. 5A, 5B, and 5E, respectively. Fig. 5F shows the orography of Iceland. The main mountain ridge is oriented in
east-west direction. As expected for a mountain wave, the horizontal wave direction (Fig. 5E) is perpendicular to
the ridge orientation.

Reviewer comment: Page 7, Line 14, the strength of the coupling of a GW with the background, what does this
mean? Does it mean the same as the forcing/drag of GW. Page 7, Line 15, at the end add when they dissipate.
Authors response: The misleading expression ’strength of the coupling’ will be replaced and the sentence will be
reworded.

Text changes: Integrating the GWMF over the horizontal extent of a GW event leads to the total momentum,
which determines the maximal drag this GW event can exert on the background flow in coupling and dissipation
processes.



Reviewer comment: Page 8, Line 1, since those wave parameters are derived from fitting, are there confidence
intervals that can describe the robustness of the fitting, say the uncertainties of those fitted parameters.

Authors response: A discussion of relevant effects for the uncertainty of the fitted parameters and the resulting
confidence intervals is given in Appendix A. This will be mentioned here.

Reviewer comment: Page 8, Line 5-6, the total momentum in the order of GN (109N) seems to be a gigantic
number, what is the physical meaning of this total momentum? The force the wave exerts on atmosphere? And how
do you distinguish these two waves spatially?

Authors response: The total momentum corresponds to the maximal drag a GW event can exert on the back-
ground flow in coupling and dissipation processes. The two waves were defined to be north and south of 66.2° N.
These points will be clarified in the text.

Text changes: The horizontal distribution of the GWMF clearly highlights two distinct wave packets: one with
local GWMF of up to 50 mPa north of 66.2° N and one with local GWMF of up to 100 mPa south of 66.2° N. The
GLORIA observations provide the horizontal variations of GWMF at 11.5km altitude. This allows to integrate over
the corresponding area of the two events and calculate the total momentum, a measure for the maximal drag this
GW event can exert on the background flow in coupling and dissipation processes. This is a main advantage with
respect to 1D wind observations, which can provide peak GWMF values but not the area for which these values are
valid.

Reviewer comment: Page 8, Line 7, how do you quantify the GW and calculate MF from ECWMF model? Page
8, Line 8, how do you calculate this 0.14%7 Do you mean the largest 0.14% of the all GWs?

Authors response: Similar points were mentioned by all three reviewers. We will include the details on how the
occurrence probabilities are determined in the manuscript.

Text changes: To classify this event, a comparison of all GW events in January 2016 has been performed in the
6-hourly operational analyses of ECMWF. First the temperature background was isolated, as described in Sec. 2.1
for the a-priori field, and subtracted from the original field. The remaining temperature residuals were analyzed for
GWs using the 3D sinusoidal fit algorithm described above. The GWMFs for all cubes were calculated. The GWMF's
from all 124 analyses fields were combined to obtain the probability of GW occurrence (Fig. 6, former Fig. 5). Here,
all GWMF values were considered independent of the horizontal and vertical wavelengths. Removing wavelengths
larger than 2.5 times the cube size in order to filter less significant fits (not shown) induced no major changes in the
general shape of the distribution. This indicates that GW events with less certain fits do not bias the probability
distribution.

For the GW event over Iceland similar GWMF magnitudes were determined from the ECMWF analyses and from the
GLORIA measurements. Thus, a comparison of the measurement results with the occurrence probability determined
from the ECMWEF analyses seems reasonable. According to Fig. 6 the measured GW event can be classified as a
very strong case since the sum of all occurrence probabilities of stronger events is far below 1%.

Reviewer comment: Page 8, Line 14, characterize-locate or identify. Page 8, Line 15, advance-advantage.
Authors response: These points will be changed in the manuscript.

Reviewer comment: Page 8, Line 17, in this condition, when ray-tracing is discussed, GW intrinsic parameters
rather than MF matter here.
Authors response: This will be changed in the text.

Reviewer comment: Page 9, Figure 5, this is the intermittency of the gravity waves, which is mainly described by
this probability distribution. I suppose you can make a similar plot using the MF derived from your observations,
which I think makes more sense to quantify the intermittency of the gravity waves retrieved from your observations.
If go further, the log-normal distribution can also be fitted in the probability distributions.

Authors response: A similar distribution derived from GLORIA measurements cannot be provided, as tomo-
graphic measurement patterns are event based only and, thus, not suitable for a statistical analysis.

Reviewer comment: Page 9, Line 9-10, for each dot of different size, it could be better visualization if you add a
white edge for each dot, then they can be still visible when overlapped with dense trajectories.
Authors response: Fig. 7 will be updated in this respect.

Reviewer comment: Page 9, Line 10-11, according to the GWMF at the source location, so here you implicitly
assume the GWs do not undergo any dissipation when they propagate from source to measurement locations?
Authors response: This will be addressed in the revised manuscript.

Text changes: These GWMF values are conservative estimates, as the backward ray-tracing cannot account for
dissipation processes.

Reviewer comment: Page 9, Line 13-14, what is the point of this 6 hour, in your Figure 6A, you indicate it is a
1-day backward simulation. So is there any conflict between these two? Then, can we understand this time is related
to the propagating speed of the wave packet, say how much time it takes to propagate from source to measurement
location. If so, a speed (group speed?) could be estimated.



Authors response: We constructed a GROGRAT background atmosphere allowing for backward integration up
to one day. However, the rays actually arrived at the mountains already after 6 hours. This will be clarified in the
text.

Text changes: As can be seen in Fig. 7C, the ray-traces need between 3 and 6 hours to reach the ground. This is
in good agreement with a vertical group velocity of 2 to 3km/h, which has been calculated from the measurements.
Hence, the GWs are probably excited roughly 6 hours before the measurements were taken.

Reviewer comment: Page 10, Line 1-2, the turning of the wave vectors could be explained by the wave refraction.
Authors response: This explanation will be added to the manuscript.

Text changes: Over Eastern Europe, the GWs are refracted by a horizontal wind shear, which changes their hori-
zontal wave vector from southward to westward. This allows the waves to quickly propagate upward into the westerly
wind in the mid stratosphere.

