In this revised version, three major improvements are introduced:

(1) The relationship between the 2015/16 El Nifio and the 2016 QBO disruption is reviewed, with
emphasis on how the El Nifio event triggered the QBO disruption and how both phenomena
jointly influenced the DW1 heating sources, particularly water vapor.

(2) The (1,1) mode of the DW1 is extracted and analyzed, and its amplitude and phase responses
to the event are presented in Sections 3.1 and 3.2.

(3) The discussion of mechanisms is expanded. Section 4 is reorganized into three subsections
addressing tidal heating, tidal propagation, and tidal-gravity wave interaction. The result of (1,
1) mode water vapor heating is given in Section 4.1. The role of ozone heating is discussed in
Section 4.1. The contribution of zonal wind latitudinal shear and gravity wave drag are also
discussed in 4.2 and 4.3, respectively.

Comments 1: I believe that the QBO disruption enhances the DW1 tide because it corresponds to
the easterly phase, which is well known to amplify the tide.

Also, I wonder what differences a QBO disruption from a typical easterly QBO phase. The authors
do not address this point at all. If there is no clear difference, this paper does not present a new
finding, although it does confirm the QBO impact on the DW1, which is an important work.
Furthermore, I question whether the enhancement of the DW1 is caused by the QBO or by El Nino.
Response 1: Thanks for the helpful comments. The referee gives the comment that ‘I believe that
the QBO disruption enhances the DW1 tide because it corresponds to the easterly phase, which is
well known to amplify the tide’. The referee may misunderstand the easterly QBO phase and
eastward (westerly) QBO phase. Here we give the example (Fig. 1) from Xu et al. (2009). The first
panel is the amplitude of the migrating diurnal temperature tide in the MLT region at the equator
and the second panel is the zonal wind in the lower stratosphere at the equator. The feature that
larger-than-average diurnal tide amplitudes during the westerly phase of the QBO and smaller-than-
average amplitudes during the easterly phase could be found in this figure and are supported by
many works (Vincent et al., 1998; Wu et al., 2008; Xu et al., 2009; Davis et al., 2013; Aradjo et al.,
2017; Pramitha et al., 2021b; Garcia, 2023).

If there is no disruption event, the QBO should evolve into QBO easterly phases, which the
amplitude of diurnal tides is weaker. During the period of disruption event, unique westerly wind
occurs above the 40 hPa and then propagate upward nearly to 10 hPa. This QBO feature is different
from the normal downward-propagating QBO westerly and easterly phases. That’s why we want to
investigate how the DW1 response to these unique events and reveal the possible mechanism
underlying. From the figure 1 to figure 3 in manuscript, we could see the amplitude of DW1 is
stronger than that during QBO easterly phases and weaker than that during QBO westerly phase.
That’s the first difference. When analyzing the mechanism (including suggestions on other
mechanisms provided by referee), there are also differences. It will be discussed in later comments.
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Fig. 1. (upper panel) Amplitude of the migrating diurnal temperature tide in the MLT region at the
equator. (lower panel) The zonal wind in the lower stratosphere at the equator.

El Nino is truly an important issue for QBO disruption (Barton et al., 2017) and modulating the
DW1 (Kogure et al., 2021). The 2016 QBO disruption has been confirmed to have a close causal
relationship with the 2015/16 extreme El Nifio event (Newman et al., 2016; Osprey et al., 2016;
Barton and Mccormack, 2017; Coy et al., 2017). The 2015/16 EI Nifio substantially weakened the
subtropical easterly jet, allowing enhanced Rossby wave propagation from the extratropics into the
deep tropics near 40 hPa (Barton and Mccormack, 2017). These amplified Rossby waves
subsequently broke and deposited momentum near the QBO westerly core, rather than at the
climatological zero-wind line, causing a pronounced deceleration. The deceleration gave rise to a
persistence of westerlies at 40—15 hPa, preventing the expected transition to easterlies and ultimately
leading to the QBO disruption (Newman et al., 2016; Osprey et al., 2016; Coy et al., 2017; Barton
and Mccormack, 2017; Kang et al., 2022; Wang et al., 2023). The QBO disruption was accompanied
by a marked strengthening of the Brewer—Dobson residual circulation, thereby intensifying tropical
upwelling. This upwelling contributed to an upward displacement of westerlies in the tropical lower
stratosphere (Coy et al., 2017), modifying the transport and distribution of trace gases such as water
vapor. The persistent westerlies also created conducive background conditions for the vertical
propagation of DW1. Nevertheless, not all strong El Nifio events trigger QBO disruptions. In the
2015/16 case, the QBO westerly wind core was weaker and Rossby wave activity stronger than in
other extreme events, such as the 1998 El Nifio (Barton and Mccormack, 2017).

