
Responses to Referee #3’s Comments

This paper offers a new explanation for the source of period fluctuations of the QBO. Such 
fluctuations are hypothesized to arise from seasonality in tropical convection, which launches small-scale 
gravity waves that are then filtered through the seasonally-evolving winds of the tropical tropopause layer to 
lead to a seasonally-varying gravity wave stress at the base of the QBO, which then contributes to a 
seasonally-varying descent rate. This contribution to the seasonally-varying descent rate is hypothesized to 
explain seasonality in the total descent rate, which in turn drives cycle-to-cycle variability of the QBO 
period. This cycle-to-cycle variability in the QBO period is noted to have implications for QBO 
understanding and predictability.

>>  I sincerely appreciate the referee’s comments and assessment. The comments help improve the 
manuscript. During the revision, we have changed the altitude for the wave flux from 70 hPa (F70) to 84 
hPa (F84) in the regression analysis, according to the Editor’s comment, and updated all relevant figures 
(Figs. 3, 4, and 9 in the revised manuscript) and text, while the main conclusions remain unchanged. Also, 
following the referee’s comment, we have added a new figure presenting the seasonal cycles of W and 
F84 (Fig. 5) and its discussion (L176–198). My responses to each comment are given below. 

There are several steps to the argumentation in the paper, all of which must be true in order to justify 
the ultimate conclusions. Some of the steps are already convincing, but some would benefit from minor 
revisions in order to be convincing. Here are the key steps:

1. Variability in the QBO period is dominated by variability by in the descent rates of easterly shear zones 
(well-justified) 
2. Variability in the descent rates of easterly shear zones is driven by variability in small-scale gravity wave 
stress propagating up through the tropopause (would benefit from minor revisions) 
3. Seasonality in small-scale gravity wave stress propagating up through the tropopause results when waves 
that are launched by tropical convection are filtered through the seasonally-varying winds in the TTL (well-
justified)

The paper should more forcefully disentangle the relative roles of seasonality in its newly-proposed 
mechanism (small-scale gravity wave stress) versus the commonly-accepted mechanism (residual 
upwelling). Towards that end, Step #2 must establish that variability in small-scale easterly gravity wave 
stress crossing the tropopause (F70) is the primary driver of variability in the QBO period (e.g., as stated on 
Lines 254-255 of the Conclusions). The primary importance of F70 must be established counter to the 
commonly-accepted view that the primary driver is variability of residual upwelling (W). Numerous 
previous papers have put forward compelling evidence for the importance of W, including quantitative 
agreement between the annual cycle in W and the annual variations in the QBO descent rate (e.g., Coy et al., 
2020).

The paper offers two broad pieces of evidence in favor of F70. The first broad argument is based on 
multi-linear regression in which F70 and W are used to predict descent rate, presented in Section 4.1, Eq. 3, 
and Fig. 3. This argument is not fully convincing because F70 and W appear to have very similar seasonal 
effects on QBO descent rate: comparing Fig. 1 from Coy et al. (2020) and Fig. 8c of the submitted paper 
makes it clear that both F70 and W contribute to minimum QBO descent rates in NH winter and 
August/September, and larger descent rates otherwise. Because F70 and W are strongly anti-correlated over 
the seasonal cycle, their effects are probably, at least in part, statistically degenerate. This plausible 



degeneracy calls into question the suitability and uncertainty of the multi-linear regression in Eq. 3 and 
plotted in Fig 3. If this correlational analysis is intended to be included, it is minimally necessary to do the 
following:

• plot the uncertainties in the regression coefficients in Fig. 3b, which hopefully take into account the effects 
of any collinearity. If the uncertainty bars are large and overlapping, this must change the interpretation of 
the results.

• plot the average seasonal cycles of F70 and W so that readers can visually distinguish how distinct they are.

>>  Thank you for pointing out this issue. The responses to the two suggestions are provided below for 
each. 

•  We have confirmed that the correlation coefficient between F84 and W is very small: within –0.13 to 
+0.09 across different altitudes. Therefore, statistical degeneration in the regression is not expected. This 
information has been added in the revised manuscript [L188–190]. Additionally, we have confirmed that 
similar results are obtained even when the regression analysis is conducted separately with F84 and W, as 
seen in Fig. C1 (cf. Fig. 3b). This outcome is expected given their low correlation. 

Fig. C1. Standardized regression coefficient of (left) F84 and (right) W for the descent speed at each 
altitude, obtained separately from single-variable linear regression.

