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“Airborne measurements and large-eddy simulations of small-scale Gravity Waves at the
tropopause inversion layer over Scandinavia” by Sonja Gisinger et al.

Authors’ response to the comments of the anonymous Referee #1 and #2

We appreciate the positive feedback and the valuable comments of the two anonymous reviewers
#1 and #2 which we considered carefully for our revision. Thus, changes in the content of the
manuscript arose, especially with respect to the momentum flux (figures and discussion). These
changes became necessary due to findings we made when incorporating the reviewers’ comments.
We spent some more time on the momentum flux calculations and the assessment of their sensitivity
and uncertainty and managed to find a way of analyzing the momentum fluxes in measurements and
simulations such that they provide robust vertical profiles in terms of their trend. The range of
uncertainty for the quantitative momentum flux values is also included. Previously, we were not
aware of the sensitivity of the averaged momentum flux, however, also thanks to the reviewer
comments, we consider the sensitivity of the momentum flux calculation on the background removal
and leg length in the revised momentum flux analysis and in the discussion of the manuscript. Below
you will find a detailed explanation of the changes in the manuscript as well as the point-to-point
answers to the review comments. All modified figures and one new figure are also attached at the

end of this document.

Momentum flux

In the framework of the revision of the paper manuscript, we tried to quantify the influence of the
reflected and trapped waves in the troposphere on the momentum flux (MF) profile (and also
derived the MF profiles for the realistic simulation runs 5 and 6). By doing so, we realized that the
determination of the perturbations u’ and w’ was not properly or rather not extensively enough
described in the previous version of the manuscript. Moreover, during this analysis it turned out that
the resulting MF profile is sensitive with respect to the background fit and the length and start/end
points of the flight leg (not only for the measurements but also for the most idealized case of
interfacial waves on a boundary layer inversion). By separating the leg into 3 segments for the
measurements, we had already shown that there is a clear variability. But only after doing more
detailed analyses and sensitivity test, we found out that we had drawn incomplete conclusions for
the MF profile of the interfacial waves. The positive MF in the vicinity of the TIL is actually not due to
the interfacial waves but due to the longer waves (>30 km) that are influenced by the TIL. The leg-
averaged MF of the interfacial waves is close to zero (a detailed explanation is given below). The
former downstream segment 3 was longer than segments 1 and 2, and thus, longer waves remained
in u’ and w’ of segment 3. Considering this, we have carefully revised the parts of the manuscript that
deal with the MF profiles.

The most important points/changes are:

+ We use spectral filters to determine u’ and w’ for different wave classes (long, intermediate, and
short waves, i.e. mainly mountain waves, reflected and trapped waves in the troposphere, and
interfacial waves). We separate the wave classes based on their horizontal wavelengths as seen in
the wavelet power spectra. long waves > 6 km and short waves < 6 km for the boundary layer



simulations (Run 1, 2). Long waves > 30 km, intermediate waves 10 km to 30 km, and short waves <
10 km for the measurements and the TIL/no-TIL simulations (Run 5, 6). The advantage of the spectral
filter is that the wavelengths contained in u’ and w’ are clearly defined. For the usual background fit,
the wavelengths vary with the length of the leg. This is not appropriate for the purpose of our
analyses. A similar separation of wave classes can be found in Georgelin and Lott 2001.

additional reference:
Georgelin, M. and Lott, F.: On the transfer of momentum by trapped lee waves: Case of the IOP 3 of PYREX, J. Atmos. Sci., 58, 3563-3580,
https://doi.org/10.1175/1520-0469(2001)058<3563:0TTOMB>2.0.C0O;2, 2001a.

+ Boundary layer simulations: we show the MF profile for the two wave classes in Fig. 13. When the
MF is averaged for the whole domain, the MF profiles of the long waves and the short waves show a
distinctive kink at the altitude of the inversion (Fig. 13e). This is not found when the inversion is
absent (Fig. 13a). When the MF is averaged for the downstream region, the resulting MF of the
interfacial waves depends on the exact start/end points of the downstream region with respect to
the wave phase. This is because the interfacial waves show alternating positive and negative fluxes
downstream of the mountain (Fig. 13b). In contrast to upward propagating mountain waves (Fig.
13d), the phase shift between u’ and w’ is -90° for interfacial below the inversion (Fig. 13c) and
changes to +90° right above the inversion (not shown). When the MF is averaged over a downstream
region that only contains full wave cycles, the resulting MF is zero for well-established and totally
trapped interfacial waves (Fig. 13e). When the start/endpoints of the downstream region are chosen
such that waves are partly included, the MF can be neg. (pos.) right below the inversion and pos.
(neg.) above the inversion. The sign of the MF depends on the cutting location in the wave cycles, i.e.
depends on if more neg. (pos.) MF is included in the average (Fig. 13b). This happened in Fig. 13 for
the first version of the manuscript.

+Measurements and realistic simulations: A thousand sub-legs are created as such that their start
(end) point is fixed at the westernmost (easternmost) point of the measurements and the length of
the leg is stepwise extended eastward (westward) by 1 km starting with a minimum length of 200 km
and going up to 700 km, i.e. the full leg length. This is done to incorporate the sensitivity of the leg-
averaged MF with respect to the start/end points of the leg and the corresponding unequal sampling
of updrafts and downdrafts as already suggested and analyzed in a similar way by Brown (1983). We
additionally found differences in the MF from lidar and HALO in-situ data at 7.8 km altitude, although
one hardly can determine differences in u and w between lidar and HALO in-situ data. In particular,
the difference in wis 0.0 £ 0.2 m s™* on average. In the end, the given standard deviation accounts for
these uncertainties in the MF profile being a worst case estimate with sub-legs included which have
lengths shorter than Ayax /2 with theoretically Ayax = 700 km. The fact that the mean MF profile
computed from the set of sub-legs is close to the MF profile averaged for the full leg distance [-300,
400 km], which has the largest likelihood to capture the full wave cycles of the wave packages,
supports that the sub-legs are chosen in a proper way (new Fig. 16).

additional reference:
Brown, P. R. A.: Aircraft measurements of mountain waves and their associated momentum flux over the British Isles, Quarterly Journal of

the Royal Meteorological Society, 109, 849-8635, https://doi.org/10.1002/qj.4971094621 1, https://rmets.onlinelibrary.wiley.com/doi/abs/
10.1002/qj.49710946211, 1983.



+Measurements vs realistic simulations: The wave field is much more complicated and complex
compared to the idealized boundary layer case. The MF profiles can be distinguished for the three
wave classes defined above. The most prominent feature is the kink reaching positive values for the
long waves between 8-km and 9-km altitude. Negative fluxes of the same magnitude are found
below. The mean MF at 7.8-km altitude of the DWL and the HALO in-situ data differs but within the
range of the uncertainty. It is worth mentioning that the uncertainty in the MF from the in-situ data
is largest at this altitude and larger than the uncertainty derived for the DWL data. This means the
MF from in-situ at this altitude could be biased to MF of larger magnitude due to localized peaks in
pu’w’ along the leg. The intermediate and short scale waves show similar MF profiles with small
undulations around zero. The leg-averaged momentum flux of the long waves is positive (around
-0.05 Pa) at 13.3-km altitude which could be a hint for wave reflection in the stratosphere or a
stratospheric source creating downward propagating GWs.

For the simulations, the MF profiles of the three wave classes clearly distinguish from each other (Fig.
16). The pronounced kink in the MF profiles of the long waves (>30 km) and the short waves (<10km)
in the altitude range of 7 km to 9 km is a clear feature of the effect of the TIL and not visible in the
no-TIL simulation (Fig. 16a). The amplitudes of the long (i.e. mountain waves) and intermediate
waves (i.e. reflected and trapped waves in the troposphere) and their resulting MF are overestimated
compared to the observations (Fig. 6 and Fig. 15f-i). The MF is overall negative for these simulations
but close to zero for the short waves. These findings are most likely an effect of the 2-dimensional
model setup. Interestingly, the MF of the long waves shows a larger magnitude in the simulation
without TIL (Fig. 16a) compared to the simulation with TIL (Fig. 16b). The MF of the intermediate
waves shows an opposite behavior, i.e. smaller in magnitude in the simulation without TIL. This
change in MF between the two simulations suggests stronger reflection of the MWs at the TIL. This is
a finding that is in agreement with findings from the single mountain simulations.

Authors’ response to the comments of the anonymous Referee #1

1. General Comments

This is_an excellent paper that melds analysis of data from recent field campaigns with idealized
numerical modelling to obtain insight into apparent interfacial waves in the tropopause inversion
layer. | find it to be well written and enlightening from a scientific point of view, and it deserves
publication in ACP. Nonetheless, | do have several (mostly minor) comments and questions.

We thank the reviewer for this positive feedback and his/her valuable comments and questions that
helped to improve the manuscript.

2. Specific Comments

* In RFO8 FL1, there is also a region of positive MF at A = 30-40 km and x = 200-250 km that is almost
egual in magnitude to the region of negative MF perturbations at A = 40-50 km and x = 120 km. The
latter region is attributed to vertically propagating waves in the text, but is there any explanation for
the positive MF region?

Taking into account the new findings for the leg-averaged MF profile at different scales, we could add
for the positive MF region:

...Positive MF for the long waves is found in RFO8 FL1 at 220 km distance which could be caused by
partial reflection of these waves at the TIL.




