Dear Editor,

We appreciate the opportunity to modify our paper according to the critical comments
of two reviewers for the manuscript. We would like to thank all reviewers for their
constructive and thorough comments. We have made a lot of changes to our manuscript
and answered all the comments given by the reviewers. Please find our detailed point-
by-point responses to the comments below. The reviewers’ comments are in black, and
our responses are in blue. A tracked-changes version of the revised manuscript is also
uploaded for reviewer reference.

Following the reviewers’ comments and suggestions, the manuscript has been
essentially revised and extended. Additionally, please note that new figures are added
and the figures in the manuscript have been renumbered.

Thank you very much for taking the time to handle our submission.

Best regards,

Reply to Reviewer #1

Major comments:

A) The figures 1, 6, 9 and 10 do not go down to the surface (terminate at 500 or 200
hPa), which is in my eyes unjustifiable. The results section then completely omits the
possible near surface dynamical impacts, which will be of the first order importance, as
can be seen from the tip of Himalayas in Fig. 6. Without considering low-level
processes (near surface breaking; the impact of the near surface drag modifications on
resolved wave EPFz at at least 850hPa) the analysis of the dynamical mechanisms
cannot be complete. An illustrative example of this bad praxis is the referenced catalytic
wave-mean-flow positive feedback by White et al. (2021) - more on this in a minor
comment.

Reply: Thanks for your valuable comments and suggestions. Figs. 1, 6, and 10 have
been extended downward to 850 hPa so that the vertical structures can be examined
continuously from the lower troposphere to the stratosphere. According to the
reviewer's subsequent comments, Figure 9 has been deleted.

B) Wave-induced secondary circulation - I suggest to omit this subsection in the

revision, because the explanation invoking the Downward Control Principle by Haynes



et al. (1991) is conceptually flawed. Eq. 6 uses the steady state version of the principle,
which is completely unjustified for the 10-day forecasts, i.e. of a length comparable to
a few radiative timescales in the stratosphere. In the original Haynes et al. (1991) paper
you can find results of numerical experiments documenting how the transient response
differs from the steady state response you assume in your explanations.

Reply: Thanks for your valuable comments and suggestions. The previous version
invoked the steady-state downward-control framework too strongly for a 10-day
forecast context, and this interpretation was not sufficiently justified. Accordingly, in
the revised manuscript we have removed the entire subsection “Wave-induced
secondary circulation”, including Eq. (6) and the associated discussion. Instead, the
revised manuscript now adopts a more cautious interpretation focused on diagnostics
that are more directly supported by the medium-range forecast experiments, namely the
changes in parameterized OGWD, resolved EP flux, and refractive properties
associated with Rossby-wave propagation. In this way, the mechanistic discussion is

now better aligned with the forecast timescale considered in this study.

Minor comments:

L70-L73 - Delete the sentences in brackets. They add no new information.

L73-74 - I know what you mean but this statement about horizontal propagation has to
be rephrased more carefully, because it can be misleading in a sense that nonhydrostatic
GWs can propagate equally oblique as for example near-inertia OGWs that can travel
hundreds to thousands of kilometers horizontally.

Reply: Thank you. The sentence is revised to avoid over-emphasizing horizontal
propagation distance and instead highlight the stronger horizontal dispersion of wave
energy in the nonhydrostatic regime. The sentence has been revised to: “Compared with
hydrostatic OGWs, nonhydrostatic OGWs experience stronger horizontal dispersion of
wave energy, which reduces wave amplitude and can suppress wave breaking and
momentum deposition into the mean flow.”

L106 subgrid orographic ->subgrid scale orography effects



Reply: Thank for the suggestion. It is revised.

L154 and L172 and 173FRO is in fact an inverse Froude number, which is another
important distinction from your horizontal Fr.
Reply: Yes. The horizontal Fr is equal to the wind speed over the mountain half width

and buoyancy frequency (i.e., U/Na). Fr, represents the flow nonlinearity (i.e., Fry =

U

).
L193 Beljaar's->modified Beljaar's?
Reply: Thank for the suggestion. It is revised.

L199 write the time and date indication according to a proper English grammar

Reply: Thank you. It has been modified to: “Both experiments consist of 31 individual
forecasts, each initialized at 00 UTC for the days from [ to 31 December 2023”.

L213 and 218 tropospheric jet -> upper tropospheric lower stratospheric jet, because

the subtropical jet is located in UTLS
Reply: Thank for the suggestion. It is revised.

L220 Given in the summer - rephrase.

Reply: Thank you. The sentence is modified to: “During austral summer, the SH
stratosphere is dominated by easterlies, which is distinctly different from the NH”.
Fig. 1 - see my comment A)

Reply: Thank you. As noted in our response to Major Comment A, we have extended
Fig. 1 downward to the 850 hPa and revised the related discussion accordingly.