•  To further investigate relations between F84 and W (along with the descent speed) in their seasonal 
cycles, we have added a new figure (Fig. 5) and corresponding text at the end of Sect. 4.1 in the revised 
manuscript [L176–198], following the referee’s comment. 

In the newly added Fig. 5, W at 20–50 hPa exhibits a dominant annual cycle with only minor 
semiannual variation. In contrast, F84 is primarily driven by a semiannual cycle, resulting in a low 
correlation with W (less than ±0.13).

As noted by the referee, Coy et al. (2020, Fig. 1) showed a semiannual cycle in w*. There are a 
couple of potential factors that would lead to the difference between that and our result.



(1) We use the vertically and meridionally averaged w* over 15°N–15°S (defined as W), whereas Coy et 
al. showed 10-hPa w* over 10°N–10°S. 
(2) Our regression is performed only for a specific QBO phase at each altitude (when the descending 
easterly phase Uφ = –10 m/s occurs at the altitude). The seasonal cycle is constructed exclusively from W 
values at that phase. 

To examine these two factors, Fig. C2 shows the same analysis as Fig. 5 except that w* at each 
altitude over 10°N–10°S (following Coy et al.) is plotted instead of W, and that the 10-hPa climatological 
annual cycles of w* and F84 are included. (Unfortunately, regression analysis was not possible for 10 hPa 
due to excessively fast descents, as noted in L119.)  First, it is confirmed that the w* variation at 10 hPa 
in ERA5 is qualitatively consistent with Coy et al. (2020, Fig. 1b) using MERRA2, exhibiting a similar 
semiannual variation (although some differences exist in details, such as maximum speed of w*). (Note 
that an inverted axis is used for w* in Fig. C2.) 

However, from 30 hPa downward, the climatological annual cycles of w* become qualitatively 
similar to W, showing decreased semiannual variability (compare the orange dashed lines between Figs. 5 
and C2). Moreover, when the cycles are derived for the easterly-descending phase at each altitude (i.e., 
from the subset of w* values, as employed in the regression) (solid lines), w* exhibits similar variations 
to W, from 20 hPa downward. This suggests that the regression result might remain roughly similar even 
if the altitude-dependent w* is used instead of W. This has been confirmed in Fig. C3. However, in this 
case, the correlation between w* and F84 was relatively high at some altitudes (~0.3 at 30 hPa and above; 
~0.1 at 40 hPa), introducing uncertainty into the results in Fig. C3. 

In our study, the spatially averaged W rather than w* is used to minimize the QBO-induced factor 
(i.e., the QBO-induced local-circulation component in w*) on the RHS of the regression, so that the 
descent speed variation can be causally explained by the two external factors [L149–150]. In other words, 
if w* were used, part of its variation could potentially be a response to descent speed variation, 
complicating result interpretation. Beyond this conceptual reasoning, the low correlation between W and 
F84 (as discussed above) further supports our choice of W for the regression analysis. Additionally, using 
W aligns with many previous studies that have focused on the annual variation of tropical upwelling 
(forced by midlatitude Rossby waves), rather than its semiannual variation at ~10 hPa, to explain the 
descent speed variation (e.g., Kinnersley and Pawson, 1996; Hampson and Haynes, 2004; Rajendran et 
al., 2018). 



Fig. C2. Same as Fig. 5 except using w* at each altitude over 10°N–10°S, instead of W, and adding the 
10-hPa climatological annual cycles of w* and F84. 



Fig. C3. Same as Fig. 3b except that w* at each altitude over 10°N–10°S is used instead of W. 

Alternatives to this correlational analysis are possible. For example, I expected that the paper was 
going to take advantage of the descent rate formalism in Equation 2 to formulate a quantitative descent rate 
budget, i.e.,:

(1)

Using such a budget, it would be possible to make quantitative arguments about the role of EPFD 
(potentially decomposed by wavenumber) and upwelling in driving descent rates. This argument would be 
stronger than the correlations, because the magnitudes of each term matter and not just their temporal 
structure. If it were found that the local EPFD at a given altitude is a dominant driver of the seasonality in 
local descent rates, then it would have to be subsequently established that the local EPFD at a given altitude 
scales with the incoming small-scale gravity wave stress crossing 70 hPa, per the assumed form of EPFD 
inspired by Lindzen and Holton (1968). This would form a stronger quantitative link in terms of temporal 
structure AND magnitude rather than the paper’s current argument of Section 4.1 that is only in terms of 
temporal structure.