Reviewer comment: Page 11, the ray-tracing simulation (backward and forward) of GW propagation and the
comparsion between 1D vs. 4D run are dramatically interesting and important. I expect more discussions about
the ray-tracing results, especially on how this study can advance our understanding of the horizontal propagation of
GWs and insights into GW parameterization.

Authors response: The authors very much appreciate this comment and will extend the discussion, respectively.

Text changes: Two processes might play a significant role here: First, in the 1D GROGRAT version the GWs are
not refracted and the wave vectors do not change its horizontal orientation with altitude. The westerly background
winds at higher altitudes do not favor the propagation of GWs with wave vectors perpendicular to the wind direction.
Second, in the full GROGRAT run, the GWs propagate horizontally away from the source. Hence, the GWs avoid
the critical level positioned above the source location and more GWMF is transported to higher altitudes. Global
mountain wave modeling (Xu et al., 2017) suggests that this effect may prevail also on a global basis.

Neither a realistic orientation of the wave vector, nor oblique GW propagation are incorporated in GW parame-
terizations used in current climate and weather prediction models (McLandress, 1998; Alexander and Dunkerton,
1999; Richter et al., 2010; McLandress et al., 2012; Garcia et al., 2017). However, both processes are context of
several studies aiming to improve GW parameterizations (Preusse et al., 2009; Sato et al., 2009; Kalisch et al., 2014;
Amemiya and Sato, 2016; Ribstein and Achatz, 2016; Garcia et al., 2017). The present paper provides a strong
motivation to finally implement these processes in current climate and weather prediction models. Especially, as this
could close gaps of GWMF in regions with sparse sources (McLandress et al., 2012) and reduce the cold-pole bias of
climate and weather prediction models in the lower stratosphere (Garcia et al., 2017).

Reviewer comment: Page 14, Line 16, 60°.
Authors response: This will be changed in the text.

Reviewer comment: Page 17, please skip the questions regarding the uncertainties of fitted GW parameters.
Authors response: The authors think that the uncertainty discussion is an important part of this paper and
therefore prefer to keep these paragraphs.

Reviewer #3

Reviewer comment: Could you be more specific here regarding the regularization term or provide a reference
where the use of this term is better detailed?

Authors response: More details on the used regularization can be found in ?. This citation will be mentioned in
the text.

Reviewer comment: Similarly, could you be more specific on the smoothing you are using in the raw ECMWF
fields?

Authors response: More details will be included in the text.

Text changes: This smoothing was done by applying a low-pass Fourier filter with cut-off wavenumber 18 in zonal
direction. In height and latitude direction Savitzky-Golay (SG) filter (Savitzky and Golay, 1964) was applied with
4th order polynomials over 11 and 25 neighbouring points respectively. On the one hand, the so generated a-priori
field improves the convergence speed of the iterative minimization, as this temperature structure is close to the true
values due to the high quality of the ECMWEF model. On the other hand, the smoothening ensures that any GW
signature in the retrieval result does not stem from the used a priori data. If the a-priori data exerts any influence,
it would dampen the GW structure.

Reviewer comment: Could you please state the airplane altitude during GLORIA measurements?

Authors response: This point will be included in the manuscript.

Text changes: The aircraft flight altitude during this time was between 12.5km and 13.5km. Towards low alti-
tudes, the GLORIA measurements were limited by clouds reaching up as far as 9 to 10.5 km.

Reviewer comment: One primary goal of the article is to show how GLORIA observations can be used to accu-
rately retrieve gravity-wave fluctuations. I am therefore surprised that you did not try to show comparisons between



the retrieved 3D temperature field and in-situ observations performed by the airplane before the hexagonal path or
with the dropsonde measurements, as well as with the resolved gravity-wave structures in the ECMWF analyses.
In my opinion, such comparison should further support the capabilities of GLORIA, and perhaps also provide an
additional way of characterizing the instrument performances.

Authors response: A comparison of the GLORIA measurements with in-situ measurements and ECMWF will be
included as a new figure (Fig. 4). Both measurements agree well within the spatial resolution range of GLORIA.
Text changes: Fig. 4 shows a comparison of the retrieval results with in-situ measurements and ECMWF opera-
tional analyses with T1279/L137 resolution. The retrieval results and model data were interpolated onto the in-situ
measurement locations. The GLORIA measurements agree well with the in-situ measurements. Some very short
scales are beyond the spatial resolution of GLORIA. The ECMWF analysis catches the main variations, but the
temperature oscillations are not as strong as in reality. GLORIA can better reproduce peaks as for example the one
around 10:40 UTC. This comparison underlines the high quality of the GLORIA measurement data.

Reviewer comment: It may be worth stating that Equation (2) actually only applies in the socalled mid-frequency
approximation, where pseudo-momentum and momentum fluxes are stricly equivalent. Otherwise, the sentence here
may be slightly confusing. I furthermore wonder whether this approximation is really valid in this case study. The
ratio of horizontal/vertical wavelengths seems to imply relatively long waves, for which inertial effects in Equation
(2) could not be totally neglected.

Authors response: For the derivation of Equation (2), the mid-frequency approximation was not used. However,
the low and high frequency terms of Equation (6) in ? have been omitted as their impact on the result is below 1%
in the measured gravity wave range. A full discussion of the importance of these low and high frequency terms can
be found in 7. This point will be clarified in the manuscript.

Text changes: Low and high frequency terms are omitted here due to simplicity. Deviations from the full equations
derived by ? are less than 1% in the observational range of GLORIA. For a full discussion of the relevance of all
correction terms see the supporting information in ?.

Reviewer comment: Section 3.1, last paragraph: this comparison looks somewhat biased to me: if I have well
understood, the GWMF for the Iceland case study are in one hand estimated from GLORIA observations, while
in the other hand they are compared to a distribution of GWMF computed with ECMWF operational analyses.
There is actually no garanty that ECMWF analyses accurately resolve such mountain wave events, and e.g. 7 have
reported a significant underestimation of GWMF in ECMWF operational analyses.

Authors response: This point was mentioned by all three reviewers. We will include the details on how the
occurrence probabilities are determined in the manuscript. A comparison of GLORIA measurements with ECMWF
shows that for the case discussed in our paper, the GWMF's have a similar magnitude. Therefore, we have confidence
that the statistics derived from ECMWF are a meaningful way to set our event into a broader context.