Fig. 2 - adjust the color scale to better visualize the differences in plot d).

Reply: Thank you. The color scale is adjusted in Fig. 2d to better visualize the
differences between the two experiments.

L299-L300 ...which are significantly reduced in EXP NHE... Please add some
significance indicator to the Fig. 3.

Reply: Thank you for this suggestion. The significance at day 10 between the two

experiments are statistically significant at the 90% confidence level.



Forecast time Mean bias Mean bias RMSE RMSE
(day 10) (0-90°N) (60-90°N) (0-90°N) (60-90°N)

P value 0.1 0.09 0.02 0.03

Fig. 6 - see my comment A)

Reply: Thank you. As noted in our response to Major Comment A, Fig. 6 has been
extended downward to 850 hPa, and the associated discussion has been revised.

L389 - delete the By the way statement

Reply: Thank you. It has been deleted.

L405-442 see my comment B, because I think that this section should be deleted.
Reply: Thank you. The subsection has been deleted, as noted in our response to Major
Comment B.

L447-450 see also my comment A. The term catalytic wave-mean-flow positive
feedback (White et al., 2021) is very vague and possibly erroneous, because White et
al., (2021) absolutely fail to account any compensating or amplifying dynamical
interaction between the processes from SSO and resolved orography, which can also
play a big role in your study. can you for example simply check the differences in EPFz
at 850 hPa? Moreover, the original reference has nowhere proven that indeed the width
of the wave spectrum that can enter the stratosphere plays a role in their results. You
are welcome to prove this in your manuscript. But, I think that the Cohen et al
compensation mechanism or related numerous works by other authors on parameterized
GWD effects on the refractive index in the valve layer should be used as a reference
here.

Reply: Thanks for your valuable comments and suggestions. In the revised manuscript,
we have therefore removed this terminology and substantially rewritten the relevant
discussion. This revised interpretation is more consistent with Cohen et al. and related
studies on the interaction between parameterized wave drag, resolved wave forcing,
and wave propagation conditions. Following the referee’s suggestion, we have added a
new diagnostic of refractive index to explicitly document the lower-tropospheric

resolved-wave response. “As shown in Fig. 9, positive RFI values for both zonal



wavenumbers 1 and 2 are found over the northern mid- to high latitudes in EXP_CTL,
indicating that the basic-state flow is favorable for the upward propagation of
planetary waves  (Figs. 9a, 9¢c). In EXP_NHE, however, the RFI is generally reduced
over the same region, especially in the upper troposphere and lower stratosphere.
These negative RFI anomalies suggest that the strengthened background westerlies in
the polar stratosphere make the environment less conducive to the vertical propagation
of Rossby waves (Figs. 9b, 9d). Similar behavior is found for both wavenumber-1 and
wavenumber-2 components, although the wavenumber-1 signal appears more spatially
coherent. Therefore, the reduction of RFI provides a dynamical explanation for the
weakened upward EP-flux branch seen in Fig. 8b.

Physically, the revised OGWD scheme weakens the parameterized drag in the
northern polar stratosphere, which strengthens the local westerlies. Stronger
background westerlies narrow the range of planetary-wave numbers that can propagate
vertically into the stratosphere. Consequently, the upward propagation of resolved
Rossby waves is suppressed, and less resolved wave forcing reaches the polar
stratosphere. This effect acts together with the weakened parameterized OGWD to
reduce the easterly wind bias in the polar stratosphere. At the same time, the associated
redistribution of resolved wave forcing favors a weakening of the polar-tropospheric
westerlies, thereby contributing to the improvement of the large-scale circulation over

the northern high latitudes.” is added in section 4.b.
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Figure 1. Refractive index for the (a) wavenumber-1 and (c) wavenumber-2 resolved

waves averaged over the period of 10 December 2023 to 10 January 2024 in the

EXP CTL experiment. (b) The difference between the refractive indices of

wavenumber 1 in EXP_NHE and EXP_CTL (EXP_NHE minus EXP_CTL). (d) As in

(b), but for wavenumber 2.

L490 From eq. 7 -> Why don't you plot the RFI differences?

Reply: Thank you for the suggestion. The RFI discussion is added in the revised

manuscript.

L493 Is inhabiting the right word here?

Reply: Thanks, It has been corrected.



Reply to Reviewer #2

General Comments

This work presents an updated version of the orographic gravity wave drag
parameterization for the CMA-GFS model. The revised scheme accounts for the impact
of non-hydrostatic mountain wave dynamics on surface wave momentum flux and the
resulting wave forcing. This development is increasingly relevant as model horizontal
resolution continues to improve, making purely hydrostatic assumptions less adequate.
The motivation for this work is well founded. The reported improvements are generally
positive, although at times relatively modest; nonetheless, they contribute to alleviating
persistent model biases. Interestingly, the largest improvements are found in the
Southern Hemisphere summer, where however wave drag is weaker due to seasonal
conditions, and the authors do not focus much on it.