The magnitudes are considered in Section 4.2, which is good, although it shows wind tendencies, so 
to gain insight into descent rates, the reader must attempt to divide in their head by the hypothetical time-
evolving vertical shear. Showing descent rates directly could be valuable. Also, is the EPFD plotted in Figs. 
5/6/7 the total EPFD or just that from small-scale waves? Please ensure that all claims about small-scale 
waves are not based on any evidence from EPFD integrated across all wavenumbers as opposed to just the 
small scales.

>>  Since the correlation and the related analysis (newly added Fig. 5) address the first suggestion (see 
my response above), this alternative approach is not further examined. As noted above, the local w* not 
only exhibits variations that modulate the descent speed but may also potentially contain direct or indirect 
responses to the descent speed variation. Therefore, we do not extend the analysis using w* beyond the 
existing one (Figs. 6–8). Nonetheless, I greatly appreciate your insightful suggestion. 



Regarding the EPFD, it represents the total wave forcing from waves of all scales. This has been 
clarified in the revised manuscript [L91; L225; and in captions of Figs. 6–8 by referring to Eq. (1)]. The 
use of total wave forcing (without spectral filtering) is justified, as westward QBO forcing by large-scale 
waves is known to be minor (e.g., Ern et al., 2014; Kim and Chun, 2015b), as stated in L144–145. 
Additionally, we have included a result confirming the limited contribution of large-scale waves to 
descent speed variation, based on an additional regression analysis (not shown) in the revised manuscript 
[L199–202]. 

Two last minor considerations:

• Line 142: “The spatial averaging applied to W aimed to reduce the effect of the QBO-induced local 
circulation on it (for details on the local circulation, see Plumb and Bell, 1982, Fig. 1).” Does “spatial 
averaging” refer to the averaging in the vertical (over 10-70 hPa) or the averaging in the horizontal (15S-
15N)? In either case, the effects of the QBO-induced secondary circulation might not be particularly reduced. 
When averaging vertically, the secondary circulation can still project onto the domain-wide mean upwelling, 
because there is often only one strong shear zone in the domain (the other being stalled against the lower 
boundary). When averaging horizontally from 15S-15N, this only includes the tropical branch of the 
secondary circulation but not the extratropical branch, which is located poleward of roughly 15 degrees (e.g., 
Randel et al., 1999; Baldwin et al., 2001), so this will not reduce the effects of the meridional structure of the 
QBO-induced circulation.

>>  The spatial averaging is applied in both the vertical and horizontal directions [L141–142]. While I 
agree that this averaging cannot fully eliminate the QBO-induced circulation especially when the vertical 
layer is predominantly under either easterly or westerly shear, it helps reduce its influence to some extent. 
For example, the differences between orange dashed and solid lines in Fig. C2 (seasonal climatology vs. 
seasonal cycle derived from the easterly-descending phase at a given altitude) reflect the QBO-phase 
dependence of w*. Fig. C2 shows that w* at the easterly-descending phases is consistently larger than the 
climatology (note the inverted axis). In contrast, the differences between the dashed and solid lines in Fig. 
5 are much smaller, suggesting that the spatial averaging for W substantially reduces the secondary-
circulation component. 

In addition, using a broader latitude band to include the extratropical upwelling branch may be less 
appropriate, because (1) the upwelling branch shifts north and south with seasons, with its boundary 
located near ~15° in the winter hemisphere (depending on altitude), and (2) w* outside of ~15° is unlikely 
to significantly affect QBO dynamics, given the latitudinal width of the QBO. 

• Lines 238-241 states: “Notably, while the above-mentioned flux variation (0.19-0.37 mPa) corresponds to 
±32% of its annual mean, it leads to an even larger variation in the phase descent speed because upwelling 
reduces the descent speed on average (see Eq. (2)). This upwelling effect in amplifying the response of 
descent speed to the flux variations occurs regardless of the seasonal variability in upwelling.” I am confused 
by this argument. Isn’t descent rate linear in both upwelling and EPFD, per Equation 2? Perhaps the paper 
intended to refer to fractional variations in the phase descent speed?

>>  Yes, this statement refers to fractional variations. This is clarified in the revised manuscript [L279] by 
explicitly stating the fractional value for the phase speed variation as a percentage (“about ±50%”). 
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Responses to Editor’s Comments

>>  I greatly appreciate the editor’s comments, which have helped strengthen the manuscript. During the 
revision, we have changed the altitude for the wave flux from 70 hPa to 84 hPa in the regression analysis, 
and updated all relevant figures (Figs. 3, 4, and 9 in the revised manuscript) and text, while the main 
conclusions remain unchanged. A new figure (Fig. 5) has also been added following Referee #3’s 
comment. My responses to each comment are given below. 