Text changes: To classify this event, a comparison of all GW events in January 2016 has been performed in the
6-hourly operational analyses of ECMWF. First the temperature background was isolated, as described in Sec. 2.1
for the a-priori field, and subtracted from the original field. The remaining temperature residuals were analyzed for
GWs using the 3D sinusoidal fit algorithm described above. The GWMFs for all cubes were calculated. The GWMF's
from all 124 analyses fields were combined to obtain the probability of GW occurrence (Fig. 6, former Fig. 5). Here,
all GWMF values were considered independent of the horizontal and vertical wavelengths. Removing wavelengths
larger than 2.5 times the cube size in order to filter less significant fits (not shown) induced no major changes in the
general shape of the distribution. This indicates that GW events with less certain fits do not bias the probability
distribution.

For the GW event over Iceland similar GWMF magnitudes were determined from the ECMWF analyses and from the
GLORIA measurements. Thus, a comparison of the measurement results with the occurrence probability determined
from the ECMWF analyses seems reasonable. According to Fig. 6 the measured GW event can be classified as a
very strong case since the sum of all occurrence probabilities of stronger events is far below 1%.
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Abstract. Atmospheric gravity waves are a major cause of uncertainty in atmosphere general circulationglebal-atmespherie
(RC2: #1.,#6) models. This uncertainty affects regional climate projections and seasonal weather predictions. Improving the
representation of gravity waves in general circulationglobal-atmespherie (RC2: #1,#6) models, is therefore of primary interest.

In this regard, measurements providing an accurate 3D characterization of gravity waves are needed. Using the Gimballed

5 Limb Observer for Radiance Imaging of the Atmosphere (GLORIA), the first airborne implementation of a novel infrared
limb imaging technique, a gravity wave event over Iceland was observedmeasured (RC2: #2). An air volume disturbed by this
gravity wave, was investigated from different angles by encircling the volume with a closed flight pattern. Using a tomographic
retrieval approach, the measurements of this air mass under different angles allowed for a 3D reconstruction of the temperature

and trace gas structure. The temperature measurements were used to derive gravity wave amplitudes, 3D wave vectors, and

10 direction-resolved momentum fluxes. These parameters facilitated the backtracing of the waves to their sources on the south
coast of Iceland. Two wave packets are distinguished, one stemming from the main mountain ridge in the South of Iceland, a
second one from the smaller mountains in the North. The total, area-integrated fluxes of these two wave packets are determined.
Forward ray-tracing reveals that the waves propagate laterally more than 2000 km away from their source region. A comparison

of a 3D ray-tracing version to solely column based propagation showed that lateral propagation can help the waves to avoid

15 critical layers and propagate to higher altitudes. Thus, the implementation of oblique gravity wave propagation into general

circulation models may improve their predictive skills.

Js- (RC2: #3)

1 Introduction

Gravity waves (GWs) are oscillations in wind velocity and temperature with buoyancy as restoring force (Fritts and Alexander,

20 2003). They are the main driver of prominent circulation patterns in the mesosphere, such as the wind reversal in the meso-
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sphere — lower thermosphere region (MLT). The exerted drag induces the meridional circulation in the MLT and finally leads
toThereby-they-areresponsiblefor (RC2: #4) the cold summer mesopause and the warm winter stratopause (Holton, 1982,
1983; McLandress, 1998; Siskind, 2014).

GWs not only have a strong influence on the mesosphere but also on the stratosphere. There, they influence the circumpolar
jet and its varying degrees of strength (McLandress et al., 2012; Ern et al., 2016); the tropical quasi-biennial-oscillation (QBO)
(RC2: #5) of stratospheric tropical winds and its teleconnections into the extratropical troposphere (Dunkerton, 1997; Kawatani
et al., 2010; Ern et al., 2014); and the variability in the strength of the meridional Brewer Dobson circulation (Alexander and
Rosenlof, 2003; Butchart, 2014). These stratospheric circulations then have an impact on near-surface seasonal weather and
regional climate via dynamical couplings with the troposphere (Scaife et al., 2016; Kidston et al., 2015).

Considering their small scales, the full spectrum of GWs cannot be resolved in general circulation models (GCMs) due to

computational issues. sidering

- (RC2: #6) Hence, they are simplified in form of parameterizations. Consequences of these GW
parameterizations are for example surface temperature uncertainties of up to 2 K (Sigmond and Scinocca, 2010) and pressure
discrepancies of several hPa at polar latitudes (Sandu et al., 2016) in climate projections. Improved weather predictions and
climate projections therefore require more advanced parameterization schemes as proposed by various studies (Kim et al.,
2013; Bushell et al., 2015; de la Camara and Lott, 2015; Amemiya and Sato, 2016).

One of the strongest simplifications, used for parameterizations, is to assume solely vertical propagation of GWs. How-
ever, several modelling studies, have highlighted the importance of 3D propagation of GWs to correctly reproduce the above
mentioned circulation patterns (Sato et al., 2009; Preusse et al., 2009; McLandress et al., 2012; Kalisch et al., 2014; Ribstein
and Achatz, 2016). Further, GW source distributions and launch parameters, such as propagation direction and wavelength
spectrum, (RC2: #8) are often over-simplified in parameterizations (McFarlane, 1987; Hines, 1997; Alexander and Dunkerton,
1999; Scinocca and McFarlane, 2000; Beres et al., 2005; Richter et al., 2010; Garcia et al., 2017) (RC2: #7) and need validation
by observations (Geller et al., 2013).

To underline the importance of 3D propagation and validate GW source distributions, measurements are needed, which
allow for a full 3D wave characterization including the propagation direction (Alexander et al., 2010). Such a characterization
is, in principle, possible from various in-situ techniques. Several methods were developed to evaluate data from close-to-
vertical profiles taken by radiosondes, dropsondes or falling spheres. These methods include hodograph analysis (Guest et al.,
2000), Stokes method (Eckermann and Vincent, 1989) or a combination of wind and temperature measurements in a common
approach (Wang and Geller, 2003; Zhang et al., 2014). Furthermore, there are multiple techniques based on horizontal traces
for example from airplane measurements (Alexander and Pfister, 1995; Fritts et al., 2016; Smith et al., 2016; Wagner et al.,
2017) and observations by superpressure balloons (Boccara et al., 2008; Hertzog et al., 2008). All these methods have in
common that they infer the wave direction via polarizationpelarisatien (RC2: #9) and dispersion relations and do not reveal the
3D wave structure directly.