The most prominent feature is the kink reaching positive values for the long waves between 8-km
and 9-km altitude. Negative fluxes of the same magnitude are found below. This strengthens the
previous assumption that waves are partially reflected at the TIL.

* How long are the simulations run for? Are they at approximately steadystate?

Runl and Run2: 96min, Run3: 190min, Run4: 96min

The initial disturbance created by the mountain during the initialization of the simulations has moved
far enough downstream in the region of interest and the simulations have reached quasi steady state
by that time.

Run5 &6: 977min (~16h) as it takes longer for the initial disturbance to reach the border of the 1008-
km large domain. In contrast to the single mountain simulations, these simulations having more
complex topography do not reach quasi steady state due to continuous interaction of waves from the
different mountain peaks, tropospheric trapped waves, and interfacial waves.

We added this information to Sec. 3.2 and added an extra column in Table 1:

... The total integration time for these simulations is between 96 and 190 minutes. The initial
disturbance created by the mountain during the initialization of the simulations has moved far
enough downstream in the region of interest and the simulations have reached quasi steady state by
that time. Table 1 summarizes the relevant initial parameters and total integration time for the
different model runs.

... The total integration time for these simulations is 16~hours. This is longer than for the other set of
simulations because it takes longer for the initial disturbance to reach the border of the larger
domain. In contrast to the single mountain simulations, these simulations having more complex
topography do not reach quasi steady state due to continuous interaction of waves from the
different mountain peaks, tropospheric trapped waves, and interfacial waves.

* The initial profiles for the more realistic idealized simulations appear that they may be capable of
supporting trapped waves due to the wind shear in the troposphere. There appear to be trapped-
wave-like structures in the troposphere in both the no-TIL and TIL cases, which may also be leaking
into the stratosphere, particularly in the TIL inversion case where there is an even larger Scorer
parameter in the inversion. Where do these perturbations appear in the wavelet analysis? Could
leakage of waves from the troposphere complicate the attribution of perturbations in the TIL to
interfacial waves?

These tropospheric trapped waves are seen in the wavelet analyses at scales of 10-30 km horizontal
wavelengths (Fig. 6, Fig. 15). In the revised version, we demonstrate that it is possible to separate the
interfacial waves from the tropospheric trapped waves based on their scales. We revised the analysis
of the measurements and simulations and computed the MF for three different wave classes (>
30km, 10 km to 30 km, and < 10 km). The MF of the interfacial waves and of the reflected and
trapped waves in the troposphere is similar and varies around zero (Fig. 10). Trapped waves in the
troposphere are known to have leg-averaged MFs of around zero (Woods and Smith, 2010; Georgelin
and Lott, 2001).

* When discussing waves with wavelength of ~ 8 km, it is very difficult to gain an appreciation of the
structure with the aspect ratio in the vertical velocity plots. It would be nice to stretch out the
horizontal axis a bit more for ease of interpretation.

We agree that the aspect ratio was not the best choice in the first draft of the manuscript. We
changed the aspect ratio and alignment of the panels for Figs. 8, 9, and 14.




¢ It might be nice to show one or two example soundings (with B) for the idealized cases outlined in
Table 1, which would help illustrate the exact setup of the inversion.
Done, we added the four 6-profiles to Fig. 11.

¢ Line 45: The sentence beginning here is oddly worded. | think it would be better to make clear that
“they” here refers to the fundamental characteristics of the hydrostatic approximation. At first
reading it initially seems like “they” refers to the findings.

Done, we changed the sentence as suggested.

...The fundamental characteristics of the hydrostatic approximation are the absence of a mechanism
which allows a wave to propagate horizontally and the consequent upward propagation of energy
directly above the obstacle, regardless of the horizontal extent of the generating terrain...

e Line 146: The p, of the Boussinesq approximation is not actually defined in the text.
Po=1.225 kg/m3, we added this information to Sec. 2.3.

e Line 175: It might be useful to note that the “critical horizontal wavelength” is also referred to as
the Scorer parameter, especially since the Scorer parameter is referenced elsewhere in the text. It
may also be helpful to have the equation for the Scorer parameter written in the paper as well.

Done, we added the definition of the Scorer parameter to the introduction and the definition of the
critical horizontal wavelength to Sec. 3.1.1.

£() = N3(z) 9*U(2)/92> +0U(2)/82/H 1 W
EENED) U(z) 1z

The critical horizontal wavelength (= 27 /()

e Line 194: | think it would be good to have a citation for alternating momentum fluxes being an
indication of reflected and trapped waves.

We added the reference of Woods and Smith 2010 and updated Fig. 13 which now shows that
alternating momentum fluxes indicate trapped waves due to the phase relationship of u’ and w’. We
added the cross-reference to the section in which Fig. 13 is described.

This alternating pattern is an indication for reflected and trapped waves (Woods and Smith 2010, see
also Sec. 3.2).

* Line 280: “Interfacial small 280 scale waves are absent in the troposphere below the TIL (Fig. 15i)
and in the case of no TIL (RUN 5, Fig. 14c and Fig. 15a, c).” For the no-TIL simulation, are you
referencing below the would-be TIL or above or both? The referenced figures imply above, but text
seems to imply either below or both.

We clarified the description accordingly.

...Small scale interfacial waves are absent in the case of no TIL (Fig. 14e and Fig. 15a, c). They are only
found in the TIL (Fig. 15f, h) but not below (Fig. 15g, i)...

3. Technical Corrections

e Line 304: Second word should be “were” instead of “where”

Done.

¢ Line 305: Extra “to” in “range of to”

This paragraph was revised according to the results of the updated MF analyses.




... In the lower stratosphere, the leg-averaged MF was found to be positive (around 0.05 Pa). This is in
contrast to the findings during DEEPWAVE where no positive leg-averaged MF was found in the
lower stratosphere above New Zealand ([Fig. 5b in (Smith et al., 2016)]. However, analyses in Smith
et al. (2016) are limited to waves having scales < 150 km and at least in ground-based lidar data
downward propagating waves were frequently observed in wintertime in the stratosphere above
New Zealand (Kaifler et al., 2017).

additional reference:
Kaifler, N., Kaifler, B., Ehard, B., Gisinger, S., Dérnbrack, A., Rapp, M., Kivi, R., Kozlovsky, A., Lester, M., and Liley, B.: Observational
indications of downward-propagating gravity waves in middle atmosphere lidar data, Journal of Atmospheric and Solar-Terrestrial Physics,

162, 16 - 27, https://doi.org/10.1016/j.jastp.2017.03.003, 2017.

Authors’ response to the comments of the anonymous Referee #2

Summary:
This article presents an interesting observed case of trapped mountain waves that suggests the

importance of interfacial dynamics along a tropopause inversion layer (TIL). The observations are
unigue and make the article a valuable contribution from the observational analysis alone. The study
is further enhanced by interesting sensitivity studies using a 2D model comparing the wave response
in both boundary layer inversion and TIL scenarios. | strongly recommend that the analysis done for
Figure 13 be expanded to include the TIL simulation (see below). But overall the simulations
represent a compelling initial investigation into this mechanism not previously observed in the UTLS.
Although the simulations lead to further questions, | agree that further investigation is appropriately
left to future studies. The article is generally well-written, although a few points that should be
rewritten (particularly in the Introduction) are highlighted below.

We thank the reviewer for this positive feedback and his/her valuable suggestions that helped to
improve the manuscript. We revised and shortened the introduction as suggested. As already
described above, we also revised the MF analysis and determined MF profiles for the no-TIL/TIL
simulation with realistic topography.

Specific comments:

paragraph starting at line 30: what is the point of this paragraph? | think you are trying to give an
overview of our understanding of gravity wave propagation from the troposphere to the upper
atmosphere, but you include a lot of older work just to say that it’'s more complicated than basic
theory. That is not a new finding. The sentence at line 41 starting “Fine scale structures...” is directly
relevant to your work. But the rest of the paragraph can be condensed/cut.

If you choose to keep more of the background information, several sentences are awkwardly worded
or confusing and should be fixed:

1. line 40: “This makes the wave spectrum (i.e. wavelengths) being determined by

the vertical varying wind and stability and not by the topography spectrum which affects the relative
amplitudes”: confusing sentence. Do you mean: “In other words, the

wave spectrum (i.e. wavelengths) and wave amplitudes are determined by the vertical

varying wind and stability and not by the topography spectrum.”

We decided to keep some of the background information for completeness but shortened the
paragraph and revised the wording.



30 Vadas et al., 2003). GWs are propagating from their sources in the troposphere and the tropopause region (Sato et al., 2009;
Fritts et al., 2016). However, the atmospheric temperature and wind structures influence the propagation of GWs and alter their
properties.

Starting with the work of Queney (1948) and Scorer (1949), mountain wave (MW) propagation in the atmosphere was
intensively investigated using theoretical and numerical methods. An important and well known result of these investigations is

35 that the stratospheric solution in a model taking into account a vertically varying background is not dominated by the classical
solution of Queney (1948) but by reflected and downstream propagating (trapped) waves in the troposphere (Wurtele et al.,
1987; Keller, 1994). The wave spectrum (i.e. wavelengths) is determined by the vertical varying wind and stability and not
by the topography spectrum. The topography affects the relative amplitudes (Keller, 1994; Ralph et al., 1997). Fine scale

structures in the atmosphere, such as sharp temperature inversions at the top of the boundary layer (Vosper, 2004; Sachsperger

2. lines 44-46: These two sentences are awkwardly stated and I’'m not sure why they’re

needed.