The role El Nino in triggering QBO disruption is given in line 48-61 (manuscript)
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Fig 2. Time evolution of observed sea-surface temperatures in the NINO3.4 region from October
2014 to October 2016 according to two different analyses, OIv2 (dark blue line) and OSTIA (light
blue line). The SST NINO3.4 mean seasonal cycle, defined as the climatological SST variations
during the year, is represented by the red line. The difference between the red and blue lines is the
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Fig 3. ECMWEF ensemble forecasts of monthly mean NINO3.4 SST anomalies with respect to the
1981 to 2010 climate issued on (c) 1 December 2015. The dotted line shows the observed evolution

of SST anomalies.

Here we give the example of Fig 2. and Fig 3.
(https://www.ecmwf.int/en/newsletter/151/meteorology/2015-2016-el-nino-and-beyond). During
the QBO disruption event (February-April), SST NINO3.4 anomaly is in a declining trend from ~2°
C —~0.5°C. The role of El Nifio should be considered influencing the DW1. The variation of heating
source will be discussed in response 3. After in-depth analysis, we tend that the changes in DW1
are a compound effect of El Nino and QBO disruption.

Comments 2: [ recommend that the introduction should review wind impact on DW1. Many papers
(including cited papers already) have demonstrated that QBO wind and wind shear modulate DW1.
Response 2: Thanks for the helpful comments. The mechanism including wind impact on DW1 will
be reviewed in introduction, please see line 77-85 (manuscript). Further mechanism discussion is
supplemented in discussion part. We reorganized the discussion part, the QBO wind and wind shear
locate Section 4.2.

Comments 3: Many papers have demonstrated heating related to El Nino impacts rather than



heating related to QBO impact. The authors should cite some proper references to show that
modulation of heating due to QBO is larger or comparable to that due to El Nino in introduction.
Response 3: Thanks for the valuable comments. In the current version of the article, we report an
increase in radiative heating of water vapor and ozone, then link it to the amplification of DW1. We
lack an analysis of the reasons for the increasing in water vapor or ozone. After reviewing, we found
it a compound effect of QBO disruption and El Nino. The mechanism underlying is reviewed and
supplemented in the manuscripts.

H>O: In the troposphere, during the 2015/2016 EI Nino (Johnston et al., 2022), fractional moisture
anomalies are small in the tropical lower troposphere (~2%-3% ONI'!) and increase with height
into the middle troposphere. In the upper troposphere and lower stratosphere (UTLS), the positive
signal becomes much stronger (up to 10% ONI). So, the role of 2015/2016 El Nino contribute

most in increasing of the water vapor concentration in UTLS.
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Fig 1. Time-height cross sections of WACCM monthly zonal mean fractional specific humidity (%)
from 2007 to 2018 within 10°N-10°S. (Johnston et al., 2022)

The occurrence of 2016 QBO disruption introduces a shear transition from westerly to easterly near
40 hPa, which strengthens tropical upwelling and lowers cold-point temperatures. This dynamical
response injects H2O-poor air into the lower stratosphere, partially offsetting the El Nifio—driven
moistening. (Diallo et al., 2018). The water vapor concentrations are still above the climatological
seasonal cycle under the modulation of these two phenomena.

This part is supplemented in line 369-375 (manuscript).

