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Authors response to reviewers

We thank both reviewers for their thoughtful and constructive comments on our manuscript. We appre-
ciate the time and care invested in evaluating our work and providing valuable feedback. We hope that
all their concerns have been duly addressed in the revised version of this paper.

Comments by the reviewers are in black, followed by our replies in blue font. As described in detail in
response to Reviewer #1, we identified an error in the original configuration of the simulations without
the SSO source term in the TKE equation (I10-TKE-HS and 110-TKE-none) during the revision process.
This error has now been corrected, leading to changes in the resolved flow field in Fig. 8.
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REVIEWER#1

General Comment:

This study investigates mountain waves in ICOsahedral Nonhydrostatic (ICON) model simulations, using
two different turbulence schemes and various horizontal resolutions. Results are compared to DEEP-
WAVE campaign observations and to ICON-LES simulations.

The first turbulence scheme is the operational turbulent kinetic energy (TKE) scheme, which is com-
prised of several components, including optional horizontal shear (HS) and subgrid-scale orography
(SSO) terms. The second scheme is the newly developed two-energy turbulence scheme (TE). Results of
those simulations are partially compared to a flight performed during the DEEPWAVE campaign on the
12 of July 2014.

The manuscript is well written and includes many references. The researched topic is very current and
important as high resolution simulations are increasingly common, and mountain waves play a crucial
part in atmospheric dynamics. However, none of the two goals mentioned in the abstract, comparison
of the different turbulence schemes and comparison to the flight measurements, seems to be sufficiently
reached. For this reason, [ recommend the manuscript for major revisions, with specific comments below.

Response:

We sincerely appreciate and acknowledge the valuable suggestions of the reviewer. In the revised
manuscript, we have addressed all the points / queries raised by the reviewer. Below, we present the
point-to-point response to the comments raised by reviewer:

Major Comments

1. Although the different simulations are very well formulated to achieve a good comparison between
the two turbulence schemes and various resolutions, they are very limited by looking at a one spe-
cific timestep. This was chosen as to compare to the DEEPWAVE flight done at this specific time.
However, looking at the one timestep is not enough to make conclusions about the differences be-
tween the two turbulence schemes, especially considering there are other times of flights available.
If the primary focus of the paper is to compare the schemes and resolutions, I would recommend
looking at more timesteps and at longer time averages, especially when it comes to variables such
as momentum flux, that show significant differences between the various resolutions and schemes
as well. This way the results would be way more robust.

Response:

We agree that for a comprehensive comparison of the two turbulence schemes more and different
cases should be analyzed. However, this would require much additional work beyond the scope
of the current project. To address the reviewer’s concerns we have included several time steps in
our analysis (see revised Figure 3 and 10), showing that the results for this case are robust, and
clarify that our goal is not a comprehensive comparison over many different cases. We think that
the current case study is already very instructive and valuable regarding the differences between
the two schemes, in particular regarding the impact of the extra terms in the TKE scheme. A more
comprehensive statistical evaluation of the two schemes is planned in future work.

2. There is a little comparison done between the observations and the simulations as such. The only
figure that compares them is Fig. 4, which does not include the TKE simulations. Once again, to
make the comparison more robust, it would be useful to include another flight, e.g. F10 (ref. Fritts
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et co. 2015), and another simulation time, or to include some quantitative measurements such as
momentum flux calculated from the observations (ref. Smith and co. 2016).

Response:

We have revised Figure 4 and now include also the TKE simulation. It can be seen that in terms
of the resolved flow, the two turbulence schemes yield similar results. We have clarified the in-
troduction regarding the aim of our study — a sensitivty analysis, not a comprehensive statistical
evaluation of the two schemes. As mentioned above, analyzing different cases is beyond the scope
of the current project.