We added a reference to mountain wave drag parametrizations to highlight that the hydrostatic
approximation is still of importance nowadays.

Linear nonrotating hydrostatic wave theory is most commonly used by mountain wave
parameterizations in weather and climate models to propagate these waves away from the subgrid-
scale orography to higher levels (Eckermann et al., 2015).

line 82: a “tight” discussion? What do you mean by “tight” in this context?
We revised the sentence.

The results are discussed in Section 4 and Section 5 concludes the paper.

line 118: need to state what alpha represents
The sign was the “proportional to” sign. To avoid this misunderstanding we now give the exact
definition.

leg-averaged momentum flux (MF = pu/w’)

Figure 6: Interesting figure, but the caption was hard to follow. A few rewrite suggestions: “Black
contour lines mark regions significant at the 95%-confidence level. The cone of influence is shaded in
grey. Flight legs located below the tropopause (see labelled mean flight altitudes) are marked with
grey background colour.”

-also Figure 6: Is the black dashed line showing the thermal tropopause location?

We clarified the caption as suggested. The black dashed line marks the 10-km horizontal wavelength.

Figure 6. Cross mountain flight legs of Falcon and HALO for (a) in-situ vertical wind and topography and (b) corresponding wavelets
with the horizontal wavelength given on the y-axis. The dashed horizonal line marks 10-km horizontal wavelength that separates short and
intermediate scale waves. Black contour lines mark regions significant at the 95%-confidence level. The cone of influence is shaded in grey.
Flight legs located below the tropopause (see labelled mean flight altitudes) are marked with grey background colour. Time t; indicates when
the aircraft was located at X (see Fig. 1) and shows that PGS11 HL1 and RF08 FL1 (labelled with yellow boxes) took place nearly at the
same time (HALO was flying 30 seconds behind Falcon).

line 238: “and a free slip lower boundary condition is used.”
Done, we changed the sentence as suggested.




line 247: “The signal downstream of the terrain is”
Done, we changed the sentence as suggested.

Figure 13: This is a compelling figure for the boundary layer inversion (RUN 2) interfacial wave
analysis, but why is this same analysis not shown for the TIL (RUN 4)? An additional panel would
strengthen your argument.

As described above, we revised the MF analysis. Instead of showing the MF analysis for RUN 4 (which
is in the Bousinesq framework), we did the analysis for RUNs 5 and 6. We added the MF profiles for
these no-TIL/TIL simulation with realistic topography in new Fig. 16.

The pronounced kink in the MF profiles of the long waves (>30 km) and the short waves (<10km) in
the altitude range of 7 km to 9 km is a clear feature of the effect of the TIL and not visible in the no-
TIL simulation (Fig. 16a).

Modified and new figures

e modified (new aspect ratio):
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Figure 8. Vertical winds along flight leg RF07 FL2 measured by the DWL and in-situ instruments (marked by red horizontal lines) at flight
level by the DLR Falcon.



e modified (new aspect ratio):
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Figure 9. DWL measurements of (a) horizontal wind speed and (b) vertical wind speed and WALES measurements of (c) water vapour
mixing ratio and (d) lidar reflectivity along flight leg RFO8 FL1/PGS11 HL1 combined with corresponding in-situ measurements of HALO
and DLR Falcon at flight level (marked by blue and red horizontal lines).



e modified (revised data analysis):
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Figure 10. Leg-averaged momentum fluxes as mean for varying leg length (solid) with standard deviation (shading, error bars) along flight

leg RFO8 FL1 obtained from DWL ( x ) and in-situ measurements () which include also PGS11 HL1 and HL4. Three wave classes are colour

coded and bold black line separates positive and negative fluxes.

o modified (additional panels):
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Figure 11. Potential temperature and vertical velocity of the idealized simulations of the cases with (a) a neutral boundary layer without
inversion and Ny = 0.01 st (RUN 1), (b) a neutral boundary layer with an inversion of 3.3 K and Ny = 0.01 s! (RUN 2), (c) a neutral
boundary layer with an inversion of 6.6 K and Ny = 0.02 gk (RUN 3), and (d) a stable troposphere (N = 0.01 s_l) with a TIL of 6.6 K
and Ny =0.02 57! (RUN 4).



e modified (revised data analysis,

new panels):
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Figure 13. Momentum flux (profiles) for (a) RUN 1 without boundary layer inversion (Figs
inversion (Figs. 11b, 12¢) for two wave classes (horizontal wavelength smaller or larger 6 km). Profiles show averages for the full distance
(solid) and for the downstream distance (dotted); horizontal dashed lines marks the top of the boundary layer. (c) shows u' and w’ for the

two wave classes at 1.5 km altitude revealing their phase relationship right below the inversion, i.e.- 90° for interfacial waves (black and red

lines).

e modified (new aspect ratio):
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Airborne measurements and large-eddy simulations of small-scale
Gravity Waves at the tropopause inversion layer over Scandinavia
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Abstract. Coordinated airborne measurements were performed by the two research aircraft DLR Falcon and HALO (High
Altitude and Long Range Aircraft) in Scandinavia during the GW-LCYCLE II (Investigation of the life cycle of gravity waves)
campaign in 2016 to investigate gravity wave processes in the upper troposphere and lower stratosphere (UTLS) region. A
mountain wave event was probed over Southern Scandinavia on 28 January 2016. The collected dataset constitutes a valu-
able combination of in-situ measurements and horizontal- and altitude-resolved Doppler wind lidar and water vapour lidar
meastrements-measurements with the differential absorption lidar (DIAL). In-situ data at different flight altitudes and down-
ward pointing Peppler-wind lidar measurements show pronounced changes of the horizontal scales in the vertical velocity
field and of the leg-averaged momentum fluxes (MF) in the UTLS region. The vertical velocity field was dominated by small
horizontal scales with a decrease from around 20 km to < 10 km in the vicinity of the tropopause inversion layer (TIL). These

small scales were also found in the water vapour and-refleetivi

data and backscatter data of the DIAL. The leg-averaged MF profile determined from the wind lidar data is characterized by

negative-fluxes-below-and-positive-flaxes-above-the which-shew-similar-magnitades—a pronounced kink of positive fluxes
in the TIL and negative fluxes below. Largest contributions to the MF are from waves with scales > 30 km. The combina-

tion of the observations and idealized large-eddy simulations (LES) revealed the occurrence of interfacial waves having scales
< 10 km on the tropopause inversion during the MW-event—Such-interfacial-waves-mountain wave event. The contribution

of the interfacial waves to the leg-averaged MF is basically zero due to the phase relationship of their horizontal and vertical
velocity perturbations. Interfacial waves have already been observed on boundary-layer inversions but their concept has not

been applied to tropopause inversions so far. Our idealized simulations revealed-that-reveal that the TIL affects the vertical
trend of leg-averaged MF of mountain waves and that interfacial waves can occur also on tropopause inversionsand-oti—. Qur
analyses of the horizontal- and altitude-resolved airborne observations revealed-that-they-aetually-de—confirm that interfacial
waves actually do occur in the TIL. As predicted by linear theory, the horizontal scale of those waves is determined by the wind
and stability conditions above the inversion. They are found downstream of the main mountain peaks and their eharaeteristie
ME-profile-clearly-distinguishes MF profile varies around zero and can clearly be distinguished from the MF profile of a-Kelvin-
Helmholtz instability. Further, the idealized large-eddy simulations revealed-reveal that the presence of the TIL is crucial in

producing this kind of trapped waves at tropopause altitude.
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1 Introduction

Gravity waves (GWs) are an important coupling mechanism between the lower and the middle and upper atmosphere. Prop-
agating GWs transport momentum and energy and deposit them in regions where breaking and dissipation occurs. As such,
GWs account for example for the wel-known-well-known upper mesospheric wind reversals as well as the cold polar summer
mesopause and the warm winter stratopause (Dunkerton, 1978; Lindzen, 1981). So far, different sources for GWs in the tropo-
sphere have been identified, e.g., flow over orography, convection, jets and fronts as well as secondary generation in the region
of GW breaking (Smith, 1979; Gill, 1982; Baines, 1995; Fritts and Alexander, 2003; Sutherland, 2010; Plougonven and Zhang,
2014; Vadas et al., 2003). Turbulence caused by breaking GWs and wave-induced modulations of the ambient wind can be

propagating from their sources in the troposphere and the tropopause region (Sato et al., 2009; Fritts et al., 2016). However, the

atmospheric temperature and wind structures influence the propagation of GWs and alter their properties. The-vertical-distance