Major comments:

L144-145 - By using the QBO-independent variables (instead of flux at a higher altitude or local w ), the 
regressed descent speed can be causally attributed to these variables. - This is a crucial assumption of the 
paper and it seems not valid. For this you would have to take F and W lower down, let's say at 
100hPa.Because, as your Fig. 8 clearly shows, F70 is itself a subject to filtering by the winds below 70 hPa 
in the UTLS, which are most likely not independent on QBO. 

>>  We acknowledge that F70 may be influenced by the QBO to some extent. As for an alternative 
choice, the 100 hPa altitude is however too close to the convective source region in the tropics, where the 
flux is often affected by diabatic heating from convective and anvil clouds, making it less representative 
of freely propagating waves. Therefore, in the revised manuscript, we have chosen the 84 hPa altitude 
from ERA5 model levels as a more suitable alternative and replaced F70 with flux at this altitude (F84). 
The relevant figures (Figs. 3, 4, and 9) have also been updated, accordingly. Importantly, our main 
conclusions remain unchanged. 

Minor and technical comments (chronological ordering):

L30 not only waves from convection propagate vertically to the stratosphere.

>>  This comment is valid. However, since this paragraph begins with a focus specifically on the QBO, I 
have chosen to restrict the discussion to convective waves here (with references only relevant to them). 

L62 It is strange that for the descent speed estimation you needed native model-level dataset, but momentum 
forcing, which relies on vertical divergence estimation that is crucially sensitive to the vertical resolution, has 
been calculated on pressure levels (and hence can be subject to large errors). Please explain.

>>  I agree that using native model-level dataset would provide more accurate quantities (but due 
primarily to the vertical truncation for flux quantities; e.g., Kim & Chun, 2015, ACP, doi:10.5194/acp-15-
6577-2015). However, there are two reasons why the pressure-level based quantities are used here: 
(1) Most previous studies, including multi-model and multi-reanalysis studies, have used standard 
pressure-level data for TEM calculations. Consequently, providing TEM results based on model-level 
data made quantitative comparisons challenging. (2) I no longer have access to archived model-level data 
for reanalyses other than ERA5 (used in Appendix), and independently collecting these datasets is highly 
impractical. 

Thus, using pressure-level data ensures compatibility with existing studies showing TEM results and 
consistency in this study. Nonetheless, for the descent speed, the key quantity of the study, using fine 



vertical grids was crucial because it varies rapidly with height, as seen in Fig. 1a (refer to the inflection of 
the zero-wind line between 30 and 50 hPa from late 1997 to early 1998). The descent-speed calculation 
involves differentiation along the vertical trajectory, making vertical truncation a significant issue. 

L69 Please define the 1-2-1 smoothing

>>  We have modified it to “1-2-1 temporal smoothing” in the revised manuscript [L71]. We believe this 
clarifies the methodology, as the 1-2-1 smoothing method is widely recognized.

L71 Monthly fluxes have been calculated ..after decomposing the hourly data?

>>  The expression has now been clarified: “after decomposing waves …” [L74]

L73-74 d→day?

>>  ‘d’ is the correct unit notation in the EGU convention.

L75-76 - Analytical description of this conditional summing in Fourier domain would be beneficial. What 
about possible orographic sources?

>>  Unfortunately, there is no simpler/shorter mathematical expression for the sum of positive-valued 
momentum fluxes with positive zonal phases (and for the negatives as well). The condition should 
anyway be written in a descriptive form. 

Given that waves over the tropics are generated primarily by convective sources, we have neglected 
the possible contribution of orographic waves to the monthly and zonally averaged flux. 

L80 Please provide a detailed reasoning, why you expect the noise to dominate the waves with small phase 
speeds. Generally, it is assumed that the effects of noise should be symmetrical and isotropic.

>>  The detailed reason has been included in the revised manuscript [L81–84]. 

Fig.1 - Why different averaging domains for winds and momentum fluxes? All aspects like this must be 
clearly justified. Is the meridional propagation of GWs one of the reasons for this?

>>  Yes, the meridional propagation of GWs is the reason for that [L147]. 

L90 -indirect estimate- Like this you group into this indirect estimate also the parameterized tendencies, 
analysis increments + possible inaccuracy of your computation. This should be clearly stated here.

