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We would like to thank the two anonymous reviewers for themstructive comments provided
in the discussion phase. By addressing these issues, wiadéamlanuscript improved greatly.

General comment for Referees #1 and #2:

A point of concern raised by both reviewers is the difficuttyfoellowing the discussion due to

the multiple instances where alternative results are raeatl though not displayed in a Figure.
This particularly applies to the comparison of the resulttamed with the updated regression
technique (Eq. A6), and standard multiple linear regres@itl_R, Eq. Al). For this reason, the

plots showing the UV regression coefficients obtained froendtandard MLR for temperature
and ozone (Figs R1a-R2a) have been added to the revised cniphuBlease see Figs. 7-9 in the
revised manuscript, along with the discussion of the comparbetween techniques in L331-
345 for temperature, and L371-382 for ozone. The inclusidhese plots aids the discussion
of the comparison between techniques, and reduces the nahinstances where results are
referred to as “(not shown)”.

Response to Anonymous Referee #1.:

1. It appears they also tested MLR without their new refineme(ritsentioned several times
in Section 3.2 but indicated as “(not shown)”. This makes iald for readers to compare
the more familiar signals found in many publications with #hcurrent analyses. For



example, how much of the difference between this and prewatudies is due to using
different data or period (WACCM versus other models or obgsiions) and how much
to the different analysis technique? There are words in thager about this but, in my
opinion, it would be much easier to grasp if the signals usitige more commonly used
MLR were directly shown and compared with the new results.

In the new version, we have added plots showing the solaakigtropical mean temper-
ature and ozone, diagnosed from the standard MLR (see FigRZRn this document,
and Figs.7 and 9 in the revised manuscript). For clarity, ise show the profile of the
UV regression coefficient from the standard MLR in the midathel lower stratosphere
(10-100 hPa) in Figs. R1(b)-R2(b) in this document. For aganson, we also show the
solar signal extracted from the updated MLR in Figs. R3-R4.

Both methods yield qualitatively similar results in the epptratosphere, where a sig-
nificant increase in temperature and ozone is extracted simallation sets. Some dif-
ferences between the analysis methods are seen in thesrebtdined in the tropical
lower stratosphere (50-70 hPa). In this region, the solyaese derived from the stan-
dard MLR shows a larger spread among the simulation setstieampdated MLR. This
particularly applies to the discrepancy between the teatper and ozone signals ex-
tracted from the reference case, and the simulations exgU NSO and QBO. Both
methods show a reduction of the solar response in temperatgl ozone in the simula-
tions without volcanic forcing, although this reductioriasger in the new technique. It
thus follows that the major conclusion concerning the dbation of volcanic aliasing
to the apparent solar response does not depend on the amaBtsiod, although the new
technique highlights the spurious contribution of volcaaerosol to the apparent quasi-
decadal variability in the tropical lower stratospherettasaliasing from other sources
(e.g., QBO and ENSO) is reduced compared to the standard MLR.

The revised paper contains a more detailed discussion diffeeences in thd 1 yr solar
signal section, in L331-345 and L371-382, as well as L516-518 ambL548.

. The axis labels are too small on the multi-panel figures.

We have increased the font size and thickness in the mullgayures of the revised
manuscript. Please see Figs. 4-5-10-11-13.

. Where did the SAD data used in the model come from? Were thdrseovations avail-
able before SAGE I1?

The SAD data are the same as those recommended for the SPARUAXproject. De-
tails of the dataset are outlined in section 2.5.3.€6MVal-2 [2010]. Briefly, they were
created from a combination of different datasets: SAGE 7€t2981), SAGE Il (1984-
2005), and SME instruments. Data before 1979 were constiuzsed on assumptions



of background aerosol and, in the case of the Agung erup1i®83), assuming a similar
distribution of aerosol as after later volcanic eruptions.

We clarify the source of the SAD data in tivodel simulations section in L134-138,
and in theAppendix section in L691-697.

. Is the ozone MLR analysis done on relative amounts (percgy@s) or on absolute
amounts with the percent taken later? Does it make any diéface?