First 3D wave structures from satellite measurements in the stratosphere are presented by Ern et al. (2017) and Wright

et al. (2017). However, these studies are based on nadir observations of the Atmospheric Infrared Sounder (AIRS) satellite
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instrument and are limited by the coarse vertical resolution. This implies that GWs with vertical wavelengths below 15 km
are invisible to the instrument. In the mesosphere, a full wave characterization of short scale GWs has been achieved with the
Middle Atmosphere Alomar Radar System (MAARSY; Stober et al., 2013). For medium scale GWs in the mesosphere, a full
characterization has been derived by combining lidar and airglow imager measurements (Bossert et al., 2015; Lu et al., 2015;
Cao et al., 2016). However, all these-Sueh (RC2: #10) observations are limited to a few ground based stations. Further, it is
difficult to link observations at altitudes as high as the mesopause region to specific GW sources, which are usually located at
much lower altitudes in the troposphere and lower stratosphere. So far no measurement technique existed to measure the 3D
structure of mesoscale GWs in the lower stratosphere.

A novel technique to measure GWs in the upper troposphere — lower stratosphere, i.e. close to the GW sources, is limb
imaging. Limb imaging allows for a 3D reconstruction of the atmospheric temperature and consequently a full characterization
of mesoscale GWs. The development of the Gimballed Limb Observer for Radiance Imaging of the Atmosphere (GLORIA) is
the first implementation of such an airborne infrared limb imager (Friedl-Vallon et al., 2014; Riese et al., 2014).

This technique was applied for the exploration of a GW for the first time in a research flight on 25 January 2016 above
Iceland. The results of this research flight are presented in this paper. Section 2.1 describes the instrument and the retrieval
technique. The measurement (RC2: #11) results are presented in section 2.2 and subsequently analyzedanalysed (RC2: #9) for

GWs in section 3.1. The obtained GW parameters are used for a wave propagation study in section 3.2.

2 Data and methodologyMeasurements (RC2: #12)
2.1 Measurement technique

This paper is based on tomographic measurements taken by the infrared limb imager GLORIA on board the German high
altitude — long range research aircraft (HALO). The aircraft campaign took place from December 2015 to March 2016 with
campaign bases in Kiruna, Sweden, and Oberpfaffenhofen, Germany. In total there were 21 research flights performed covering
20°N to 90°N and 80°W to 30°E. The scientific targets of this campaign were to demonstrate the use of infrared limb imaging
for gravity wave studies (GWEX), to study the full life cycle of a gravity wave (GW-LCYCLE), to investigate the Seasonality
of Air mass transport and origin in the Lowermost Stratosphere (SALSA), and to observe the Polar Stratosphere in a Changing
Climate (POLSTRACC).

GLORIA combines a Michelson interferometer with a two-dimensional infrared detector and measures molecular thermal
emissions in the spectral range between 780 cm~! and 1400 cm ™! (7.1 to 12.8 um). It has a 256x256 pixels detector. However,

to increase the read-out time, only a subset of 48x128 pixels is used. Thus, 6144 spectra are recorded simultaneously-reeerding

(RC2: #13). GLORIA’s line-of-sight aims towards the horizon on the right side of the aircraft and
measures infrared radiation emitted by molecules in the atmosphere. The point of the line-of-sight which is closest to the earth
surface is called tangent point. Due to the curvature of the earth surface and the atmospheric density profile, the weighting
function of the measurement signal has its maximum around this tangent point (Riese et al., 1999). This means that typically

most of the measured radiation is emitted around the tangent points, which are located between 5 km and aircraft flight altitude.
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The horizontal observation angle of GLORIA can be adjusted from 45° (right-forward) to 135° (right-backward) in respect to
the aircraft’s flight direction. In this way, the instrument can investigate the same air volume from different directions, which
allows for a tomographic retrieval scheme (Ungermann et al., 2010; Kaufmann et al., 2015).

The basis of a tomographic retrieval scheme is a fast radiative transfer model. For the retrievals presented in this paper the
Juelich Rapid Spectral Simulation Code Version 2 (JURASSIC2; Ungermann et al., 2010) is used. With this radiative transfer
model F'(x) infrared radiances can be calculated directly from an atmospheric state € R™. Reconstructing the atmospheric
state x from the infrared measurements y € R (the so called retrieval or inverse modelling) in contrast presents a non-linear
inverse problem, which is solved with an iterative minimization approach (Ungermann et al., 2011, 2015). For this, the cost-

function
J(z)=(F(x)—y)" S;' (F(z)—y) (1)

has to be minimized. Here S, € R™*™ represents the covariance matrix of the measurement error €. To get a unique and
well-constrained solution to this minimization problem, a regularization term is added to the cost-function
. This term ensures that the solution is physically reasonable.
As a-priori field x, a temperature field from the European Centre for Medium-Range Weather Forecasts (ECMWF) oper-

ational analyses at resolution T1279/L137 was used, which was smoothed in all spatial directions to remove GW signatures.

On the other hand,
the smoothening ensures that any GW signaturestrueture (RC2: #16) in the retrieval result does not stem from the used a priori
data. If the a-priori data exerts any influence, it would dampen the GW structure.

For the present retrieval we used the spectral ranges listed in Tab. 1. In these spectral ranges the main emitters are COa,

CCly, HNOs, and O3. The volume mixing ratio of COs is well known in this altitude ranges e (RC2:

#17). Therefore, spectral lines of CO» are used effectively for the retrieval of temperature. Tomographic reconstructions of the
3D temperature distribution and the mixing ratios of CCly, HNOs3, and O3 in the upper troposphere and lower stratosphere
were achieved. However, a discussion of the trace gas distributions exceeds the scope of this paper.

An error analysis of the retrieval has been performed following the methods described in Ungermann et al. (2015). The
precision (noise error) is below 0.05 K and the accuracy, which includes misrepresented background gases, uncertainties in

spectral line characterisation, uncertainties in instrument attitude, and calibration errors, is in the order of 0.5 K.
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Table 1. Spectral windows used for the retrieval presented in this paper. The last column indicates the retrieved quantity for each spectral

range (RC2: #15).