>>  Equation (1) is the generally applied momentum equation, not specific to reanalyses (no external 
forcing from unresolved/parameterized processes or data assimilation is introduced on its RHS). 
Therefore, the EP flux in Eq. (1) accounts for the total wave forcing from waves of all scales. We have 
clarified this in the revised manuscript [L91–92]. The indirect estimate, therefore, represents the same 
quantity.  

L100 - 70 hPa is not the bottom of the stratosphere. It is actually safely in the stratosphere away from the 
region that can be impacted by processes around the tropopause..

>>  The 70 hPa level is commonly regarded as the upper bound of the tropical tropopause layer 
(Fueglistaler et al., 2009, Rev. Geophys.), which could also be interpreted as the lower bound of the 



tropical stratosphere. Though, the text has been adjusted to “at about 70 hPa (near the bottom of the 
tropical stratosphere)” in the revised manuscript [L104]. 

L103 Therefore, at an arbitrary altitude, the fluxes..->eastward fluxes?

>>  modified: “the fluxes” → “these fluxes” [L107]

L104..by the cease of the westerly phase - please rehprase.

>>  rephrased: “cease” → “cessation” [L109]

L115..too fast to measure using monthly data.. - From the methodology, I thought that hourly data on model 
levels were used for this..

>>  The methodology part has been clarified in the revised manuscript [L65].

L121 If the results are not sensitive to the tracking velocity, than you should choose it equally to the westerly 
phase for consistency.

>>  The amplitude of the easterly phase is much larger than that of the westerly phase (roughly twice), 
and in this regard, it may be more consistent to use a larger reference wind for the easterly phase. 

Eq. 2 and around L130 - You should note that eq. 2 follows Lindzen and Holton and that interested reader 
can find more information on its derivation and assumptions behind in this reference. Particularly, purely 
vertical propagation is assumed.

>>  Unlike Eq. (2), Lindzen and Holton (1968) excluded the vertical advection. Therefore, their study is 
cited exclusively for the wave flux term of Eq. (2) in the original manuscript (the other part of the 
derivation does not use any specific knowledge). In addition, although LH’s study assumed the pure 
vertical propagation, the same equation can still be utilized for obliquely propagating waves, if an 
effective latitudinal band is appropriately chosen for the waves driving the QBO. We use a wider 
latitudinal band (±15°) for the wave flux entering the stratosphere, compared to the band for the QBO 
wind phase (±5°), to account for some contribution of latitudinal wave propagation [L147–148]. 

L131..wave-forcing->wave dissipation

>>  modified [L135]

L140 - Taking into account only waves <2000 km - have you tested, whether different parts of the spectrum 
would produce similar results?

>>  Yes, I confirmed that similar regression results were produced with waves of λ < 1000 km. However, 
the waves with wavelengths of ~500 km (say, the dominant part in the λ < 1000 km wave spectrum) may 
be only marginally resolved in ERA5. It is therefore safe to use λ < 2000 km to contain a bit more 
spectrum. In addition, regression results using larger-scale waves (λ > 2000 km) are additionally 
mentioned in the revised manuscript [L199–202].

L141-142 ...wide latitude band ..for lateral propagation.. - Note that Eq. 2 and the estimation of momentum 
dissipated at the critical level is derived assuming vertical propagation only!



Meridional widths - the different widths for different variables bring an undesired aspect of subjectivity to 
the analysis. What prevents you from choosing it homogeneously across variables and base it on some 
objectively determined quantity as for example the width of the tropics? 

>>  Although Lindzen and Holton’s study assumed the pure vertical propagation, the same equation can 
still be utilized for obliquely propagating waves with an appropriately chosen source latitude. Given the 
latitudinal structure of the wave flux’s seasonal cycle shown in Fig. 9c, the seasonal variation of wave 
flux does not change much with averaging latitude band [L273], and in this reason, even the regression 
results were not sensitive to the averaging latitude band when a narrower band was used (not shown). 
Though, we keep using ±15° for the conceptual reason explained above. 

L147 Again...- Again the manuscript would greatly benefit from consistency of the choices across the 
manuscript and QBO phases.

>>  Please see my response to the comment on L121. 

L149 What is the target pressure and why is the number of samples different for each pressure level?

>>  The target pressure is the altitude where the regression analysis is performed. The number of samples 
can be explained by the number of months during which the chosen wind phase (Uφ) is at an altitude 
within p ± (1/8)p. Therefore, it is inversely proportional to the descent speed of the phase. The text has 
been modified to clarify these [L155–157].