Sinee-the-works-Starting with the work of Queney (1948) and Scorer (1949), different-theoretical-and-numerical-methods
were-tised-to-study-mountain wave (MW) propagation in amn-atmesphere-of-vertically-varying-wind-and-stability-These-metheds

the atmosphere was intensivel
investigated using theoretical and numerical methods. An important result-of-the-theoretical-and well known result of these

investigations is that the stratospheric solution in a model taking into account a vertically varying background is not dominated
by the classical solution of Queney (1948) but by reflected and downstream propagating (trapped) waves in the troposphere
(Wurtele et al., 1987; Keller, 1994). This-makes-the-The wave spectrum (i.e. wavelengths) being-is determined by the ver-
tical varying wind and stability and not by the topography spectrumwhich-. The topography affects the relative amplitudes
(Keller, 1994; Ralph et al., 1997). Fine scale structures in the atmosphere, such as sharp temperature inversions at the top of the
boundary layer (Vosper, 2004; Sachsperger et al., 2015) or in the mesosphere (Fritts et al., 2018) can be wave guides leading
to trapped waves which propagate horizontally along the inversions, i.e. interfacial waves. All those findings are in contrast
to the fundamental characteristics of the hydrostatic approximation. They-The fundamental characteristics of the hydrostatic
approximation are the absence of a mechanism which allows a wave to propagate horizontally and the consequent upward

propagation of energy directly above the obstacle, regardless of the horizontal extent of the generating terrain (Wurtele et al.,

1996). Linear nonrotating hydrostatic wave theory is most commonly used by MW parameterizations in weather and climate

models to propagate these waves away from the subgrid-scale orography to higher levels (Eckermann et al., 2015).
Currently much activity using various ground-based, airborne, and satellite measurements is going on to get a complete

picture of the GW activity and distribution around the globe and to enhance the understanding of source and propagation
processes (e.g., Fritts et al., 2016; Podglajen et al., 2016; Wright et al., 2017; Shibuya et al., 2017; Kaifler et al., 2017; Krisch
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et al., 2017). This knowledge is required to adequately model and parameterize atmospheric GWs in weather and climate
models. So far, observational indications of GW behaviour in the tropopause region such as reflection and trapping are rare due
to lack of horizontal- and altitude-resolved observations in the tropopause region. Using aircraft measurements, which were
taken during the Terrain-Induced Rotor Experiment (T-REX, Grubisic et al. (2008)), Smith et al. (2008) were able use in-situ
data to measure partial reflection of MWs at the tropopause for the first time. Using their linear model, they identified two

levels of reflection, one at the altitude where the Scorer parameter defined as

_ N2(z) 0%°U(2)/82*+0U(2)/0z/H 1

P(z) = — — 1
) =775 U(z) A2 M
where N is Brunt-Viisild frequency, U is the cross-mountain wind speed, z is altitude, and H is scale height (Lane et al., 2000)

changes due to changes in static stability and the other at the altitude with a discontinuity in wind speed but constant Scorer
parameter.

In addition, Smith et al. (2008) and Woods and Smith (2010) found signatures of trapped waves with a horizontal wavelength
of about 15km- km in the in-situ measurements in the tropopause inversion layer (TIL) during T-REX. They argue that the

Sierra mountain range is unlikely to be the source for those MW%F&W%&WIS -km waves

as such small scale waves may not reach the tropopause altitude a-due
to the considerable evanescent decay caused by the background conditions. Instead, they suggest that those waves were-are

generated by a nonlinear steepening process. Follow-up model simulations lead to two different explanations. First, the short-
wavelike fluctuations observed in the UTLS region are due to Kelvin-Helmholtz instability along shear lines locally induced
by the primary meuntain-waveMW, i.e. they are not trapped GWs but instead small-scale wave motions resulting from Kelvin-
Helmholtz instability (Mahalov et al., 2011). Second, the downward propagating GWs, which are created by MW breaking in
the middle stratosphere, and their reflection at the tropopause can create kind of lee wave trapping in the lower stratosphere
(Woods and Smith, 2011).

Coordinated airborne measurements were performed by the two research aircraft DLR Falcon and HALO (High Altitude and
Long Range Aircraft) in Scandinavia during the GW-LCYCLE II (Investigation of the life cycle of gravity waves) campaign
in 2016 to investigate GW processes in the upper troposphere and lower stratosphere (UTLS) region. A meuntain-wave- MW
event was probed over Southern Scandinavia on 28 January 2016. The collected dataset constitutes a valuable combination
of in-situ measurements and horizontal- and altitude-resolved wind lidar and water vapour lidar measurements in the UTLS.
In-situ data at different flight altitudes and downward pointing Doppler wind lidar measurements revealed pronounced changes
of the horizontal scales in the vertical velocity field and of the leg-averaged momentum fluxes-flux (MF) in the UTLS region.

This paper examines the MW case over Scandinavia by means of ECMWF IFS meteorological analyses and the coordinated
airborne measurements of the DLR Falcon and HALO which provide horizontal- and altitude-resolved data in the UTLS.
The wind data of the downward pointing Doppler lidar give the opportunity to calculate a continuous profile of MF over a
two-kilometer-two-kilometre altitude range in the UTLS. In order to find out what determines the horizontal scales in the
vertical velocity field and which process(es) can explain the observed characteristics, we investigate the possible existence of

interfacial waves on-in the TIL (Vosper, 2004; Sachsperger et al., 2015, 2017) similar to their existence on an inversion in
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the troposphere (Cruette, 1976; Sachsperger et al., 2015; Chouza et al., 2015). The paper is organized as follows. Section 2
describes the models, data and methods used in this paper. Meteorological conditions and observations of the MW event on
28 January 2016 are anatyzed-analysed in Section 3.1 and idealized large-eddy simulations of MW propagation in the presence

of atmospheric inversions are presented in Section 3.2. The results are discussed in Section 4

results-and Section 5 concludes the paper.

2 Data and Methods
2.1 ECMWEF global analysis

Operational analyses of the ECMWEF integrated forecast system (IFS) are used to analyse the meteorological conditions on
28 January 2016. These analyses (cycle 41r1') have a horizontal resolution of about 16 km on the reduced linear Gaussian
grid (71.1279). The highest of the 137 vertical levels ( L137) is located at ~ 80 km (0.01 hPa). The layer thicknesses gradually

increases from ~ 300 m at ~ 10-km altitude to ~ 400 m at ~ 20-km altitude and ~ 2 km at ~ 60-km altitude?.
2.2 Airborne observations
2.2.1 Coordinated research flights on 28 January 2016

The airborne observations took place during the intensive observing period 6 (IOP 6) on 28 January 2016 in the framework of
the combined missions POLSTRACC (The Polar Stratosphere in a Changing Climate), GW-LCYCLE II and SALSA (Season-
ality of Air mass transport and origin in the Lowermost Stratosphere using the HALO Aircraft). An overview of the performed
HALO research flights can be found in Oelhaf et al. (2019). In January 2016, the DLR research aircraft Falcon and HALO
operated from the airport of Kiruna (67.82° N, 20.33° E), northern Sweden, to investigate chemical and dynamical processes
in the UTLS region at high latitudes. The goal of IOP 6 was to measure a transient MW event over southern Scandinavia with
coordinated cross-mountain flights of both aircraft. Figure 1a shows the operational area and the flight tracks of the research
flights. The mountains were crossed at the same latitude two times by the DLR Falcon (flight legs RFO7 FL2 and RF08 FL1)
and three times by HALO (flight legs HL.1, HL2 and HL4; Fig.1b). The limited range of the DLR Falcon required a refuel stop
at Karlstad airport. The DLR Falcon was flying close to the thermal tropopause on all flight legs and measured vertical winds
and GW induced momentum fluxes with the in-situ sensor at flight altitude and with the downward pointing Doppler wind
lidar below the aircraft. On the flight legs HL1 and HL2 HALO was flying in the troposphere (HL1 below the DLR Falcon)
and measured wave structures at flight level and in the tropopause region with the upward pointing differential absorption lidar

(DIAL) measuring water vapour concentration and backscatter (WALES) (Wirth et al., 2009).

Ihttps://www.ecmwf.int/en/forecasts/documentation-and-support/changes-ecmwf-model/cy4 1 r1-summary-changes, last access Oct 2018
Zhttps://www.ecmwf.int/en/forecasts/documentation-and-support/137-model-levels, last access Oct 2018
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2.2.2 Wind lidar measurements

The DLR Falcon was among others equipped with a downward-looking coherent Doppler wind lidar (DWL) which has been
operated by DLR since 1999 and which has been applied in a number of field campaigns (e.g., Chouza et al., 2017; Schéfler
et al., 2018; Marksteiner et al., 2018; Lux et al., 2018). The DWL operates at a wavelength of 2 ym and is equipped with
a double-wedge scanner which enables to steer the laser beam to any position within a cone angle of 30°. A more detailed
description of the 2 ym DWL instrumental setup, the measurement principle, the applied retrieval algorithms and the accuracy
and precision of the derived wind products is given by Chouza et al. (2015), Witschas et al. (2017), and more recently Witschas
et al. (2020).