1

spectral range / cm ™ used for

1 790.625 - 792.500 temperature
2 793.125 - 795.000 CCly

3 796.875 - 799.375 CCly

4 883.750 -  888.125 HNOs3

5 892500 - 896.250 HNOs3

6 900.000 - 903.125 HNOs3

7 918.750 - 923.125 HNOs3

8 956.875 - 962.500 temperature
9 980.000 - 984.375  temperature, O3
10 992500 - 997.500  temperature, O3
11 1000.625 - 1006.250 temperature, O3
12 1010.000 - 1014.375 temperature, O3

The time needed to accomplish the hexagon was about 2 h. During this time 2200 infrared images and corresponding spectra

were taken. The presented tomographic retrieval represents a temporal mean over all these measurements. (RC2: #18)
2.2 Research flight above Iceland

On the measurement day 25 January 2016, a southerly wind made landfall on the south coast of Iceland (Fig. 1), thus ex-
citing mountain waves. These waves were predicted by the ECMWF forecast to be stationary above Iceland for more than 6
hours. (RC2: #19) Above 10 km altitude the zonal wind increased drastically with height and turned from southerly to south-

westerly direction. This created a strong vertical wind shear, which influenced the propagation of the excited mountain waves

(RC2: #20). The wave structure over eastern Iceland was encircled by a hexagonal flight pattern with
460 km diameter between 10 and 12 UTC (Fig. 2). The aircraft flight altitude during this time was between 12.5 km and
13.5 km. Towards low altitudes, the GLORIA measurements were limited by clouds reaching up as far as 9 to 10.5 km. (RC3:
#3 & RC2: #14) Before the hexagon a linear flight through the wave field has been performed to collect in-situ data at flight
altitude and to release dropsondes.

For the GLORIA retrieval only the measurements taken between 10 and 12 UTC have been taken into account. To identify

GWs in the retrieved 3D temperature field, the large scale temperature background, which is caused by the balanced flow
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Figure 1. Mean zonal and meridional wind profiles from ECMWF operational analyses T1279/L137 above Iceland and the measurement

region at 12 UTC on January 25, 2016. The grey area marks the spread of the wind profiles in this area.
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Figure 2. Tomographic retrieval of the temperature field for the research flight on January 25, 2016, over Iceland. Shown are isosurfaces of

the temperature residual. The grey line around the retrieved 3D pattern indicates the flightpath.

and the stratification of the atmosphere, has to be separated from the smaller scale temperature variations caused by the GWs

(RC2: #21). This was done through applying SG filters with 3rd order polynomials over 25, 60, and 60 neighbouring points

in vertical, zonal, and meridional direction. This-was-dene-throush-applyine-a-Sav s S a5 el

tori- (RC2: #22) The values of these polynomials at the

respective points are treatedtaken (RC2: #23) as temperature background. The remaining temperature residuals clearly reveal

the complex structure of the wave field, which is demonstratedean-be-seen (RC2: #24) in 3D in Fig. 2.



10

66°N}
65°N
64°N|;

10 "4® A0 4 Q "0 "42 40 Ak AL 40 10 42 A0 4
Cross sectlon 1 cross section 2 Cross sectlon 3

-
N

iy
w
f

temperature residual / K

=
N
4

[y
=
4

altitude / km

iy
o
'

9 ; ; ; ; ; ; ; ; ; ; ; ;
0 100 200 300 400 O 100 200 300 400 O 100 200 300 400
distance / km distance / km distance / km

Figure 3. Horizontal (A-C) and vertical (D-F) cross sections through the 3D volume shown in Fig. 2. The grey line marks the flightpath. The

locations of the vertical cross sections are indicated by numbered dashed lines.

In Fig. 3, horizontal and vertical cross sections through the measurement volume are presented. They show how the wave
structure varies with height and horizontal location. For instance, the wave fronts directly above Iceland (64°N to 65.5°N
and 14°W to 18°W are aligned east-west and tilted southwards against the prevailing southerly wind (Fig. 1). Further to the
north-east (65°N to 67°N and 10°W to 14°W), the horizontal orientation of the wave fronts turns more into south-west to
north-east. The horizontal wavelength varies inside the hexagon from 100 km up to 350 km. The vertical wavelength of the
waves is between 3 km and 6 km. The temperature residuals range from 44 K (in the south-west of the hexagon at an altitude
of 12km, 64°N to 65.5°N, and 14°W to 18°W) down to 1 K (in the smaller scale waves in the north-western part of the
hexagon at 66°N to 68°N and 16°W to 20°W).

Fig. 4 shows a comparison of the retrieval results with in-situ measurements and ECMWF operational analyses with
T1279/L137 resolution. The retrieval results and model data were interpolated onto the in-situ measurement locations. The
GLORIA measurements agree well with the in-situ measurements. Some very short scales are beyond the spatial resolution of
GLORIA. The ECMWEF analysis catches the main variations, but the temperature oscillations are not as strong as in reality.
GLORIA can better reproduce peaks as for example the one around 10:40 UTC. This comparison underlines the high quality
of the GLORIA measurement data. (RC3: #3)
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Figure 4. A comparison of the GLORIA retrieval results to in-situ temperature measurements and ECMWF operational analyses T1279/L.137
at 12 UTC. The GLORIA retrieval and the ECMWF data were interpolated in space onto the flight path.