The ozone MLR analysis is done on absolute (i.e., mixingyamounts, and the per-
cent are taken on the climatological values of each predsuet Since the regression
is performed at each level separately, regressing onttvelamounts is equivalent to
regressing onto a time-series multiplied with a heighteshefent scalar quantity. Accord-
ingly, no differences are expected.

The method used for obtaining the ozone regression coeffeie % units is clarified in
the Methods section of the revised paper in L744-746.

. Section 3.1 jumps around a lot and is hard to follow. Perhagsaiould flow better to
finish discussing the lag in each forcing term before moving ¢o the next. The limit
to lags of one year is mentioned several times with differemtivations. Also, the final
values used were not clear except the zero lags for SAD and4N3.

We have followed the reviewer suggestion regarding theudsion of each lag term. In
theLag correlation analysissection of the revised manuscript, we discuss each lag term
for both ozone and temperature at the same time, before marirto the next term.
First, the correlation of the UV index is discussed in L1&3 Zor temperature, and in
L234-257 for ozone. Next, the lag chosen for this index isifoéml in L258-266. Then,

we discuss the correlation for the other indices in L267-Zd8ally, the lags chosen for
these indices are indicated in L283-290.

Please note that the final values used for N3.4 are 0.25 yr§an8nths) for temperature,
and 0.5 yr (or 6-8 months) for ozone. No lag is used for the SAd2x, and for both QBO
terms.

. Itseems that the values in Figure 4 are used for UV althoughslis not stated explicitly.
Correct, the values in Figure 4 are used for UV index. In thvisezl version, we make
this point more clear in L308-309.

. What lag was used for the QBO?

The QBO residuals used in Eq. A6 (.30 andul0*) are not lagged. Since u30 and ul0
are approximately orthogonal and sinusoidal, the optiaf lis achieved by attributing
different fitting coefficients to each of the two indices, dhdrefore no lag is necessary
or introduced. This is analogous to the trigonometric idgrsin(t — 7) = sin(t)cos(1) —



cos(t)sin(t). Furthermore, we also find that a lagn the QBO indices would not improve
the regression fit.

In the Appendix section of the revised manuscript, we now explicitly expldiat no lag
is used for the QBO in L719-723.

Please note that we removed a lag term in the QBO indicesjwias erroneously intro-
duced in the regression that yielded the UV coefficients shiowFigs. 6-7 of the original
manuscript version. In the revised manuscript, Figuresdb&Figs. R3-R4 in this doc-
ument) replace Figures 6 and 7 of the original version. Tlaeeeonly minor changes
in both temperature and ozone compared to the originaltsestihe conclusions of the
paper are not affected by this correction.

8. There are three volcanic eruptions indicated on Figure 5 but the discussion in Sec-
tion 3.3 and Section 4, the SAD associated with the Mt. Agungion is ignored.
The abstract mentions two major eruptions (El Chidh and Mt. Pinatubo) while the
discussion of Figure 1 also mention two, but not the same (Aguand Mt. Pinatubo).

We have addressed this point, by mentioning the impact okthption of Agung on
the solar cycle analysis in several parts of the manuschige. have also marked this
eruption in red in all window sensitivity panels, as e.gFig. R7. As it was shown in the
manuscript in Fig. 1, the impact of the Agung eruption in tlopical lower stratospheric
region is smaller than in the case of the Mt. Pinatubo erapbat stronger than during El
Chichon. However, since the Agung eruption (1963) occuaieihg the minimum phase
of solar cycle 19, the contribution to the apparent solaraig temperature is of opposite
sign than in the case of Mt. Pinatubo and El Chichon. In theex of linear regression
analysis, the warming caused by the Agung eruption wouldbrgaed as a solar-induced
cooling. This effect can be partly seen at 50 hPa (Fig. R7dgreva sudden decrease in
the temperature signal is found in coincidence with the Aperuption. The fluctuation
in the solar signal is much smaller than in the years of thetitin and Mt. Pinatubo
eruptions. This is presumably due to the wider extensioh@fiata window.