Usually, the 2 um DWL is used to either measure the three dimensional wind vector by applying the velocity azimuth
display (VAD) scan technique, or to measure vertical wind speeds by pointing the laser beam to nadir direction and compensate
any attitude changes of the aircraft by means of the double wedge scanner. As shown and discussed by Witschas et al. (2017),
measurements of both horizontal and vertical wind profiles are very useful to characterize the spectral properties of mountain
wavesMWs. In order to additionally gain knowledge of the momentum transport of meuntain—wavesMWs, horizontal wind
speed (u) and vertical wind speed (w) need to be measured simultaneously. The-leg-averaged-momentum-flax—{ocu’w'-ecan

ated-like-in-Smith-e e ton atity—For this purpose, the

2 um DWL has been operated with a modified scan pattern during the GW-LCYCLE II campaign for the first time. In particular,
the laser beam has alternately been steered forth and back with an off-nadir angle of +-20°. With that and the knowledge of the
laser beam pointing direction, v and w can be derived from a successive pair of line-of-sight (LOS) measurements. It is worth

mentioning that u denotes the horizontal wind along flight direction here, which coincided well with the wind direction for the

discussed flight (see section 3.1.1). The leg-averaged momentum flux (MF = pu’w) can then be calculated (Smith et al., 2016).
Here, denotes perturbations of the respective quantity. In our analysis, we use spectral filters, namely Butterworth, to determine
w_and w’ for different wave classes (i.e. long, intermediate, and short waves) as it was done by Georgelin and Lott (2001).
We _separate the wave classes based on the dominant horizontal wavelengths occurring in the wavelet power spectra, i.e.
long (> 30 ki), intermediate (10 ki to 30 km). and short (< 10 km) waves (Sec. 3.1.2). For these three wave classes, the
averaged MF and the corresponding uncertainty is computed. In particular, a thousand sub-legs are created as such that their
start (end) point is fixed at the westernmost (easternmost) point of the measurements and the length of the leg is stepwise
extended eastward (westward) by 1 km starting with a minimum length of 200 km and going up to 700 km, ie. the full
leg length. This is done to incorporate the sensitivity of the leg-averaged MF with respect to the start/end points of the leg.
and the corresponding unequal sampling of updrafts and downdrafts as already suggested and analysed in a similar way by
Brown (1983). We additionally found differences in the MF from DWL and HALO in-situ data at 7.8 km altitude, although
one hardly can determine differences in v and w between DWL and HALQ in-situ data. In particular, the difference in w is

worst case estimate with sub-legs included which have lengths shorter than \ 2 with theoretically A ~ 700 km for the

discussed measurement flight.
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For the applied scan pattern, each LOS measurement took 2 s and the aircraft speed above ground was approximately
200 m s~ L. Thus, the horizontal resolution of the measured horizontal and vertical wind is ~ 800 m. A more detailed explana-

tion of the momentum-flux scan pattern of the 2 um DWL will be presented in Witschas et al. (in preparation).
2.2.3 In-situ measurements

Horizontal and vertical velocity data at flight level are provided by the DLR facility Flight Experiments. For the DLR Falcon,
the velocity field is determined from data taken by a Rosemount model 858 flow angle sensor and a Honeywell Lasernav
YG 1779 inertial reference system (IRS) (Bogel and Baumann, 1991). Measurements on HALO are conducted by the Basic
HALO Measurement and Sensor System (BAHAMAS). Recent method and calibration details can be found in Mallaun et al.
(2015) and Giez et al. (2017). For the horizontal wind the measurement uncertainties are smaller than 0.5 ms~! for HALO
and 0.9 ms~! for Falcon, and smaller than 0.3 ms—! for the vertical wind (Heller et al., 2017; Bramberger et al., 2018). The
data are used at a time resolution of 1 s. Perturbation quantities of the velocity data (u’, v’, w’) for the full-leg analysis are
calculated by de-trending the data with a linear least square fit and subtracting the mean over the leg (Portele et al., 2018).
Wavelet spectra of vertical velocity and MF cospectra of pu’w’ (Woods and Smith, 2010) with modifications of Portele et al.

(2018) are computed based on Torrence and Compo (1998)3. When combining the MF estimates of DWL and in-situ data

in-situ horizontal velocity along flicht direction is used and ' and w’ for the three wave classes are determined and analysed
in the same way as described in Sec. 2.2.2.

2.3 Idealized numerical simulations

EULAG" is a multi-scale computational model for the simulation of geophysical flows. It provides at least second-order ac-
curacy in time and space (Prusa et al., 2008). EULAG solves the governing equations of motion either in an EUlerian or a

LAGrangian form. Here, the non-hydrostatic equations of motion

Dv p 0 , ,

D6

D, 3)
V- (pv) =0, )

are used in their Boussinesq approximated (7=-pgp = po = 1.225 kg m ) form for the first set of simulations and decrease
of density with altitude (7 = poe~*/*) is taken into account for the second set of simulations (Smolarkiewicz et al., 2001;
Prusa et al., 2008). % is the material derivative, v is the velocity vector, p is pressure, p is density, 6 is potential temperature,
M represents appropriate metric forces, and-f and g symbolize the vectors of Coriolis parameter and gravity acceleration,
z is altitude, and H is scale height. Primes denote deviations from the ambient state and overbars refer to the horizontally

homogeneous hydrostatic reference state of the Boussinesq expansion around a constant stability profile (Smolarkiewicz et al.,

3Wavelet software was provided by C. Torrence and G. Compo, and is available at URL: http://atoc.colorado.edu/research/wavelets/, last access Nov 2019
“http://www2.mmm.ucar.edu/eulag/, last access Nov 2019
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2001). EULAG has been applied for a broad range of topics in fluid dynamics including orographic GWs (e.g., Prusa et al.,

1996; Grubisi¢ and Smolarkiewicz, 1997). Detailed model setup is given in Section 3.2.

3 Results
3.1 MW event over Southern Scandinavia
3.1.1 Meteorological situation

IOP 6 was a transient MW event over southern Scandinavia on 28 January 2016. Two synoptic low pressure systems over
the tip of Greenland and over the Baltic sea caused moderate south-westerly to westerly winds (10 ms™! to 20 ms™') in the
troposphere and the excitation of MWs at the Southern Scandinavian mountain range (Fig. 2a). At tropopause level (300 hPa)
winds were westerly and below 30 ms~! over Southern Scandinavia as the polar front jet was located over the British Isles
and northern Germany. A secondary jet streak occurred over the Norwegian Sea between Iceland and the Norwegian coast
(Fig. 2b). The vertical cross section of horizontal wind speed interpolated in time and space along flight leg RFO8 FL2 shows
increasing wind speed up to 80 ms~! above 20-km altitude in the stratosphere (Fig 3a). The cross section of vertical wind
shows vertically propagating MWs in the troposphere and increasing wave amplitudes in the stratosphere (Fig 3b). The resolved
MWs in ECWMEF are associated with the main mountain peaks of the IFS model topography.

In Fig. 4, a time-height section of ECMWF horizontal wind speed located at the mountain ridge at point X, (Fig. 1a) is
plotted. MWs were generated by moderate wind speeds in the lower troposphere on 28 January 2016. However, the MWs were

prevented from propagating into the stratosphere until about 8 UTC due to weak winds close to 0 ms~!

in the mid-troposphere.
After 10 UTC, wind speeds above the tropopause and in the mid-troposphere increased which have allowed vertical propagation
of tropospheric GWs into the stratosphere. During the time of the research flights (red dots in Fig. 4), wind speeds below the
tropopause weakened again (10 ms~!-15ms™1).

Vertical profiles of horizontal wind speed and Brunt-Vaisata-Brunt-Viisild frequency from an operational sounding® started
from Stavanger (Fig. 1) at 12 UTC on 28 January 2016 are shown in Fig. 5a, b. This figure illustrates the moderate winds
in the troposphere, the pronounced jump in static stability at the tropopause, that is typical for a TIL (Birner, 2006), and the
increasing winds with height in the stratosphere within the polar vortex. The critical horizontal wavelength (= 27/¢) which
separates evanescent and propagating GWs was mainly larger than 10 km in the troposphere (i.e. only waves with horizontal
wavelength > 10 km can propagate), smaller than 10 km in the vicinity of the TIL, and increasing towards 20 km above in the

stratosphere (Fig. 5c¢).
3.1.2 Airborne observations

The coordinated flights of HALO and DLR Falcon provided simultaneous measurements of GW induced perturbations below

and in the TIL. Figure 6a shows vertical velocities observed at flight level on all 5 cross mountain flight legs. Amplitudes of

3sounding data from http://weather.uwyo.edu/upperair/
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2 ms~! in the troposphere and up to 4 ms~! in the stratosphere are visible on all legs. Tropospheric measurements (HL1,
HL2) show longer horizontal wavelengths compared to the observations at tropopause altitudes (RF07 FL2, RFO8 FL1), which
means that GW properties change in the vicinity of the tropopause. Wavelet power spectra of the observed vertical winds were
computed to analyse the change in horizontal wavelengths (Fig. 6b). Wavelengths in the troposphere were in the order of 10 km
to 30 km (PGS11 HL1 and HL2), while wavelet analysis shows that shorter wavelengths of 5 km to 9 km are dominating for
the vertical velocity of RFO7 FL2 and RFO8 FL1 in downstream region. Longer waves with wavelengths of > 10 km are found
for the uppermost flight leg in the lower stratosphere (PGS11 HL4). Note that this was the last flight leg and it took place about
two hours later than the other flight legs. The revealed wave signatures are not directly related to the topography spectrum
(Fig. 6b) which was computed from the ASTER topography data (Schmugge et al., 2003) along the flight track (shown in
Fig. 6a). The wave signatures are influenced by the background conditions.