O3: Concerning the ozone, we care about the region in the upper stratosphere. O3 mixing ratio
decreases throughout the tropics during El Nifio due to the enhanced tropical upwelling, bringing
air poor in O3 from the troposphere. So, the role of El Nifio is damping the concentration of Os.
During the period of QBO disruption event, the westerly wind shear that appears between 30 and
10 hPa reduces the upward motion of the BD-circulation and causes positive O3 anomaly. Therefore,
most of the increase in ozone is probably due to QBO disruption. However, whether the ozone
heating contribute to the DW1 should be more investigated as discussed in Comment 6 and
Response 6.

Comments 4: The authors should evaluate the differences are statistically significant. While I
believe that the QBO signal (QBOW - QBOE) is significant, as established in many previous

papers, it is unclear whether the other differences meet statistical significance. I recommend



showing the standard error of the mean values instead of the standard deviation. The methodology
is explained in Kogure et al. (2023).

Response 4: Thanks for the valuable comments. In Kogure et al. (2023), The data used by the author
for significance testing were one-to-one (7 months to 7 months), while the data in this article were
sometimes one-to-many (3 months to 18 months). When calculating standard error using equation
SD/V (sample size), the sample size cannot be confirmed. So here we apply Welch’s t-test. The
results are given in the form of dots or weighted lines in the figures. We give the example of DW1
difference in MLT and its significance test result (Figure 2 in manuscript and its dotted region).
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Comments 5: | suggest decomposing the DW1 components in the WACCM-X into Hough modes
to better identify whether propagating or trapped modes are being enhanced, especially in the
stratosphere. If you have a MATLAB license, you can use the code in Wang et al. (2016). If not,
you can get Python code in the following git hub repository.

In the current analysis, the discussion above 60 km seems fine because the signal of (1,1) mode can
be seen clearly. However, below 60 km, contamination from trapped modes seems significant,
potentially introducing errors.

Response 5: Thanks for the valuable comments. We really appreciated the referee for providing the
Hough modes code. We apply the program from https:/github.com/masaru-

kogure/Hough Function.



https://github.com/masaru-kogure/Hough_Function
https://github.com/masaru-kogure/Hough_Function
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Fig 1. Amplitude profiles of DW1a) (1,1) and b) (1, -2) modes during different QBO phases

The trapped mode dominant below 60 km. As shown in Fig 1, The amplitude of (1, -2) mode is
larger in this region. However, there is less difference between different QBO phases. In (1, 1) mode,
there is clear difference between QBO easterly and westerly phases. we give an example of DW1
equatorial amplitude and (1, 1) mode amplitude at 95 km. There is less difference between DW 1
and its (1, 1) mode. We can infer that (1,1) mode reveals almost all QBO variability in MLT region.
This may be because the QBO dominant only at equator. For all the structure of Hough mode, the
(1, 1) mode fit this latitude structure mostly.
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Fig 2. The amplitude time series of equatorial DW1 and (1, 1) Hough mode at 95 km.
This part is supplemented in line 300-306 (manuscript).

Comments 6: I wonder whether ozone heating can significantly modulate propagating DW1 tide,
since the vertical thickness of ozone heating (~30 km) is too large to generate DW1 (1,1) mode
efficiently (Chapman and Lindzen, 1970). In addition, Hagan (1996) said, “However, because the
diurnal component excited by UV heating the stratosphere and mesosphere is out of phase with the
dominant component, the former acts to suppress the latter.”

To justify the claim that the ozone heating strengthens the (1,1) mode, I strongly recommend
computing a ratio of the tidal amplitude between 2016 and QBOE. If the authors are correct, the



ration (2016/QBOE) should increase above 30 km with height, but the increase should not seem
below 30 km.

Noth that if ozone heating does contribute to the DW1 (1,1) mode generation, the phase should
change in the stratosphere as well. Considering the combination of trigonometric functions, the
phase should change significantly in the stratosphere when additional source exists there. For more
on this, see section 4.2 in Kogure et al. (2023).