3. It would be useful to include more theoretical and technical details regarding the different turbu-
lence schemes and their components. This would help with the conclusions as they are not quite
clear. For example, you show (Fig. 8, Fig. 9 and 10) that the I10-TKE simulation, which includes
both HS and SSO components, has more similar wave field to I10-TKE-SSO than to I10-TKE-HS.
However, the outputted SGS-TKE from the schemes is more similar between the 110-TKE and I10-
TKE-HS[Neznamy al]. The outputted TKE suggests that HS component of the scheme is more
influential, but that is not consistent with the wave and wind field. Then, in Fig. 9 a) you can see
that vertical velocity variance of the 0.5 km TE resolution simulation is closest to the LES simula-
tion, but that’s not the case for the momentum flux in Fig 10 a), where those two simulations are
the most dissimilar. Also, in the text on the line 287, you say that 0.5 km simulation converges to
the LES one, which is not apparent from Fig. 10. More technical details regarding the schemes
could help in explaining those differences, as they are not clearly explained now.

Response:

We agree with the reviewer’s comment. Additional theoretical and technical details details of both
the 2TE and TKE turbulence schemes, including key equations and explanations, have been added
in the new Appendix A. The new material highlights the differences between the schemes and pro-
vides the necessary context for understanding the behavior shown in Figs. 8-10. During the process
of revising the manuscript, we identified an error in the original configuration of the simulations
without the SSO source term (I10-TKE-HS and I10-TKE-none). In the previous setup, the entire
SSO scheme had been inadvertently deactivated, rather than only the additional SSO source term
in the TKE equation. Consequently, the differences in the resolved wave field in the earlier version
of Fig. 8 resulted from the absence of the SSO blocking component, not from the modified TKE
source terms. In the corrected setup used in the revised manuscript, only the TKE source terms
(horizontal shear and SSO contributions) are switched on or off, while the SSO blocking scheme
remains active in all simulations. With this corrected configuration, the various TKE-scheme set-
tings influence primarily the TKE field, whereas the resolved flow remains nearly identical across
all 1 km simulations (both 2TE and TKE). We have updated the discussion of Figs. 8-10 accord-
ingly. The revised text now also explains the differences between the 105-2TE simulation and the
LES, noting in particular why the LES cannot always be assumed to be the most realistic reference
for all diagnostics.

Minor Comments

1. On line 169 you define overbars as horizontal mean, is it taken over the whole domain area?

Response:
No, the horizontal mean is taken over the area indicated by the purple box in Figure 1. This is
mentioned in section 2.4. We have clarified the captions in Figure 9 and 10, accordingly.
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2. Could you rephrase the sentence starting on the line 197? The meaning is not quite clear.

Response:
The sentence has been reformulated.

3. In the section 3.2 (line 215) you refer to Fig. 6 and after that you refer to Fig. 5 (line 228). Also, a
paragraph starting on the line 235 refers to Fig. 4 and includes lot of information that was already
said in a paragraph starting on line 201. This makes the text hard to follow in this section.

Response:

We thank the reviewer for pointing out the unclear figure ordering and resulting redundancies.
In the revised manuscript, the order of Figs. 5 and 6 has been adjusted to ensure a more natural
progression of the discussion. Sections 3.1 and 3.2 have been revised for improved clarity and flow.
In particular, the discussion of Fig. 4 has been streamlined to avoid repetition. Section 3.1 focuses
exclusively on the reference simulation (110-2TE), while Section 3.2 discusses the sensitivity to
horizontal resolution using the other simulations.

Technical Comments

1. In the title of subsection 3.4.1 you introduce new acronym — SGS-TKE — which is not explained
previously.

Response:

We have revised the whole manuscript to consistently use TKE. The focus of the analysis is the
parameterizations schemes and the TKE simulated by those (which is be definition sub-grid scale).
Thus there is no need to distinguish between resolved-scale and subgrid-scale TKE.

2. Figure 9 has incorrect description — subfigures c) and d) are not referred to and a), b) are referred
to erroneously.

Response:
The figure captions have been corrected.

3. Choice of colours for the lines in all figures in Fig. 4, Fig. 9 and Fig. 10 makes them very hard to
read and to differentiate between the simulations.