Wavelet cospectra of MF were computed to study the propagation characteristics of the waves in more detail (Fig. 7). Alter-
nating positive and negative MF at wavelengths of 10 km to 30 km were observed at distances of -100 km to 0 km and 100 km
to 300 km below and in the tropopause region on the flight legs which took place at nearly the same time (PGS11 HLL1 and HL.2,
RFO8 FL1). This alternating pattern is an indication for reflected and trapped waves (Woods and Smith, 2010, see also Sec. 3.2).
Significant MF at shorter wavelengths is found in the tropopause region and strongest alternating positive and negative signals
occur downstream of the main mountain peaks. No significant positive or negative MF is found for the short scales < 10 km
above the tropopause at 13 km altitude (PGS11 HL4). These findings indicate that the short waves are trapped in the tropopause
region. Upward propagating longer waves (negative MF) with horizontal wavelengths of approximately 40 km to 50 km are
found for RFO8 FL1 and PGS11 HL4 at 120 km distance. Positive MF for the long waves is found in RFO8 FL1 at 220 km

distance which could be caused by partial reflection of these waves. Based on the wavelet spectra, three wave classes can be

distinguished according to their horizontal scales: long (> 30 km), intermediate (10 km to 30 km), and short (< 10 km) waves.

The DLR Falcon DWL measured in nadir mode on the first cross-mountain flight leg RFO7 FL2 (Fig. 8). Measured vertical
winds show fine scale up- and downdrafts over the mountains. The horizontal wavelengths of the GWs are smaller downstream
of Xq on the lee side of the mountain and the phase lines are vertical. This again indicates wave trapping.

Lidar and in-situ measurements of the coordinated flight legs RFO8 FL1 and PGS11 HL1 are shown in Fig. 9. As the DWL
of DPERFalecon—operated in flux mode on this leg, both the horizontal wind component in flight direction and the vertical
wind component were measured. Contour lines of lidar measurements are overlaid by in-situ wind measurements of both
aircraft. Wind measurements are complemented by water vapour measurements of the upward looking DIAL ef-aboard HALO.
Horizontal wind speeds in Fig. 9a show large scale wave structures with upstream tilted phase lines in the troposphere. In-situ
measurements around the tropopause indicate similar wave structures but with stronger wind speeds compared to tropospheric
values. In addition, large-scale wave structures are superimposed by small-scale waves with vertical phase lines. These small
scale-waves are more clearly visible in vertical wind measurements, which are more sensitive to smaller scale waves (Lane
et al., 2003; Smith and Kruse, 2017), and show a clear change from tenger-intermediate to smaller wavelengths below and

in the vicinity of the tropopause (Fig. 8 and 9b). This behaviour was already revealed by the wavelet analysis of the in-situ
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measurements (Fig. 6b). The short horizontal wavelengths are also visible in observations of water vapour mixing ratio (Fig. 9c)
and the lidar refleetivity-backscatter ratio at 1064 nm (Fig. 9d) between 8 km and 10 km altitude. A backscatter ratio > 1 in
the DIAL data reveals the presence of acrosols and clouds.

Additional information regarding the wave propagation comes with the direct measurements of GW induced momentum
fluxes by the new momentum flux method of the Falcon DWL. This was done on the coordinated flight leg RFO8 FL1. Figure 10
illustrates vertical profiles of leg-averaged momentum fluxes along the cross-mountain flight legs RFO8 FL1, PGS11 HL1 and

HL4 obtained from lidar and in-situ measurements. The leg-is-splitinto-an-upstream-part-{segment;-a-part-above-the-main

D

MF profiles can be distinguished for the three wave classes defined
above. The most prominent feature is the kink reaching positive values for the long waves between 8-km altitude-and-downward

Sand 9-kim altitude.

Negative fluxes of the same magnitude are found below. This strengthens the previous assumption that waves are partiall
reflected at the TIL. The mean MF at 7.8-km altitude over-the-main-mountain-range-(segment-2)—The-measured-MF profile

a dovwmetream-resion—(Fio N-doecnotm h tha o nrafile—o alvin-Helmbe inctabils h 1 eh aricad
GOWHIS a 210 gS5—1U)ao O a ypircarpro ot V O O y—thd ara €

by-one-peak-of pesitive ME-(Mahalov-etat20+Hof the DWL and the HALO in-situ data differs but within the range of
uncertainty. It is worth mentioning that the uncertainty in the MF from the in-situ data is largest at this altitude and larger than
the uncertainty derived for the DWL data. This means the MF from in-situ at this altitude could be biased to MF of larger
magnitude due to localized peaks in puw’ along the leg. The intermediate and short scale waves show similar MF profiles with
small undulations around zero. The leg-averaged momentum flux of the long waves is positive (around —0.05 Pa) at 13.3-km

altitude which could be a hint for wave reflection in the stratosphere or a stratospheric source creating downward propagatin,
GWs.

3.2 Idealized simulations of MWs and the TIL

In this section, it is investigated if interfacial waves on an inversion found in the lower troposphere can also occur at tropopause
altitudes and which conditions are necessary for their occurrence. It is tested if this wave trapping was possible on 28 Jan-
uary 2016 over southern Scandinavia by performing additional 2-dimensional simulations with the Scandinavian topography
and background profiles which approximate the prevailing conditions on 28-Fantary26+6—that day. There is no intention to
tune the simulations as close to the measurements as possible because the main goal in this study is to identify processes which
could explain the observed wave structure in the UTLS.

The computational parameters are chosen similar to Vosper (2004) for the first set of simulations. The 2-dimensional domain
consists of 1032 and 2000 grid points in z- and z-direction, respectively, with grid increments of Az =100 m and Az=10m
(terrain following). This results in a total domain size of about 103 km x 20 km. The integration time step At is set to 1 s. Open

boundaries are applied in z-direction. The model top is a rigid lid. The sponge layers at the horizontal edges of the domain are
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8 km wide and the sponge layer at the top of the domain starts at 15-km altitude. As in Vosper (2004) an idealized ridge

W) = ho[l 4 cos(Kx)]/2 for |z| <7/K )
0 for |z| > /K,

where K =27 /L, and a free slip lower boundary condition are-is used. Mountain height hy is set to 400 m and width L to

10 km or 5 km. The usage of this idealized ridge is considered to be sufficient to investigate the occurrence and changes in the

horizontal scale of the GWs in the vicinity of the TIL because it is known that the horizontal wavelength of interfacial waves is

independent of the mountain half-width and height (Sachsperger et al., 2017). Four simulations are performed with a vertically

constant horizontal velocity U = 8 ms~! and different profiles of potential temperature with the corresponding Brunt-Visili

frequency as initial conditions. The integration time step At is set to 1 s. The total integration time for these simulations is
between 96 and 190 minutes. The initial disturbance created by the mountain during the initialization of the simulations has

moved far enough downstream in the region of interest and the simulations have reached quasi steady state by that time. Table 1
summarizes the relevant initial parameters of-and total integration time for the different model runs.

Figure 11a, b (RUN 1 and 2) shows that the EULAG model can reproduce the findings of Vosper (2004): an inversion at
the top of an neutral boundary layer leads to downstream propagating waves at the altitude of the inversion (Fig. 11b). The
horizontal wavelength is approximately 5 km and the largest amplitudes are found in the vicinity of the inversion (Fig. 12c).
The signal downstream of the terrain is weak below the inversion (Fig. 12d) and absent if no inversion is present (Fig. 12a, b).
If the stability above the inversion is increased to Ny = 0.02 s~ ! (stratospheric stability), the strength of the inversion Af must
be twice as large to allow for wave trapping and horizontal propagation on the inversion (RUN 3). The horizontal wavelength
of the interfacial waves decreases with increasing stability above the inversion. The horizontal wavelength is approximately
2.5km for U =8 ms~! and Ny = 0.02 s~ ! (Fig. 12f). This is because for N;; = 0.02 s~ waves with a horizontal wavelength
of 5 km are no longer evanescent above the inversion and can propagate vertically (no trapping). The-vertical-profile-of MFE

For Run 2, wave classes can be defined according to their horizontal scales, i.e. > 6 ki for intermediate MWs and < 6 km
for short waves. Figure 13 shows the MF (profiles) for the two wave classes. In Figure 13b, it can be seen that the short wave
class not only contains interfacial waves but also some upward propagating non-hydrostatic MWs that are close to the mountain

at low levels and propagating further downstream at higher levels. When MF is averaged for the whole domain, the MF profiles

of the intermediate and the short waves show a distinctive kink at the altitude of the inversion (Fig. 13e). This is not found

when the inversion is absent (Fig. 13e). When MF is averaged for the downstream region, the resulting MF of the interfacial

waves depends on the exact start/end points of the downstream region with respect to the wave phase. This is because the

interfacial waves show alternating positive and negative fluxes downstream of the mountain (Fig. +1b;-13b). In contrast to

upward propagating mountain waves

13d), the phase shift between u” and w’ is -90° for interfacial waves below the
inversion (Fig. +2¢)-is-shewnin-13c) and changes to +90° right above the inversion (not shown). When MF is averaged over

a downstream region that only contains full wave cycles, the resulting MF is zero for well-established and totally trapped
interfacial waves (Fig. 13- Negati it i g ¢). When the start/endpoints of
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the downstream region are chosen such that waves are partly included, MF can be neg. (pos.) right below the inversion and
positive (negative) above the inversion;-respeetively:. The sign of MF depends on the cutting location in the wave cycles, i.e.
depends on if more negative (positive) MF is included in the average (Fig. 13b). This MF profile of the interfacial waves differs

from the MF profile of a-Kelvin-Helmholtz instability for which MF is zero below and above the instability (Mahalov et al.,
2011).