In the revised manuscript, please see Figs.10-13, alorgthmdtdiscussion of the impact
of the Agung eruption on the sensitivity to data windowind-#19-421, L461-463 and
L487-489.

Response to Anonymous Referee #2:

1. The number of not shown is overwhelming. For some cases (eahen the authors
discuss the difference between standard and new MLR) it i$ possible to follow the
discussion. | suggest adding more figures or changing thettexavoid it.

Please see the specific comment #1 to Reviewer #1.



2. 1 do not completely understand the physical meaning of thdroduced time lag. |
understand that the time lag is chosen on the basis of maximeoonrelation, but | have
difficulties trying to understand what kind of physical presses can lead to 1 year time
lag between UV and temperature response in the lower tropsteatosphere. It would
be nice if the authors discuss not only statistics but alsorsophysical processes.

To date, there is no well established mechanism for the sedmonse in the lower layers
of the atmosphere, including the tropical lower stratospli@ray et al., 2010], making
it difficult to identify a mechanism for the lag. One candel& the modulation of the
Polar Night Jet (PNJ) in the polar stratosphdfedera and Kuroda, 2002]. Given that
this mechanism is mainly operative during the winter of elemisphere, its effects in
the tropical lower stratosphere will be expected to be seslodependent. Given that
(i) the PNJ response to the solar cycle is correctly capthyed/ACCM [Chiodo et al.,
2012], and that (ii) the timescales for the downward propiagaare consistent with the
lags found in Fig. R5 in the middle and lower stratospherelB0 hPa), it is plausible
that this mechanism is responsible for part of the laggeplorese in the tropical lower
stratosphereKodera and Kuroda [2002] showed that solar-induced zonal wind anomalies
originate at stratopause levels in October, and propagdtestlower stratosphere during
boreal winter months, which also occurs in WACCKIhjodo et al., 2012]. According
to this mechanism, warm anomalies would appear in the tabgtcatosphere due to the
weakening in the Brewer-Dobson circulation, which is imtuelated to the winter solar
response in each hemisphere. These anomalies would bellbggproximately 0.25-
0.75 years (or 1-3 seasons) with respect to warm anomalidgeinpper stratospheric
levels, as it is shown in Fig R5 for WACCM.

A discussion of the possible mechanism behind the lagged ss8ponse in temperature
has been included in the revised manuscript in L228-233.

Also note that we changed the contour spacing from 0.03 (Eignd 3 of the original

version) to 0.04 in Figs. 2 and 3 of the revised manuscripis @hows for better location

of the upper stratospheric maxima. Moreover, the conneatiothe temperature-Uv
correlation at 50 hPa to the upper stratospheric levelgyd.[&5 yr is more evident using
this spacing (see Fig.2) .

3. Figure 1 shows the simulated tropical temperature anomaleg 50 hPa. Itis interesting
that the response to Pinatubo is more than 6K, which is twaeh times higher than
in the observations and in the results of many other CCMs. Mythe conclusion of
the paper about absence of the temperature response in LTSotar variability in the
run w/o volcanic aerosol can be simply explained by the higaw) model sensitivity
to volcanic eruptions (solar UV) and this conclusion is nobld for other CCMs. It
should be discussed because it can undermine the importaoicihe obtained results
for the community.



Figure 1 showed an isolated peak of 5.5 K shortly after Plmatwhich represents the
SON-mean 1991 anomaly. Subsequently, the anomaly quiddgays to 4 K in 1992.
This would make up a 4-4.5 K annual mean anomaly for 1992, @dsRICH radiosonde
data show a 2 K anomaly (see Fig. R6). We note that WACCM is m®toinly model
that produces a higher anomaly than the RICH estimate. Thig lbe related to the
SAD file recommended for use in the CCMVal2 simulations. Ig ease, this bias may
partly contribute to the misattribution of quasi decadailafaility in the TLS in WACCM.
However, we should also note that the observed responseas\ved quantity with its
own uncertainties.