Response 6: Thanks for the valuable comments. We review the papers that ozone heating that
influencing the (1, 1) mode. There are many papers talking about relationship between the thickness
of ozone layer and DW1. Since the vertical thickness of ozone heating (~40 km) is too large while
the DW1 wavelength is relatively short. The efficiency of generating DW1 (1,1) mode will not be
large (e.g., Butler et al., 1962; Chapman and Lindzen, 1970; Hagan, 1999; Garcia, 2023). While
using the GSWM, Tide Mean Assimilation Technique (TAMT) modeling DW1 variation (Hagan,
1996; Ortland et al., 2017), the simulation result show that DW1 generated by ozone heating will
be out of phase with the DW1 generated by water vapor heating, resulting the reduced amplitudes.
In the MLS observations (Wu et al., 1998), the tropical diurnal tide at 1.0 hPa (~49.5 km) is largely
depressed as shown in Fig 1. Wu et al. (1998) suggested that the interference between the vertically
propagating (1,1) tide and the component from local ozone heating that contributes significantly to

the propagation and generation of the diurnal tide.
Pressure = 0.46hPa ( 55.0KM)

w20
2 o
'3—10

Pressure = 1 .00hPa ( 49.5KM)

LATITUDE

Pressure = 2 15hPo ( 44 OKM)
5‘ 1977

Pressure = 4. 64hPo ( 38 5KM)

LATITUDE

U5 ————

20 "/‘_/—«-\/\,v/w— B2
10=1.0 Q o \ W
CE et e

A

LATITUDE
Q

LATITUDE

Pressure = 21.54hPa ( 27 5KM)

s (&7 NS0 >
B EMQ‘ ey i ~ ~
0E 0 €D \“"/fo:‘jc\ D - /v{@ \0 00

OoCT JAN  APR JUL oCT JAN APR JUL ocT JAN APR JUL oCcT
91 92 92 92 92 93 93 93 93 94 94 94 94

LATITUDE
o

Fig 1. Diurnal temperature amplitudes observed by MLS at pressure levels of 22-0.46 hPa and
latitudes of 25°S-25°N. The diurnal tide is extracted from the A-D temperature differences using a

least square fitting method and contoured at an interval of 0.4 K.



Indeed, the view that ozone has a positive effect on DW1 does need to be revised. In our result (Fig
2.), the (1, 1) mode revealed by SABER supported the result from MLS observations (Wu et al.,
1998). We found suppressed amplitudes around 50 km. The (1, 1) mode ozone heating rate also
reach peaks a bit below 50 km. However, whether the ozone heating modulated DW1 (1, 1) mode,

there needs more detailed investigation like model simulation from Kogure (2023).
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Fig 2. The temperature (solid lines) and ozone heating (dashed lines) DW1 (1, 1) mode amplitude
profile.
This part is given in line 408-420 (manuscript).

Comments 7: I feel that the authors should discuss the relation between tropospheric water vapor,
stratospheric ozone and the QBO disruption. The authors should cite some proper references that
the QBO disruption enhanced the water vapor or ozone, or propose some plausible mechanisms of
the enhancement.

I personally speculate QBO might modulate the upper tropospheric water vapor and the
stratospheric ozone, but I am not sure the modulation enhances or suppress them.

Response 7: Thanks for the helpful comments. This part has been discussed in response 3.

Comments 8: [ guess that the authors showed the QBO impact on the tidal vertical wavelengths to
exclude an impact of Doppler-Shift due to the QBO wind on tide. It should be noted that QBO
wind does not influence their vertical wavelengths above ~40 km altitude. However, I personally
doubt the result regarding the vertical wavelengths because they exclude the contamination from
trapped modes. Also, the QBO modulates the wind shear around 18N/S (McLandress, 2002; Mayr
and Mengel, 2005; Sakazaki et al., 2013), affecting the (1,1) mode. The authors do not discuss on
this effect at all. Although the physical meaning of this shear effect is debated, it undeniably
influences the (1,1) mode.

Response 8: Thanks for the valuable comments. We have extracted DW1 (1, 1) by adopting the
Hough mode decomposition (from Kogure’s program) to avoid the contamination from trapped

modes. Here we gave the result of the phases structure of DW1 (1, 1) mode. The wavelengths



statistic is also updated. The significance test method is bases on the latter comment.