Figures 11d and 12h (RUN 4) show that interfacial waves can also exist on-in the TIL located between a stably stratified
troposphere (N, = 0.01 s~1) and the stratosphere (Nyy = 0.02 s~1). The horizontal wavelength is again approximately 2.5 km
for U = 8 ms~!. Besides the upward propagating MWs and the interfacial waves, reflected waves with a horizontal wavelength
of approximately 5 km exist downstream of the mountain in the troposphere (Figs. 11d and 12j) although the classical trapping
condition of a decreasing Scorer parameter with altitude in the troposphere (Scorer, 1949) is not fulfilled. The amplitudes
of the reflected waves in the troposphere are found to be larger if an inversion is present at the tropopause than if there is
just the jump from tropospheric to stratospheric stability (not shown). The results of these numerical simulations confirm that
interfacial waves can exist ea-in the TIL. The mechanism of their trapping (evanescence in the layer above the inversion),
the resulting horizontal wavelength, and the occurring horizontal propagation match the published results for boundary-layer
inversions (Vosper, 2004; Sachsperger et al., 2015).

The second set of simulations (RUN 5 and 6) uses a 2-dimensional domain with 2016 and 1000 grid points in z- and

z-direction, respectively, with grid increments of Az =500 m and Az =40 m. This results in a total domain size of about

1008 km x 40 km. The integration-time-step-At-is-set-to—1-s—total integration time for these simulations is 16 hours. This is
longer than for the other set of simulations because it takes longer for the initial disturbance to reach the border of the larger
domain. In contrast to the single mountain simulations, these simulations having more complex topography do not reach quasi

steady state due to continuous interaction of waves from the different mountain peaks, reflected and trapped waves in the
troposphere, and interfacial waves. Open boundaries are applied in z-direction. The model top is a rigid lid. The sponge layers

at the horizontal edges of the domain are 40 km wide and the sponge layer at the top of the domain starts at 25 km altitude. The
Scandinavian topography is interpolated on the 500 m grid from ASTER data. The initial profiles approximate the background
conditions over Southern Scandinavia given by the Stavanger radiosonde on 28 January 2016 (Fig. 14a, b, d, e). Simulations
without and with a TIL are performed. The simplified initial horizontal velocity profile does not contain negative shear above
the tropopause but negative shear establishes in the course of the simulation (black dashed profiles shown in Fig. 14a, d are
located at -150 km distance (Fig. 15f) 16 hours after start of the simulations).

Figures 14f and 15h (RUN 6) show that interfacial waves can also exist for the background conditions found on 28 Jan-
uary 2016 over Southern Scandinavia. They are found downstream of the main mountain peak in the vicinity of the TIL
(Fig. 14f and Fig. 15f) and their horizontal wavelength is approximately 8 km (Fig. 15h). The horizontal band pattern in the
wavelet spectrum resembles the one of the idealized mountain simulations presented above (Fig. 12c, f, h). Interfacial-small
seale-Small scale interfacial waves are absent in the troposphere-below-thecase of no TIL (Fig. 15hand-in-the-case-of no-THs
(RUN-S5:_14¢ and Fig. 15a, ¢). They are only found in the TIL (Fig. +4e-and-15f, h) but not below (Fig. 15a-eg, i). Reflected

waves with horizontal wavelengths between 10 km and 30 km exist downstream of the main mountain peaks in the troposphere
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(Figs. 14ee, f and 15d, i). It was already mentioned that the horizontal wavelength of the interfacial waves is independent of the
generating terrain and determined by the background wind and stability. These 2-dimensional simulations reveal the expected
wavelength of the GWs over Southern Scandinavia downstream of the main mountain ridge on 28 January 2016, i.e. approxi-
mately 8 km in the vicinity of the TIL and between 10 km and 30 km in the troposphere. However, the interfacial waves in the
simulation are not as dominant as in the measurements (Fig. 15h vs. RFO7 FL2 and RF08 FL1 in Fig. 6b). There is a stronger
signal of the upward propagating MWs above the main mountain peaks (Fig. 15f, h).

in the same way as for the measurements (Sec. 2.2.2) and are presented in Figure 16. The MF profiles of the three wave classes
profile averaged for the full leg distance, which has the largest likelihood to capture the full wave cycles of the wave packages,
supports that the sub-legs are chosen in a proper way. The pronounced kink in the ME profiles of the long and the short waves
in the altitude range of 7 km to 9 km is a clear feature of the effect of the TIL (Fig. 16b) and not visible in the no-TIL,

simulation (Fig. 16a). The amplitudes of the long waves (i.e. MWSs) and the intermediate waves (i.e. reflected and trapped

waves in the troposphere) and their resulting MF are overestimated compared to the observations

ME is overall negative for these simulations but close to zero for the short waves. These findings are most likely an effect of the
2-dimensional model setup. Interestingly, the MF of the long waves shows a larger magnitude in the simulation without TIL.
(Fig. 16a) compared to the simulation with TIL (Fig. 16b). The MFE of the intermediate waves shows an opposite behaviour,
Le. smaller in magnitude in the simulation without TIL. This change in MF between the two simulations suggests stronger
reflection of the MWss at the TIL. This is a finding that is in agreement with findings from the single mountain simulations.

4 Discussion

The atmospheric conditions during the MW case were characterized by moderate low level flow (~ 10 ms~1), comparatively
weak wind speed (~ 30 m s~1) around the TIL and increasing wind speed above (Sec. 3.1.1). The coordinated airborne mea-
surements including the downward pointing Doppler wind lidar measurements revealed that the vertical velocity field was
dominated by small horizontal scales with a decrease from around 20 km to < 10 km in the vicinity of the TIL. These small
scales were also found in the water vapour and-reflectivity-data-data and backscatter data of the DIAL (Sec. 3.1.2). The corre-
sponding MF indicates wave reflection and trapping at the TIL (Fig. 7 and Fig. 10). It is known that atmospheric inversions can
be wave guides leading to wave trapping and downstream wave propagation (Vosper, 2004; Sachsperger et al., 2015; Chouza
et al., 2015; Fritts et al., 2018) but observations of downstream wave propagation of small scale waves at tropopause inversions
are rare (Smith et al., 2008; Woods and Smith, 2010).

In the course of investigating MW propagation in the UTLS with horizontal- and altitude-resolved airborne observations

(Section 3.1.2), we found that the measured and simulated MF profiles-downstream-of-the-main-mountain-—ridge(Figs—10
and—13)-do-profile of the short waves (< 10 km) does not match the typical profile of a-Kelvin-Helmholtz instability that
is_characterised by one peak of positive MF (Mahalov et al., 2011). The shear was not strong enough to generate Kelvin-
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Helmholtz instabilities (Fig. 9a and Fig. 14a). Instead, the MF profile is-of the short waves varies around zero (Fig. 10). Trapped

waves in the troposphere are known to have leg-averaged MFs of around zero (Woods and Smith, 2010; Georgelin and Lott, 2001).
385 Our analyses revealed that the same is true for interfacial waves propagating horizontally along inversions. The MF profile of
the long waves (> 30 km) is characterized by negative fluxes below and positive fluxes abeve-in the TIL which show similar

magnitudes (Fig. 10). This is most likely due to partial reflection of these waves at the TIL. In the lower stratosphere, the
leg-averaged MF was found to be positive (around 0.05 Pa). This is in contrast to the findings during DEEPWAVE where no
390 analyses in Smith et al. (2016) are limited to waves having scales < 150 km and at least in ground-based lidar data downward

ropagating waves were frequently observed in wintertime in the stratosphere above New Zealand (Kaifler et al., 2017). Lo-
cal values of the MF-MF cospectra reach up to 0.034 kNm~! in magnitude which is slightly below or half as large as the

values found for an MW event ever NewZeatand-during DEEPWAVE which where-around-were between 0.05 kN m~! and
0.07 kN m~! in magnitude (Portele et al., 2018). i i i

395

The observed horizontal wavelengths in the vicinity of the TIL were clearly evanescent in the stratosphere (Fig. 5c). This
excludes their direct propagation from above followed by their trapping on-in the TIL similar to Woods and Smith (2011). The
presence of interfacial waves that are trapped on inversions and that are likely generated by MWs coming across the inversions
(Sachsperger et al., 2017) has not yet been observed at TILs. Linear theory is able to describe the horizontal wavelength and

400 the propagation of the interfacial waves (Vosper, 2004; Sachsperger et al., 2015, 2017). However, the amplitudes depend on
the energy source, which is better described by hydraulic theory than by traditional linear models (Sachsperger et al., 2017).
The traditional linear models link the energy source to the topography which is inaccurate for interfacial waves (especially for
large amplitudes) because of nonlinear effects. Sachsperger et al. (2017) included the nonlinear effects in their model for the
amplitudes of interfacial waves on the boundary-layer inversion by assuming that the interfacial waves originate at the density

405 interface further aloft in the interior of the fluid and the energy source for these non-hydrostatic lee wave train is the energy
convergence at an internal jump between two fluid layers of different densities.