To test whether the volcanic aliasing depends on the siZeeofihderlying volcanic sig-
nature, we investigated the sensitivity of the solar sigoalata windowing in MERRA

data, which is displayed in Fig. R8 for the 26 years window/@-2004). It is evident that
the solar signals at 30, 50 and 70 hPa in Figs. R8c-e peak wegpost-Pinatubo years
are included in the analysis, similar to what occurs in WACS&IMulations (Figs. R7c-e).

Moreover, as displayed in Fig.12 of the revised manusdhptapparent signal in MERRA
is strongly reduced when the two years after EI Chichon andtibo eruptions (1983-
1984, 1992-1993) are excluded from the analysis. Accoiginghile the excessive
volcanic heating may partly contribute to the aliasing as@nd volcanic signals in
WACCM data, the potential misattribution of volcanic aerissin regression analysis is
not an artifact of WACCM data, since a similar behavior isfdun MERRA reanal-

ysis. Hence, the major conclusion concerning the potenfiablcanic aliasing in the

quasi-decadal variability of the TLS also holds for datas@th a more realistic volcanic
signature.

In the revised manuscript, we discuss the caveat of the i@egryvolcanic heating in
WACCM in L590-599. Due to the important implications for thealysis of observational
data, we also include Fig. R8 displaying the window serigjtior MERRA data. Please
see Fig.11 in the revised manuscript, along with the disonse L437-450.

We disagree on the argued low model sensitivity to UV, siheemhodel response to the
UV in the upper levels (1 hPa) is significant in all simulatigets, including the “no-
VOLC” case (see Fig. R3). The temperature response in therupgpical stratosphere
is produced by absorption of UV radiation by ozone. Moreptee additional ozone
formed after recombination of photolyzed molecular oxygentributes to the warm-
ing [Pap and Fox, 2003]. The temperature change at 1 hPa is a good proxy fontike|
sensitivity to UV forcing, since it is the result of adjustméo the heating rates produced
by radiation and photolysis codes. As displayed in Fig. RT(& temperature increase of
0.8+ 0.3 K estimated in the “all forcings” set in the 1979-2004 dow is in agreement
with estimates calculated at the same pressure level by tlsgnsame analysis technique
from MERRA. This suggests that the model sensitivity to UViafaility is realistic.



4. 1 do not understand also the difference in the ozone and temgiare response in the
all forcing and no volcanic aerosol runs. The volcanic erupns lead to warming and
ozone decrease in TLS. If a part of the warming appears in thadas UV coefficients
as a result of MLR analysis, then a part of the ozone depleti®mould do the same.
However, it is not what we see in Figure 7. Do the authors hawere explanations for
this result?

We understand the reviewer’s concern in the lack of a phiysieaning, provided that
volcanoes, on average, lead to heating and ozone redubtiomghout the TLS. In such
case, the volcanic aliasing in ozone, defined as the [“allifgs”]-[‘noVOLC"] differ-
ence inf/y, should have negative sign in this region. As shown in Fig.tR8 volcanic
aliasing is positive between 40-100 hPa, although therwitls to negative values be-
tween 10-30 hPa.

In order to investigate the vertical dependence of theialjasve present an analysis of the
the volcanic signal in zonal mean ozone in Fig. R10. The ddtpm our new technique,
defined ag8), . , has been scaled with the mean average variation of 1 unihyei$AD
index. It is shown that the ozone decrease due to volcan@saks; if averaged over
the eruptions that occurred in the 1960-2004 period (i.gyry, EI-Chichon, and Mt.
Pinatubo), is only significant between 20-30 hPa. Hence)@wu aliasing of negative
sign in the ozone solar signal should be expected at 20-3(rathar than at lower levels.
This is partly seen in Fig. R9, although this effect is veryaimThe strongest ozone
depletion is simulated after the Mt. Pinatubo eruptionhwitc% decrease, which agrees
well with observationsRRobock, 2000]. Interestingly, the ozone response to Mt. Pinatubo
is positive in the 50-100 hPa region, although this featsimeoit statistically significant.

Note that quantifying an average ozone response to volaniations is challenging,
since the impacts of each eruption on the ozone layer camikimgty different [Robock,
2000]. Hence, given the fact that volcanic eruptions do vedigs lead to ozone depletion
throughout the tropical stratosphere, a volcanic aliasfirgegative sign in the ozone solar
signal should not be expected.