Response:
All figures have been thoroughly revised for clarity and the color schemes have been adapted.
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REVIEWER#2

General Comment:

This research study focuses on simulating mountain waves within the ICON model. The focus is on
mountain-wave dynamics and turbulence in the numerical model and its dependence on turbulence
paramterization and resolution. The operational turbulent kinetic energy scheme (TKE) and the new
two-energy turbulence scheme (2TE) are applied in this study. For the first scheme, the impact of the
individual components (horizontal shear (HO) and subgrid-scale orography (SSO)) are investigated. The
outcomes are then compared against aircraft observations from the DEEPWAVE field campaign, as well
as high-resolution ICON-LES model results.

Overall, the paper is clearly presented and well-supported by literature. The topic is highly relevant
given the growing use of fine-scale atmospheric simulations also in the upper troposphere and lower
stratosphere region. However, I have one main point - which is the lack of information and investigation
considering the 2TE scheme - which is missing in the manuscript. Consequently, I suggest major revisions
to address it.

Response:

We sincerely appreciate and acknowledge the valuable suggestions of the reviewer. In the revised
manuscript, we have addressed all the points / queries raised by the reviewer. Below, we present the
point-to-point response to the comments raised by reviewer:

Major Comments

1. I am missing a discussion on why is the 2TE scheme is more appropriate. What physical aspects
are responsible for this behaviour? You switched on and off the HS and SSO in the TKE scheme,
can you do a similar analysis with the 2TE scheme?

Response:

We address this point by adding a detailed description of both turbulence schemes in the new
Appendix A, including the expected advantages of the 2TE scheme. These potential benefits are
largely theoretical at this stage and will require comprehensive evaluation across a wider range
of cases in future work. For the present study, we were encouraged to see that the 2TE scheme
performs comparably to the well-tuned operational TKE scheme in terms of the resolved flow. At
the same time, our analysis highlights specific shortcomings of the TKE scheme in its operational
configuration, particularly the use of additional empirical source terms that lead to unrealistic TKE
production at kilometer-scale resolution. As demonstrated in the manuscript, these extra terms are
not well justified at such resolutions.

2. Further, no equation is offered here for the 2TE scheme (which should be included, at least in the
Appendix). It is required to make some statement about what is it, which is leading to the better
performance of the 2TE scheme.

Response:

As noted above, we now provide the key governing equations and a concise theoretical description
of the 2TE scheme in Appendix A. We would like to emphasize that the goal of this study is not
to demonstrate that the 2TE scheme performs better than the operational TKE scheme (without its
additional empirical source terms). A rigorous performance comparison would require a compre-
hensive statistical evaluation across many cases with suitable turbulence observations, which lies
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beyond the scope of the present work. Nevertheless, we believe that the focused analysis of this
well-documented DEEPWAVE case provides valuable insight into how the two schemes behave at
kilometer-scale resolution that are of interest to the community.

Concluding, after reading the paper I know why the TKE scheme fails going to fine resolution but
I don’t know what exactly is the difference in the parameterization of the 2TE scheme resulting in
a better performance. This would be very interesting and might also be the main part to see what
is missing in some models or how can they be improved.

Response:

In order to elucidate the differences in the simulations using the two schemes, we have included
theoretical details about the two schemes in Appendix A. This gives strength to our conclusion that
for kilometer-scale resolutions, model setups should consider disabling or tuning the horizontal
shear and SSO terms in the TKE scheme to avoid spurious TKE production. This makes schemes
like the 2TE turbulence scheme helpful as it avoids such additional terms in the analysis.

Minor Comments

1.

Think about referring to Fig. 1 earlier in chapter 2.1.

Response:
Done.

. Line 215: At 2 km - where? The plot shows the vertical wind w - it is not clear why now a horizontal

wave length is discussed.

Response:
The text passage has been clarified.

Think about adding Two Thumb Range and Mount Cook as names on the x-axis. It would help the
reader.

Response:
Done.

Fig. 7 and corresponding discussion: It is not clear if it is the resolved TKE, the SGS TKE or the
sum of both? — SGS TKE comes in Chapter 3.4.1, but the first time mentioned here it is not clear.