From SABER’s result, there is a clear phase shift between the QBO westerly phases and easterly
phases at around 40 km. During the QBO disruption events, the phase structure is similar to that
during the QBO westerly phases. From this result, the wavelengths during QBO disruption seem
shorter than that during QBO easterly phases at ~15 km - ~ 40km and longer than that at ~40 - ~75
km. From ~75- ~ 105 km, the wavelengths show less difference between different QBO phases. In
WACCM-X result, there is less difference between different QBO phases. The wavelengths statistic
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Data SD-WACCM-X SABER
~15 km — ~40 km — ~75 km — ~15 km — ~40 km — ~75 km —
altitude
~ 40 km ~75km ~105 km ~ 40 km ~ 75 km ~105 km
Westerly 22.97/1.49 34.47/1.79 25.10/1.84 21.81/1.44 33.12/1.78 21.29/1.04
Easterly 22.51/1.73 | 34.42/215 @ 25.60/2.20 24.46/1.99 @ 30.84/2.35 20.56/1.30
2016 22.56/1/33 | 33.26/1.58 | 25.58/2.03 @ 21.48/2.31 | 33.32/2.10 & 21.28/0.85




2020 22.71/1.87 | 33.80/2.68 @ 26.27/2.41  21.08/1.77 @ 34.24/1.46  20.39/1.35

This analysis is given in section 3.2 (manuscript).

The wind shear structure around 18°N/S is given below and will be supplemented in the manuscripts.
We still applied the QBO phase classification and statistics method used in the manuscript to analyze.
During the 2016 disruption event, the |0u/dy| at 18N show similar structure to the QBO westerly
phases from 25 to 35 km. From 35 km to 45 km, large positive values are found, which is unique
from other QBO phases. This is one mechanism difference. The |du/dy| at 18S show similar
structure to that at 18N (no peak at 65 km), but the amplitude is smaller. According to the theory of
McLandress (2002) and Mayr and Mengel (2005), large wind shear around 18N/S reduces the DW 1

amplitude. Hence, wind shear seems amplify the DW1 amplitude from 25 to 35 km and weaken the

DW1 amplitude from 35 to 45 km.

a) [au/dy]|, 18N, MERRA2 b) [3u/dy], 18S, MERRA2

80 80
70 70
60 60 X
€ B3
X 50 \ =50
= =
= =
(V] [
T 40 T 40
30 30
20 20
-1.0 -05 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0
s—l 1e-5 S—l 1e-5
—— westerly —— easterly 2016 — 2020

This discussion of wind shear is given in line 452-370 (manuscript).

Comments 9: Based on my knowledge, El Nino primarily influences the water vapor in the
troposphere rather than QBO. Indeed, the disruption was most likely triggered by a strong EI Nino
(Coy etal., 2017; Newman et al., 2016; Osprey et al., 2016). How do the authors exclude the impact
of El Nino on the DW1 tides?

Response 9: Thanks for the valuable comments. We need to revise our article for lacking an analysis
of the reasons for the increasing in water vapor. The increasing water vapor is due to the compound
effect from El Nino and QBO disruption. The El Nino moisten the upper troposphere and lower
stratosphere (UTLS) while QBO disruption reverse this trend. We have supplemented the

underlying mechanism in the revised version which is discussed in response 3.

Comments 10: As for Figure 6, [ recommend showing the absolute values of the heating rather than



the relative (percent) values. The rate sometimes emphasizes the difference too much in regions
with small absolute values. In addition, I suggest showing the heating values integrated, averaged,
or smoothed in vertical. Since the propagating DW1 has an ~20-30 km vertical wavelength, a
effective thickness of heating should be 10-15 km (Chapman and Lindzen, 1970).

Response 10: Thanks for the valuable comments. We reorganized the Figure 6 and give the
comparison between the smoothing result and original result. Also, the (1, 1) mode is given in Fig.
3.