Also, please note that we do not necessarily expect any gdiljysbased coherence in the
sign of the volcanic aliasing, since temperature and ozoa@aet fitted simultaneously.

Depending on the relative strength of the response in ozadetemperature to solar

and volcanic forcing, the MLR may apportion the signal difetly between the various
terms.

The revised manuscript contains an updated discussio® sfgh of the volcanic aliasing
in temperature and ozone in L564-579.
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Figure R1: a) Solar signal in tropical average(9525°S) zonal mean temperature, estimated
as the UV regression coefficient from a standard multipledmregression (MLR) analysis
(Eq.Al), multiplied by 0.175, which represents the fariation of the UV index used in the
MLR. Delta K units denote the relative solar cycle peak tagfo change in Kelvin. Filled
dots indicate that the derived regression coefficientsigreficantly different from 0 at the @
significance level. b) highlight of the 10-100 hPa region.



Solar signal in zm 03 [25N-258] Solar signal in zm 03 [25N-258]
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Figure R2: a) As in FigR1, for zonal mean ozone. Delta % uretsodie the relative solar cycle
peak to trough change in %. b) highlight of the 10-100 hPzoregi
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Figure R3: Solar signal in tropical average zonal mean teatpee, estimated as the UV re-
gression coefficient from the new regression techniqueA&q. The regression coefficient at
each level has been scaled by 0.175, which representwthariation of the UV index used in

the regression. Delta K units denote the relative solarecpelak to trough change in Kelvin.
Filled dots indicate that statistical significance at tioel@vel.
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Solar signal in zm O3 [25N-25S]
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Figure R4: As in FigR3, for zonal mean ozone. Delta % unitsotkethe relative solar cycle
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Figure R5: Lag correlation between the tropical averagepitened seasonal mean tempera-
ture from the “all forcings” case, and the UV radition indexie 0-1.5 year window. Note that
the “optimal” window over which the lag for the UV index is seted is limited to 1 year.
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Figure 8.21: Annual mean tropical (25S-25N) contribution from the volcanic basis function from
CCMVal-2 CCMs (1960-2004) and observations for Pinatubo (averaged over 24 months after
the eruption) from 1000 to 1 hPa. (a) temperature in K; (ERA40, SSU and RICH), (b) ozone in
%, no observations are shown due to large uncertainties.

Figure R6: Figure reproduced frol@CMVal-2, 2010]
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Figure R7: UV regression coefficienBf,, in Eq.A6) in tropical average zonal mean temper-
ature (red line) along with thed® uncertainty (yellow shading) from the “all forcings” case,
plotted as a function of the window used (in years). The emdpd the window is the last
available year in the ensembles, i.e., 2004. Results anersfor (a) 1 hPa, (b) 10 hPa, (c) 30
hPa, (d) 50 hPa, and (e) 70 hPa. Crosses show the valuesazbteom MERRA reanalysis at
30, 50 and 70 hPa using the window overlapping the simulgiériod (1979-2004). Units K.
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Figure R8: Solar signal in tropical average zonal mean teatpes from MERRA reanalysis,
displayed as a function of the window used (in years). Nodt tiine signal has been computed
with the same regression technique as in WACCM. The endmditihte window is the last
available year in the WACCM simulations, i.e., 2004. Units K
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Solar signal in zm O3 [25N-25S]
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Figure R9: Solar signal in tropical average zonal mean gztmmehe “all forcings” and “no-
VOLC” ensembles. Delta % units denote the relative solalecgeak to trough change in %.
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Figure R10: Volcanic signal in tropical average zonal meawne, estimated as the volcanic re-
gression coefficientd,, ) multiplied by 1, which represents the mean variatiopgm?/cm?® of
the SAD index at 50 hPa, averaged over the three major valesaptions (Agunt, El Chichon,
and Mt.Pinatubo). The Pinatubo response is estimated amlt@nic regression coefficient in
the 1985-2004 window, multiplied by 2, which is the annuabmealue of the SAD index in
1992.
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