Reply: The study focuses primarily on the NH because the experiments are conducted
in boreal winter, when parameterized OGWD is strongest in this hemisphere. By
contrast, the SH is in austral summer, during which stratospheric OGWD is much
weaker because of critical-level absorption, leading to comparatively smaller
circulation responses. Therefore, the quantitative evaluation of forecast skill is mainly
performed for the NH, where the impact of the revised OGWD scheme is physically
more pronounced and statistically more robust.

One other general consideration I have is about the evaluation of the updated
parameterization against ERAS. While ERAS provides a high-quality reanalysis dataset,
its horizontal resolution (0.25° x 0.25°) is coarser than that of the CMA-GFS
simulations used here (0.125° x 0.125°). It would therefore be useful for the authors to
clarify why ERAS is considered a more reliable reference for representing non-
hydrostatic effects despite its lower resolution. Presumably, this is due to the
assimilative nature of reanalysis products, but this justification should be explicitly
stated in the manuscript.

Reply: Thanks. In the revised manuscript, “The model initial conditions are derived

from the 0.25° x 0.25° ECMWF Reanalysis v5 (ERAS) dataset (Hersbach et al., 2020),



which are also used as reference for the evaluation of the CMA-GFS
forecasts. Although the horizontal resolution of ERAS is coarser than that of the CMA-
GFS v4.0 simulations, ERAS is adopted here as the verification reference because it is
a dynamically consistent reanalysis constrained by a broad range of assimilated
observations. In this study, ERAS is not used to resolve the non-hydrostatic subgrid-
scale orographic gravity waves themselves. Instead, it serves as a benchmark for
evaluating the large-scale circulation response and medium-range forecast skill

associated with the revised OGWD parameterization.” is added in section 2.b.

Specific Comments

Lines 82-86: is this not simply the inverse of Na/U? - which is a well-known concept
(see e.g., Zangl et al, 2003, Guarino et al., 2017, etc.).

Reply: The quantity introduced there is indeed the inverse of the well-known parameter
Na/U.

Line 103: “along with many other improvements in the model dynamics and physics.”
Here a reference, if available, would be needed.

Reply: Thank you, the reference is added (Shen et al., 2023).

Shen, X. S., Su, Y., Zhang, H. L., et al.: New version of the CMA-GFS dynamical core
based on the predictor-corrector time integration scheme, Journal of Meteorological
Research, 37, 273-285, https://doi.org/10.1007/s13351-023-3002-0, 2023.

Lines 114-116: “partitioning the momentum stress with the Scorer parameter when
model grid mainly locates at the downstream of the subgrid orography.” This is not
clear at all, I have read it multiple times and I still don’t understand what this means.
Reply: In the revised manuscript, it is rewritten as: “It is noticed that in the existing
implementation, nonhydrostatic effects are only partly reflected through a Scorer-
parameter-based partitioning of the momentum stress when the model grid point is
located downstream of the subgrid orography. However, the launch-level surface WMF
itself still follows the original hydrostatic KA95 formulation™ .

Lines 144, 146: are (1) and (2) from KA95?

Reply: Yes, equations (1) and (2) are taken from the original KA95 formulation.



Line 147: how is “low level” defined? Its definition is important here.

Reply: The low level is from the surface to 20y, (standard deviation of SSO height).
Line 155: it is not clear what these two constants are, as they have not been introduced
before.

Reply: The two constants are empirical constants obtained through extensive
experiments.

Line 169: define explicitly tau tilde.

Reply: T represents the nonhydrostatic surface wave momentum flux.

Line 171: derivation for equation (5) needs to be expanded; some discussion is provided
below but I suggest restructuring this presentation for clarity.

Reply: Thank for the suggestion. Replace the explanatory paragraph after Eq. (5) with:
“Eq. (5) is adopted from Xu et al. (2021) for three-dimensional isotropic terrain.
Specifically, the nonhydrostatic correction is defined as the ratio of the analytically
derived nonhydrostatic surface WMF to its hydrostatic counterpart, which yields an
algebraic correction factor depending only on the horizontal Froude number”.

Line 210-211: do you mean that you are always selecting the 10th day of each forecast
for all 31 simulations? For example:

Run 1 starting on 1 Dec gives output of 10 Dec; Run 2 starting on 2 Dec -> 11 Dec
and so forth...

this should be better explained.

Reply: Yes. In the revised manuscript, it is changed to “Figure 1 shows the zonal-mean
zonal wind composited from the day 10 forecast output of the 31 simulations initialized
at 00 UTC on 1-31 December 2023. Accordingly, the valid times of these day-10
forecasts span 10 December 2023 to 10 January 2024 .