3 ResultsAnalysis (RC2: #27)
3.1 Sinusoidal wave fits

In order to further interpret the GW structure and fully characterize it, wave parameters are derived using a small-volume
few-wave decomposition technique (Lehmann et al., 2012). The algorithm performs 3D sinusoidal fits in small data cubes. In
such a way, the wave amplitude, horizontal and vertical wavelengths, and 3D wave direction can be derived. In contrast to a
Fourier transform, this technique allows for the characterization of waves with wavelengths larger than the cube size (up to
a factor of 2.5 times the cube size). Due to the prevailing wavelength range in our measurements (cf. Fig. 2), a cube size of
160 km x 160 km x 3.6 km, containing 4900 data points, was chosen. The fitted parameters are the 3D wave vector k = (k,1,m)
and the amplitudes (Fig. 5C). Horizontal and vertical wavelengths, and the horizontal wave direction were calculated from the
wave vector k and shown in Fig. 5A, 5B, and 5E, respectively. Fig. SF shows the orography of Iceland. The main mountain ridge
is oriented in east-west direction. As expected for a mountain wave, the horizontal wave direction (Fig. SE) is perpendicular

to the ridge orientation.

o

- (RC2: #29) A discussion of relevant effects for the uncertainty of the fitted

parameters and the resulting confidence intervals is given in Appendix A. (RC2: #32)
A key quantity of GWs is the vector of vertical flux of horizontal pseudo-momentum (short GW momentum flux, GWMF)

Fn = o™ (2)"(5)

where p represents the air density, k;, = (k. () the horizontal and 1 the vertical component of the wave vectorky-the-horizontat
and-vertical-wavenumbers (RC2: #29), g the standard gravity, N the buoyancy, 7" the background temperature, and T the

temperature amplitude (Ern et al., 2004). Low and high frequency terms are omitted here due to simplicity. Deviations from
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Figure 5. 3D sinusoidal wave fit of the GLORIA measurements in fitting cubes of 160 km x 160 km x 3.6 km at a center height of 11.5 km.
Non-significant fitting results with wavelengths above 2.5 times the cube size are hashed. These parameters are used to drive the GROGRAT
model, the results of which are shown in Fig. 7. Panel E shows the direction of the horizontal wave vector. Eastward direction corresponds

t0 90 °, southward direction to 180 °. (RC2: #29)

the full equations derived by Ern et al. (2004) are less than 1% in the observational range of GLORIA. For a full discussion of
the relevance of all correction terms see the supporting information in Ern et al. (2017). (RC3: #4)
Integrating the GWMF over the horizontal extent of a GW event leads to the total momentum, which determines the maximal

drag this GW event can exert on the background flow in coupling and dissipation processes. The-GWMF-is-a-measure-for-the

a-GW-can-exert-on-the-atmosphere: (RC2: #30 & #31 & #33) The fitted wave parameters in Fig. SA - C are used to calculate

the GWMF (Fig. 5D). The horizontal distribution of the GWMEF clearly highlights two distinct wave packets: one with local
GWMF of up to 50mPa north of 66.2°N and one with local GWMF of up to 100 mPa south of 66.2 °N. The GLORIA
observations provide the horizontal variations of GWMF at 11.5 km altitude. This allows to integrate over the corresponding
area of the two events and calculate the total momentum, a measure for the maximal drag this GW event can exert on the

background flow in coupling and dissipation processes. This is a main advantage with respect to 1D wind observations, which
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ea- (RC2: #33) The wave packet
further south has a total momentum of 2.7 GN, the second wave packet further north only 0.4 GN. The total momentum of all
the measured GWs above Iceland is 3.1 GN.

To classify this event, a comparison of all GW events in January 2016 has been performed in the 6-hourly operational anal-
yses of ECMWEF. First the temperature background was isolated, as described in Sec. 2.1 for the a-priori field, and subtracted
from the original field. The remaining temperature residuals were analyzed for GWs using the 3D sinusoidal fit algorithm de-
scribed above. The GWMFs for all cubes were calculated. The GWMFs from all 124 analyses fields were combined to obtain
the probability of GW occurrence (Fig. 6). Here, all GWMF values were considered independent of the horizontal and verti-
cal wavelengths. Removing wavelengths larger than 2.5 times the cube size in order to filter less significant fits (not shown)
induced no major changes in the general shape of the distribution. This indicates that GW events with less certain fits do not
bias the probability distribution. (RC1: #3, RC2: #34 & #35, RC3: #5)

For the GW event over Iceland similar GWMF magnitudes were determined from the ECMWF analyses and from the
GLORIA measurements. Thus, a comparison of the measurement results with the occurrence probability determined from the

ECMWEF analyses seems reasonable. According to Fig. 6 the measured GW event can be classified as a very strong case since

the sum of all occurrence probabilities of stronger events is well below 1%.

-

- (RCI1: #3, RC2: #34 & #35, RC3: #5) This
occurrence frequency is in good agreement with Alexander et al. (2010), Hertzog et al. (2012), and Podglajen et al. (2016) who

=] =]

present satellite and super-pressure balloon measurements at slightly higher altitudes.
3.2 Wave propagation with GROGRAT

In order to identify the GW source, we used the Gravity wave Regional Or Global RAy Tracer (GROGRAT; Marks and
Eckermann, 1995). GROGRAT describes the propagation of wave packets based on linear wave theory. Backward ray-tracing
has been used in previous studies to locatecharacterize (RC2: #36) GW sources (Preusse et al., 2014; Pramitha et al., 2015).
In order to initialize a ray-tracer, the wave must be fully characterized. This capability is the main improvementadvanee
(RC2: #37, advantage as proposed by reviewer changes the meaning of the sentence.) of the GLORIA observations compared
(RC2: #37) to previous remote sensing observations of temperature. GW parameters obtained from single vertical temperature
profiles, lead to a cone of potential source regions instead of a precise source location (Gerrard et al., 2004). This is the reason
i i as (RC2:

#38) not been interpreted in terms of backward ray-tracing. Only the 3D nature and accuracy of the GLORIA measurements

why GWs derived from conventional limb scanner measurements have
allows backtracing to the precise source location. This is further highlighted by the error analysis presented in appendix A.

In the error analysis, a systematic low bias of the vertical wavelengths was found, which is caused by the sinusoidal fit (ap-

pendix A). Therefore, the vertical wavelengths from the sinusoidal fits were scaled by a factor 1.1, according to the determined

10



10

15

probability of occurrence

0 50 100 150 200
GWMF / mPa

Figure 6. Probability of occurrence for GWs with specific momentum flux at 11.5 km altitude in a latitude band between 60°N and 70°N in

January 2016 calculated from 6-hourly ECMWF operational analyses fields.

bias, before being used for the ray-tracing. For the propagation of GWs in a ray-tracing model temporally and spatially varying
background temperature and wind fields are needed, which were obtained from ECMWF operational analyses.