The determined wave properties (observations) match those of interfacial waves (simulations) for which stability and wind
conditions above the inversion determine the horizontal scales of the waves (Vosper, 2004; Sachsperger et al., 2015). The
performed simulations show that the presence of the TIL is crucial in producing the trapped waves at tropopause altitude and

410 vertical wind shear by the main mountain—wave-MW_was not sufficient in this case (Fig. 14a). However, the amplitudes of
the interfacial waves were underestimated compared to the upward-propagating-mountain-long and intermediate waves in the
simulations. This can have several reasons. The amplitudes of interfacial waves depend on the amount of energy provided by
the main wave source at the interface and the acting nonlinear processes (Sachsperger et al., 2017). It was not yet investigated
how the interaction and generation processes depend on the model resolution and if the amplitudes increase with increasing

415 resolution. The simulations were only 2-dimensional so they cannot capture effects of the fully 3-dimensional mountain range.
Moreover, potential additional energy input by downward propagating larger scale waves from stratospheric sources (e.g., polar

night jet (Dornbrack et al., 2018)) or reflection of MWs in the mid and upper stratosphere are not included in the simulations.
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The positive leg-averaged MF for the long waves computed from HALO in-situ data at an altitude oft 13.3 km could be a
hint for such additional energy input. In addition, also Krisch et al. (2020) found for the same HALO flight a chequerboard
attern in their 3-dimensional temperature observations that allow to study large scale waves (O(100 km)) below the aircraft

in the upper troposphere and suggest a possible level of reflection above flight altitude. The evaluation of these effects and the
assessment of their sensitivities require additional extensive model simulations which are beyond the scope of this paper and

can be addressed in a future study.

5 Conclusions

The unique combination of observations from coordinated airborne in-situ and lidar measurements and idealized large-eddy
simulations revealed the occurrence of interfacial waves on the tropopause inversion during an MW event over Southern
Scandinavia on 28 January 2016. Such interfacial waves have already been observed on boundary-layer inversions but their
concept has not been applied to tropopause inversions so far.

Strong shear induced by the main mountain—wave-MW can cause Kelvin-Helmholtz instabilities which results in similar
patterns in the vertical velocity field (Mahalov et al., 2011). Although the horizontal scales are-around-tenkilometersclose to
ten kilometres, which is similar to T-REX observations (Smith et al., 2008; Woods and Smith, 2010), neither Kelvin-Helmholtz
instability nor downward propagation of small scale secondary GWs generated by MW breaking in the middle stratosphere can
explain our observations. The vertical shear was not as pronounced as during the T-REX case (Mahalov et al., 2011) because
the tropopause jet was not well established over Southern Scandinavia on 28 January 2016. The wind speed influenced by the
large scale mountain-wave-MW was only between 10 ms~! and 40 ms~!. The stratospheric critical horizontal wavelengths
calculated from co-located radiosonde measurements are larger than the observed scales in the UTLS region which would
hinder their direct downward propagation from a breaking region located higher up.

Our idealized simulations reveated-reyeal that interfacial waves can occur also on tropopause inversions similar to boundary
layer inversions. Our analyses of the horizontal- and altitude-resolved airborne observations revealed-confirm that they actually
do occur. As predicted by linear theory, the horizontal scale of those waves is determined by the wind and stability conditions
above the inversion. They are found downstream of the main mountain peaks and their characteristic MF profile(negative
fhuxes-below-and-positive fluxes-above the-inversion) MF profile varies around zero. That is similar to tropospheric trapped

waves and clearly distinguishes from the MF profile of a-Kelvin-Helmholtz instability.

Data availability. HALO and Falcon data is available on HALO-Database (https://halo-db.pa.op.dlr.de/mission/3). ECMWF data is available
in the MARS archive (https://apps.ecmwf.int/archive-catalogue/). EULAG simulation data is available on the
ftp-server (ftp:/ftp.pa.op.dlr.de/pub/gisinger/ACP_EULAG_2020/).
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Figure 1. (a) Topographic map of Scandinavia and area of operation of IOP 6 during the GW-LCYCLE II campaign. The coloured lines
indicate Falcon (RF07 and RF08) and HALO (PGS11) flight tracks. The red dots mark the position of Andenes (A), Kiruna (K), Sodankyld
(S), Karlstad (Ka) and Stavanger (St). The location of the highest mountain peak on the cross-mountain flight legs is marked with Xq. Flight
altitudes of Falcon and HALO are shown in (b). Falcon flight legs RF07 FL2 and RF08 FL1 and HALO flight legs PGS11 HL1, HL2 and
HLA4 are cross-mountain flights through Xo, which are anatyzed-analysed in this study. Colour shaded areas mark regions covered by the
upward looking HALO water vapour lidar WALES (red) and the downward looking Falcon Doppler wind lidar in scanning (blue), nadir
(green) and flux mode (yellow). The temporal evolution of the ECMWF thermal tropopause height at point Xy is indicated with the thick
dashed line.
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Figure 2. Meteorological maps of horizontal wind speed and geopotential height (black contour lines) at (a) 700 hPa and (b) 300 hPa at
18 UTC on 28 January 2016 obtained from the ECMWF model. Black lines indicate flight legs of the three research flights and red dots mark

the same locations as in Figure 1.
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Figure 4. ECMWF time-height section of horizontal wind speed at point Xo. The black dashed line marks the height of the thermal
tropopause. Red dots mark the altitudes of HALO and Falcon at point Xg of the respective flight legs (see also Fig. 1).
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neutral boundary layer with an inversion of 6.6 K and Ny = 0.02 s~ (RUN 3), and (d) a stable troposphere (N = 0.01 s~ 1) with a TIL of
6.6 Kand Ny = 0.02 s~ ' (RUN 4).

31



10.00
8.33
6.67
5.00
3.33
1.67
0.00

A [km

O
ohr®N OO

10.00
8.33
6.67
5.00
3.33
1.67
0.00

R
N oo

power’ x 10* /m’s” power x 10* /m’s”
ikm Qo

10.00
8.33
6.67
5.00
3.33
1.67
0.00

10.00
8.33
6.67
5.00

A [km

167
0.00

power x 10°/m*s® power x 10° /m"s®

o s OO
T
1
terrain height /km &=

o »

—
)
-

m
ol
n o w»
T
1

25
20
15+ =
1.0
05
0.0

terrain height /k

oo =
o u o
T
1

| 1 1 1 1 1 1 1 1 1

10 0 10
distance /km distance /km

Figure 12. Wavelet spectra of the vertical velocity of the idealized simulations shown in Fig. 11 in the vicinity of (a, c, f, h) and below (b,
d, g, 1) the top of the boundary layer or the inversion layer. e and j show the idealized terrain. (a, b) is for a neutral boundary layer without
inversion and Ny = 0.01s™! (RUN 1), (c, d) for a neutral boundary layer with an inversion of 3.3 K and Ny = 0.01 s~ (RUN2), (f, g) for
a neutral boundary layer with an inversion of 6.6 K and Ny = 0.02 s~ (RUN 3), and (h, i) for a stable troposphere (/N = 0.01 s™1) with a
TIL of 6.6 K and Ny = 0.02s~ ' (RUN 4).
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Figure 13. Averaged-momentum-Momentum flux i i (profiles) for (a) RUN 1 without boundary layer inversion
(RUNFigs. 2:3:3-11a, 12a) and N—=0-64-(b,Figd,e) Run 2 with boundary layer inversion (Figs. 11b, Fig-12c) downstream-of the-idealized
marks the inversion-and-given-as-afunetion-top of nermatized-altitude-the boundary layer. (-is¢) shows ' and w’ for the two wave classes
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Figure 14. Initial profiles (black solid) and vertical velocity for the simulations with more realistic terrain without TIL (a-ea, b, e; RUN 5)

and with TIL (d-fc, d, f; RUN 6). The initial profiles approximate the background conditions over southern Scandinavia on 28 January 2016

(blue profiles show the Stavanger radiosonde data). Negative shear above the tropopause establishes in the course of the simulations (a, d;

black dashed, time = 16 h, distance = —150 km).
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Figure 15. Vertical velocity and corresponding wavelet spectra of the simulations shown in Fig. 14 [left: without TIL (RUN 5), right: with
TIL (RUN 6)]. a, c, f, h are at the altitude of the TIL and b, d, g, i below the tropopause. ¢ and j show the terrain in the domain.
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Figure 16. Averaged momentum fluxes for (a) RUN 5 (no TIL) and (b) RUN 6 (TIL) as mean for varying leg length (solid) with standard

deviation (shading) and for the full leg distance [-300, 400 km] (dashed). Three wave classes are color coded and bold black line separates

36



Table 1. Mountain width L, static stabilities of the lower and upper layer (N1, Nt), strength of the inversion (A#) and inversion height (z;),

upstream wind conditions, and-background density, and integration time of the EULAG simulations.

RUN | Lkm | Nos™ | Nos™ | A0/K | zm | Ums™ | p=const. | time
. 10 | 000 | oo | 00 |40 | 8 | yes | 96min
2| 10 | o000 | oor | 33 |60 | 8 | yes | 96min
3] s ] oo | oo | es 1600 | 8 | yes | 19min
a | s | oo | oo | es |80 | 8 | yes | 96min
5 | ASTERwpo | 001 | 002 | 00 |8000 | 4=25 | no | 16h
6 | ASTERtwpo | 001 | 002 | 20 |8000| 4525 | no | 16
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