Original:
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Fig 1. Latitude-altitude distribution of the differences between different QBO phases of (a-e) water
vapor heating rate DW1 component from MERRA-2, (f-j) ozone heating rate DW 1 component from
SABER and (k-0) longwave heating rate from SD-WACCM-X.

Smoothing:
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Fig 2. Same as Fig 1. but smoothing in vertical.

Here we apply 10 km window smoothing. Comparing Fig. 1 and Fig. 2, the ozone and long wave
heating rate show nearly the same feature. However, the water vapor heating show its unique feature.
There is a large decrease (Changes in order of magnitude) at around 12 km. This is also shown in
(1, 1) mode of heating sources (Fig. 3¢). When applying smoothing, the peaks will move downward
during to the weak amplitude above 12 km (Comparing Fig. 1a-e & 2a-e). This will introduce the
error. We want to show the vertical structure so we tend to use the original difference result.

a) H20 DW1 (1,1), MERRA2  b) Difference H20 (1,1), MERRA2
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Fig. 3 Heating rate profiles of the DW1 (1, 1) mode between different QBO phases and their
differences. (a, b) give the water vapor heating profile and its difference derived from MERRAZ2.
The bold lines indicate the difference that are significant at the 95% confidence level.



As shown in Fig. 3b, during the 2016 QBO disruption event, the largest difference occurs at 10.5
km, which is 0.043 K/day. The percentage change relative to QBOE is about 8%. This is another
mechanism difference (difference in heating sources). As in manuscripts, the DW1 amplitude vary
about 20.5%. The water vapor heating could only explain 39% of the amplitude difference.

This discussion of water vapor (1, 1) mode is given in line 425-432 (manuscript).

Comments 11: H-Liu (2010; 2018) should be cited.

Liu, H.-L., Bardeen, C. G., Foster, B. T., Lauritzen, P., Liu, J., Lu, G., *** Wang, W. (2018).
Development and validation of the Whole Atmosphere Community Climate Model with
thermosphere and ionosphere extension (WACCM-X 2.0). Journal of Advances in Modeling Earth
Systems, 10, 381 - 402. https://doi.org/10.1002/2017MS001232

Liu, H.-L., et al. (2010), Thermosphere extension of the Whole Atmosphere Community Climate
Model, J. Geophys. Res., 115, A12302, doi:10.1029/2010JA015586.

Response 11: We have revised.

Comments 12: “.etc”-> “and so on.”

Response 12: We have revised.

Comments 13: Clarify a full width at half maximum.
Response 13: We have revised. Please see line 197-198 (manuscript).

Comments 14: “Within each QBO cycle, the DW1 amplitude in the stratosphere below 40 km
leads that in the MLT region by one to two months.”

I am not sure why the DW1 in the stratosphere lead that in the MLT because the DW1 tide does
not take one month to propagate from the stratosphere to the MLT. I guess that this discrepancy

could attributed to the trapped mode variation in the stratosphere.
Response 14: We retrieve the DW1 (1, 1) mode from the original DW1 data.

a) MLT, (1, 1) mode, 2002-2014, WACCM-X b) MLT, 2015-2022
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There do exist a lead. it is interesting result. However it is out of the scope of our aims, so we delete

it in the manuscript.

Comments 15: [ assume that the authors calculated the standard deviation from the phase itself.
However, I think the phase does not have a symmetric distribution. Also, the values change
cyclically (e.g., it jumps from 4pi to -4pi), causing the overestimation of the standard deviation.
Indeed, the standard deviation is very larger in larger than 2 while it is very small around 0. In
such a case, [ recommend the following steps. First, you calculate averages and standard devotion
(or error) of sine and cosine Fourier components, and then you calculate the average phase and its
confidential interval using the error propagation.

Note that if the authors calculate the average from the phase itself, it must distort the vertical
wavelengths. For example, 4 pi and -3.9pi are almost the same phase, but the average value is
almost 0.

Response 15: Thanks for the valuable comments. This is really a good method. we have applied it.
The result is given in response § and the introduction is given in line 318-321 (manuscript).

Comments 16: “So,” -> *; hence,”

Response 16: We have revised.