Fig. 7 shows the backward ray-traces of the measured GWs from their measurement position (black crosses) down to the
source location (red dots). The measurement position has been defined as the center point of the sinusoidal fitting cube. The
strength of the GW is expressed by the size of the red dots, which has been chosen according to the GWMEF at the source
location. These GWMF values are conservative estimates, as the backward ray-tracing cannot account for dissipation processes.
(RC2: #41) The source locations of the GWs, and in particular those of the highest GWMEF, gather around the main mountain
ridge of Iceland. The GWs are, thus, likely to have been excited by the southerly wind approaching these mountains. The

ray-traces from the wave packet measured further in the north partly stop in the north of the island at single mountain peaks.

the-north-of-the-island-at-single-mountainpeaks: (RC2: #42)

As can be seen in Fig. 7C, the ray-traces need between 3 and 6 hours to reach the ground. This is in good agreement with
a vertical group velocity of 2 to 3 km/h, which has been calculated from the measurements. Hence, the GWs are probably
excited roughly 6 hours before the measurements were taken. (RC2: #42)

Forward ray tracing is used to examine the propagation of the GWs away from the measurement location (Fig. 7B). On
the measurement day, the southerly wind turned into a strong westerly direction above 10 km, creating a strong vertical wind
shear. In this wind shear the GWs started to propagate eastward. This is confirmed by the measurements: at 11 km (Fig. 3A)
the GWs are mainly located above the eastern part of Iceland, while at 13 km (Fig. 3C) the wave fronts already stretch far

across the ocean. The waves require about one day to propagate to an altitude of 20 km (Fig. 7C). At the same time, they travel
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Figure 7. Ray traces calculated using the GROGRAT model. The starting positions of the rays are marked with black crosses and the grey
line indicates the flight path. The size of the red circles in A indicates the GWMEF at the end of the ray. Panel A shows the backward ray
traces and panel B the forward ray traces, all starting at the measurement locations. Panels C and D show the change of GWMF with height

for a full 4D GROGRAT (C) model run and a solely vertical 1D run (D).

horizontally more than 2000 km (Fig. 7B). Over Eastern Europe, the GW's are refracted due to a horizontal wind shear and,

thus, change their horizontal wave vector from southward to westward. This allows the waves to quickly propagate upward into
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To mimic a typical GW parameterization scheme used in GCMs (McLandress, 1998), a second GROGRAT run (1D-
GROGRAT) was performed with solely vertical propagation, time-independent background, and a horizontal wave direction
constant with respect to altitude. In contrast to the full GROGRAT version (Fig. 7C), where the GW's propagate into the mid
stratosphere, the GWs in the simplified version dissipate below 20 km (Fig. 7D). Two processes might play a significant role
here: First, in the 1D GROGRAT version the GWs are not refracted and the wave vectors do not change its horizontal ori-
entation with altitude. The westerly background winds at higher altitudes do not favor the propagation of GWs with wave
vectors perpendicular to the wind direction. Second, in the full GROGRAT run, the GWs propagate horizontally away from the
source. Hence, the GWs avoid the critical level positioned above the source location and more GWMEF is transported to higher
altitudes. Global mountain wave modeling (Xu et al., 2017) suggests that this effect may prevail also on a global basis. (RC2:
#44)

Neither a realistic orientation of the wave vector, nor oblique GW propagation are incorporated in GW parameterizations
used in current climate and weather prediction models (McLandress, 1998; Alexander and Dunkerton, 1999; Richter et al.,
2010; McLandress et al., 2012; Garcia et al., 2017). However, both processes are context of several studies aiming to improve
GW parameterizations (Preusse et al., 2009; Sato et al., 2009; Kalisch et al., 2014; Amemiya and Sato, 2016; Ribstein and
Achatz, 2016; Garcia et al., 2017). The present paper provides a strong motivation to finally implement these processes in
current climate and weather prediction models. Especially, as this could close gaps of GWMEF in regions with sparse sources
(McLandress et al., 2012) and reduce the cold-pole bias of climate and weather prediction models in the lower stratosphere

(Garcia et al., 2017).

ars

etal-2012)- (RC2: #44)

4 Conclusions

In this paper, we presented the first tomographic measurements of temperature perturbations induced by a GW event. The
3D measurements recorded by GLORIA, the first airborne implementation of a novel limb imaging technique, enabled the
deduction of direction-resolved GWMF and the identification of two distinct wave packets. The retrieved 3D wave vectors
were used as input in the ray-tracing model GROGRAT, which highlighted the orography of Iceland as the most likely GW
source. Furthermore, upward from 11 km the wave packets propagate obliquely as is seen from the observation and reproduced
by the ray-tracer. A comparison between the full GROGRAT model and a simplified 1D version indicated the relevance of
oblique propagation for the GWMF deposition height. In the simplified version, all GWs deposited their momentum at an
altitude of around 20 km, whereas in the full version, waves were able to vertically propagate to the top of the model at 45 km

and horizontally more than 2000 km away from their source, thus redistributing GWMF significantly. Given that weather
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prediction and climate models routinely use 1D models of GW propagation, the present findings demonstrate that considering

3D propagation could lead to significant improvements in weather forecasting and climate prediction.
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Appendix A: Error analysis

In this section the effects of different errors onto the ray-tracing results presented in Section 3.2 are discussed. These errors
may, in principle, be caused during each of the three main processing steps: temperature retrieval, background removal and
sinusoidal wave fits (S3D). Retrieval errors can be divided into precision and accuracy (cf. Section 2.1). Due to the high number
of independent data in each S3D cube, the precision error (mainly due to noise) can be neglected, in particular since in this
paper only GW events with amplitudes above a threshold of 0.5 K are considered. The error sources which lead to the accuracy
error are systematic and slowly varying. Thus, their impact is mostly mitigated by the background removal.

The background removal separates the data into large scale variations and short scale fluctuations, the latter interpreted as
GWs. The main effect of an unfavorably tuned background removal would be to eliminate real GWs. However, it would not
introduce errors in the fitted wave vectors. Thus, this has to be considered in a comparison with other data, but is not included
in the further error discussion.