Lines 216-217: “These two jets are separated around 70 hPa and 50°N, with the
stratospheric jet being stronger than its tropospheric counterpart.” We can’t really
appreciate which one is stronger, given that the vertical axis stops at 1 hPa, above which
the jet intensifies - in fact, in the figure as currently presented the tropospheric
subtropical jet appears stronger than the stratospheric one. There are also two

independent features, so I would remove this sentence entirely.



Reply: Thank for the suggestion. It is deleted.

A general comment about lines 212 to 223 is that this section can be significantly
shortened or removed, it simply describes well-known atmospheric circulation patterns.
Better to go directly into comparison with model outputs (Fig.1b,c,d)

Reply: Thank for the suggestion. It is revised.

Line 238: “Antarctic region” comprises 90-60S. I would say over the polar cap.
Reply: Thank for the suggestion. It is revised.

Line 245: “the easterly biases in the mid-upper stratosphere” specify you refer here to
NH.

Reply: Thanks. It is revised to “the NH easterly biases in the mid-upper stratosphere”.
Figure 1b,d and its description:

What about the Northern Hemisphere troposphere? At high latitudes (50-90°N), the
dipole of anomalies appears to be a mirror image of the stratospheric dipole above. In
my view, this strongly suggests that during Northern Hemisphere winter, north of
~60°N, gravity waves are breaking more frequently within the mid—upper troposphere
(roughly between 500 and 50 hPa). This would locally decelerate the background flow,
thereby reducing wave breaking in the overlying stratosphere, where the flow remains
stronger than in the control simulation. Conversely, the opposite mechanism would
apply to the positive anomalies south of 60°N. That said, the origin of the longitudinal
(east—west) dipole in the anomalies remains unclear and deserves further discussion.
To fully explain this behavior, it would be important to examine the lower troposphere.
One would expect that non-hydrostatic effects-by increasing wave dispersion and
reducing wave amplitude—limit wave breaking at lower levels, thereby shifting the
altitude of wave breaking upward. In that case, one could expect to see a vertical
structure characterized by alternating positive—negative—positive anomalies from the
surface to the stratosphere. If this is not the case (as I am speculating), then the
anomalies shown in Figure 2d require a more thorough explanation.

Reply: Fig. 6 has been extended downward to 850 hPa. The vertical structure indeed
characterized by alternating positive-negative-positive anomalies from the surface to

the stratosphere.



Line 247: 42% is a remarkable improvement. Similarly to the Northern Hemisphere, it
would be interesting to see what happens at lower levels.

Reply: Fig. 1 has been extended downward to 850 hPa. The tropospheric westerly
biases have also been reduced at lower levels.

Whole section b and line 424 specifically “leading to greater upward motion poleward
of”: I am somewhat confused by this section. The downward control states that the
residual mean meridional circulation at a given level is determined by the integrated
wave drag above that level. This circulation is characterized by upwelling at the tropics
and downwelling at the poles. A weakening OGWD in NHE, at the poles, should thus
weak this circulation and decrease downwelling at those latitudes, not increase
upwelling as stated here. Perhaps results should be framed so that they are presented as:
weaker polar downwelling (so less adiabatic warming) -not greater upward motion-
which thus makes NHE colder than CTRL?

Reply: The previous version invoked the steady-state downward-control framework too
strongly for a 10-day forecast context, and this interpretation was not sufficiently
justified. Accordingly, in the revised manuscript we have removed the entire subsection
“downward control mechanism”, including Eq. (6) and the associated discussion.
Instead, the revised manuscript now adopts a more cautious interpretation focused on
diagnostics that are more directly supported by the medium-range forecast experiments,
namely the changes in parameterized OGWD, resolved EP flux, and refractive
properties associated with Rossby-wave propagation. In this way, the mechanistic
discussion is now better aligned with the forecast timescale considered in this study.
Line 428: Are these temperature changes an improvement compared to ERAS5?

Reply: Yes.

Technical Corrections

Line 47: “when breaking transferring”

Reply: Thank for the suggestion. It is revised to “As these waves break, they transfer
momentum from the surface to higher levels”.

Lines 70-73: I suggests removing sentence between brackets.



Reply: Thank for the suggestion. It is deleted.

Line 113: “descripted” -> described

Reply: Thanks. It is revised.

Line 233: “As in the NH troposphere,” I am not sure the use of “as” grammarly makes
sense here.

Reply: Thank for the suggestion. It is corrected to “Similarly, the zonal-mean zonal
winds in the NH troposphere”.

Line 389: “by the way”, too colloquial

Reply: Thank for the suggestion. It is deleted.

Line 501: “in total 31 forecasts of 10-day forecasts”

Reply: Thanks. It is corrected to: “In each numerical experiment, there are in total 31
independent 10-day forecasts which are initiated at 00 UTC on each day of December

2023,