L151 Note that the sampling at the monthly interval is appropriate, given that the small-scale wave 
momentum flux varies largely between months. - I do not understand the logic of this sentence. Can you 
provide more reasoning? The flux is highly intermittent and will vary largely also between days, weeks..

>>  As long as the descent-speed variation that we are interested in is on monthly or longer time scales, 
we do not need shorter-term variability of the wave flux but its monthly averaged variations. On the other 
hand, if the monthly-averaged flux variation is too slow (i.e., highly auto-correlated), using all the 
samples could be ineffective in terms of the degree of freedom in statistics, and one may consider even 
larger intervals of time series with statistically independent elements. The text has been clarified in the 
revised manuscript [L158–159].

L156 constant-scale height - by using the conversion to log-pressure meters, you neglect the changes in the 
thickness of pressure levels due to potential variations of temperature. 

>>  This is true, if one wants to obtain the geometric-altitude based speed rather than the speed in the log-
pressure coordinates. The mean temperature ranges from ~200 K to 230 K at 70–10 hPa, which 
corresponds to H = 6.3 ± 0.4 km. This may lead to up to ±7% differences between the geometric-altitude 
based speed and the log-pressure speed. However, as our equations and data are based on (log-)pressure 
coordinates, it is theoretically more consistent to use the constant scale height and measure the log-
pressure speed. 

Fig. 5 - It is not clear, whether EPFD stands for small-scale waves only. But the half scale of e) indicates a 
large role for the residual (or longer waves).

>>  The EP flux divergence represents the total wave forcing including all waves (as represented by the 
dataset), without any filtering, as introduced in Eq. (1). In the revised manuscript, the figure caption now 



cites Eq. (1), where it has been clarified that this term refers to total wave forcing [L91]. 
The half scale therefore indicates a large role of unresolved waves for ERA5, as discussed in Sect. 6. 

L189 ..up to potential errors in upwelling velocity- Again, GW parameterizations and reanalysis increments 
play a role plus potential error of the method (assumptions, numerical implementation).

>>  Please see my response to the comment on L90. 

L190 The direct estimate of the wave forcing - It is not clear at this point whether it is all waves or short 
waves only.

>>  The description has been clarified in the revised manuscript [L225; Fig. 6 caption; L91].

Fig. 8 - It clearly demonstrates the importance of UTLS winds for modulating the fluxes but also raises a 
question on the meridional extent of your analysis. It seems that it should be wider not to artificially cut the 
flux fields poleward from 15deg. Also, for wider domains, hemispheric asymmetric distribution would 
emerge and need to be taken into account as an important feature of the small scale forcing.

>>  The figure (#9 in the revised manuscript) shows the fluxes between 20°N and 20°S. In a previous 
study (Kim et al., 2024), the meridional extent by which the waves travel to the equator with substantial 
momentum flux was modeled to be mostly less than ~15°. While we choose the ±15° band based on this 
[L147], the regression results (which Fig. 9 is explaining) were not sensitive to the averaging latitude with 
the bands of ±20° or less (not shown). Using an even wider band would change the results, but I believe it 
is less likely that gravity waves with substantial momentum flux propagate across such a large meridional 
extent (> 20°) between ~84 hPa and the regression altitude (15 hPa, at most). 

Around L240 - The secondary circulation effect should be described better on a prominent place of the 
manuscript.

>>  The effect of seasonal variability of upwelling (widely studied in the literature as a possible source of 
the descent speed variation) has been further discussed in the revised manuscript, synthetically along with 
the wave flux, in the newly added Fig. 5 [L176–193]. The related statement has also been added in 
Abstract [L5] and in Sect. 5 [L281–282]. In addition to this, the effect of mean upwelling remains 
included, as in the original manuscript. However, the effect of QBO-induced local circulation is not 
addressed in this study, as (1) it depends solely on the QBO phase, by definition, which is fixed in our 
descent speed analysis at each altitude, and (2) it is considered a response of the wave–mean flow 
interaction of the QBO rather than a direct driver of the QBO variability. 

L256 - gravity-wave momentum flux estimated in the tropical tropopause layer. - This would be desirable. 
But, you analyze GW flux at 70hPa, i.e. safely above TTL after it already interacted with the winds here.

>>  Please see my response to the Major comment. 

Around L285 Data availability - More effort should be done towards soliciting the reproducibility. For 
example the datasets and time series used to produce the figures and regression should be made available or 
at least the algorithms for the methodology. 

>>  This part has been improved in the revised manuscript. 