Response:

As we do not discuss resolved TKE, but only the parameterized TKE from the two turbulence
schemes, we now use the term TKE throughout the manuscript to denote the parameterized
(subgrid-scale) TKE. For clarity, we have removed all references to SGS TKE.

Fig. 8: Think about, maybe difference plots between the corresponding simulations in Fig 8 and
the reference one are a way to be more quantitative? - It would help chapter 3.3.2 and might be a
way to include percental differences or something more quantitative in the text.

Response:

We prefer to keep Fig. 8 in its current form. As noted in our response to Reviewer 1, we identi-
fied and corrected an error in the original configuration of the simulations without the SSO source
term (I10-TKE-HS and 110-TKE-none). With the corrected setup, the differences between the con-
figurations are now much clearer and in fact minimal for the resolved flow. Including additional
difference plots would add complexity without providing substantial additional insight. A more
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quantitative comparison of the area-averaged TKE is already presented in Fig. 9, which comple-
ments the qualitative assessment shown in Fig. 8.

6. Fig. 9: did the difference between 105-2TE and I01-LES-S matter in between 7-10km? Please try
to be more quantitative instead of stating ”in good agreement”.

Response:
The sentence has been revised to improve clarity.

7. Line 287: In the 2TE simulations, the 0.5 km run converges toward the LES, while the 2 km run
shows reduced fluxes, especially in the lower troposphere. I am confused, is this sentence correct?
Does it state that the dark blue curve converges towards the gray one? Aren’t the differences in the
lowest 4km important and should be interpreted and mentioned?

Response:

Thank you for pointing out this inconsistency. The original sentence was not correct. While the
resolved vertical-velocity variance dows converge toward the LES with increasing resolution (see
Figure 9), this behavior does not carry over to the momentum flux. The 0.5 km 2TE simulation
does not converge toward the LES flux profile in the lower troposphere, and the differences in the
lowest 4 km are indeed substantial. We have revised the discussion of Figs. 9 and 10 to clarify this
point and to highlight the differences between the 105-2TE simulation and the LES.

8. 292: Overall, the results highlight that area-averaged momentum flux converges more rapidly with
resolution than local turbulence diagnostics, making momentum flux a more robust diagnostic for
evaluating mountain-wave simulations. Do you mean at lower heights? This is not clearly enough
written for the reader to understand what you wanted to say and should be formulated in more

detail and in a more quantitative way.

Response:

What we intended to convey is that area-averaged quantities, such as the area-averaged momentum
flux provides, generally exhibit a more robust and monotonic behavior with increasing resolution
than local quantities such as vertical velocity or local TKE fields. Local fields are strongly influenced
by phase shifts, small-scale variability, and non-stationarity, making convergence assessments more
difficult and less meaningful. In contrast, spatial averaging reduces this sensitivity and therefore
provides a clearer indication of resolution effects. Our revised discussion of Fig. 10 now explains
this more explicitly and avoids the ambiguity in the original formulation.

Technical Comments

1. 190: Further

Response:
The requested change has been made. “Farther” has been replaced with “Further”.

2. Fig 3: Think about making the dashed lines thicker. Especially the red ones overlying with the
isentropes.

Response:
The dashed lines, including the red ones overlapping the isentropes, have been thickened. Similar

updates have been applied to Figures 6-8 for consistency.

3. observations not in the legend in Fig. 4

Response:
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We have added the legend label for observations in Figure 4. Kindly note that we have also changed
the line styles for the same figure.

. reference to Fig. 6 before reference to Fig. 5

Response:
Done.

. Fig. 5: labels and numbers are small especially in comparison to the other plots

Response:
The font size of the labels and numbers have been increased for better readability.

. 222: 100 km got some issue with a ~

Response:
The issue with “~100 km” in line 222 has been corrected.

. 250: Figs. 7a, c — spacings are missed, also Fig. A2 in the same line

Response:
The missing spacings have been corrected; the same line in Fig. A2 has also been updated.

. 251 Figs. 7b, d

Response:
The missing spacings have been corrected.
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