The third step, the S3D method, is based on the assumption that the fitting volume is filled by a homogeneous wave with a
constant wave amplitude and a constant wave vector over the fitting volume. The discussion in sections 2.2 and 3.1 demonstrates
that this assumption is only valid to a certain degree. In particular, we notice that the direction of the horizontal wave vector
and the vertical wavelength change with height as the wave is refracted by a changing background wind.

We use the results of the ray-tracer to estimate errors due to this change over height within the fitting volume.

(comparable to the S3D fitting result); here & stands for either the vertical or horizontal
wavelength or the horizontal wave direction. The mean vertical wavelength shows a systematic low bias of around 10% com-
pared to the instantaneous value in the middle (Fig. A1 A). This effect is taken into account and all vertical wavelengths from
the sinusoidal fit (Section 3.1) are scaled with a factor of 1.1 before being used in the ray-tracing analysis (Section 3.2). For
the horizontal wavelength (Fig. A1 C) and the horizontal wave direction (Fig. Al E) no systematic bias could be identified.

As mentioned before, the accuracy with which the input wave parameters ¢ are determined is of high importance. This is
highlighted through varying the values £ by factor ¢ and comparing the ray-tracing results with a reference run. The variations
€¢ for the vertical wavelength and the horizontal wave direction are chosen to be half the difference of the wave parameters
at the upper (£,—qz) and lower (§,—,;,) boundary of the S3D fitting volume as determined by the ray-tracing reference run
(Fig. A1B, F). The horizontal wavelength does not change much over the height of the fitting volume (Fig. A1 D). However
Fig. 3 and Fig. 5 indicate a significant variation of the horizontal wavelength over the horizontal extent of the fitting volume.
Hence, for the error estimate ray-tracing calculations we chose an error value of +-15% as estimate for the horizontal variation
of the horizontal wavelength within the S3D fitting volume. In Tab. A1 the used error estimates for the three wave parameters

are summarized.

20



vertical wavelength 1.0 vertical wavelength

1.20

A weighted mean: 1.095 N B weighted mean: 0.346
< ]
©
g 115 _%
= * e d EJ
% t} *z MY ol
21.10 SRR IR g
PR e :
c P =
£105 ﬁg AN 5
£ [
1'000 20 40 60 80 100 120 0'00 20 40 60 80 100 120
GWMF / mPa GWMF / mPa
1.10 horizontal wavelength 0.10 horizontal wavelength
C weighted mean: 1.005 . D . weighted mean: 0.037
= [ ”
© 2 0.08
[
g 1.05 £.> f,‘}
< 5 .
2 g 0.06 KW
ol,Oow g Ao,
9] ST 20 s%
S % 0.04 !ixx et !.o‘«», 8t
© *
c b=l s 3¢ F eos? **e @ 'o". o
E g 3 +
709 Doz LGNS
= 2
0'900 20 40 60 80 100 120 0'000 20 40 60 80 100 120
GWMF / mPa GWMF / mPa
v 10 horizontal wave direction 9 o5 horizontal wave direction
[ . ey
5 E weighted mean: -0.126 2 weighted mean: 10.716
3 0.5 220
g g e
1] Pl X0 38 5 15 SVt
€ 00 AT ’.’;;{":‘"."' v i "°"}o d. o
: RO~ gl U AR KA
3 y g S PR SN XA TOR N
2-05 5 e
g ! £ 3
i
£ _1‘00 20 40 60 80 100 120 00 20 40 60 80 100 120

GWMF / mPa GWMF / mPa

Figure Al. Comparison of mean values over the whole S3D fitting volume and instantaneous values in the middle for different wave
parameters (left column) and variation of wave parameters from the lower to the upper boundary of the S3D fitting volume (right column).

For all graphs GWMF weighted means are calculated and depicted as black lines.

Table A1. Error estimates for the wave parameters inferred by the S3D method based on the change of the parameters over the extent of the

fitting cube.

error estimate of the vertical wavelength +17%
error estimate of the horizontal wavelength +15%

error estimate of the horizontal wave direction | +5.5°

The results of the back-tracing runs with wave parameters varied by the error estimates in Tab. Al are shown in Fig. A2.
Longer vertical wavelengths (Fig. A2 C-D) lead to more northward located sources, while rays from shorter vertical wave-
lengths (Fig. A2 B) end southward, i.e. upstream of Iceland over the ocean. This is due to the fact, that longer vertical wave-
lengths are associated with higher horizontal phase velocities and hence higher horizontal group velocities. Accordingly, in the

5 case of shorter vertical wavelengths the waves are not able to compensate the background wind velocity and would origin from
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an upstream source. Actually, we find that the inferred bias (10% larger values for the vertical wavelengths), when corrected,
improves the match of the ray-positions with the topography (Fig. A2 C).

The horizontal wave direction has similar impact: When the wave is turned more into the south-easterly background flow
(Fig. A2 H) the ray-paths are more vertically oriented and therefore reach the ground closer to the measurement volume. When
they are turned away from the background wind (Figure A2 G), the intrinsic group velocity and the background wind are at
an angle, the intrinsic group velocity does not fully compensate the background wind, and the waves cover a larger horizontal
distance reaching onto the ocean upstream of Iceland.

Similar variations for the forward ray-traces are shown in Fig. A3. In all cases except for shorter vertical wavelengths, a
major group of ray-traces reaches the model top at 45km altitude (white dots), i.e. our main findings presented in Sec. 3.2 are
robust.

The error estimates demonstrate that a correct identification of the GW source is only feasible for highly accurate wave
characterization, such as achieved here thanks to the high spatial resolution and accuracy of GLORIA 3D temperature mea-

surements.
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Figure A2. Backward ray-tracing with varying input wave parameters. The black dots mark the ray positions at 3 km altitude.



vertical wavelength - 17%

vertical wavelength + 10%_

v hori;qntal_ di_rect}ioln‘ +5.5°

. LE¥:8
PR e v at

0. 0C 0 0T o?,sc?/

0¢ 0 0C0C 0T o(f,bf)o(f, TR TR ORI

) 60?7\00 RN RAVRP RNRACI )

10 20 30 40
dissipation altitude / km

S

Figure A3. Forward ray-tracing with varying input wave parameters. The dots mark the dissipation point of the ray, the colour indicates the

dissipation height. White dots mark waves which reach the model top at 45 km altitude.
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