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Abstract. The tropical stratospheric ozone response to &fNavariations associated with the rotational cyetg7 days) is
analysed using MLS satellite observations and nigalesimulations from the LMDz-Reprobus chemisthyrate model. The
10 modelis used in two configurations, as a chemistigsport model (CTM) where dynamics are nudgeditd ERA-Interim
reanalysis and as a chemistry-climate model (fuesing) (CCM). An ensemble of five 17year simulafq1991-2007) is
performed with the CCM. All simulations are forcley reconstructed time-varying solar spectral imade from the Naval
Research Laboratory Solar Spectral Irradiance maHdelfirst examine the ozone response to the sofational cycle during
two 3year periods which correspond to the decliihgses of solar cycle 22 (10/1991-09/1994) arat sykcle 23 (09/2004-
15 08/2007) when the satellite ozone observationshefttvo Microwave Limb Sounders (MLS-UARS and MLSfAuare
available. In the observations, during the firstiget ozone and UV flux are found to be correlatedveen about 10 and 1
hPa with a maximum of 0.29 at ~5 hPa; the ozonsitéty (% change in ozone for 1% change in UViake at ~0.4.
Correlation during the second period is weaker lzemla peak ozone sensitivity of only 0.2, possihig to the fact that the
solar forcing is weaker during that period. The CEivhulation reproduces most of these observed rfesitincluding the
20 differences between the two periods. The CCM en&mban results comparatively show much smalléemdihces between
the two periods, suggesting that the amplitudenefrbtational ozone signal estimated from MLS obe@ons or the CTM
simulation is strongly influenced by other (nonasdlsources of variability, notably dynamics. Timalgsis of the ensemble
of CCM simulations shows that the estimation oféheemble mean ozone sensitivity does not varyfigntly neither with
the amplitude of the solar rotational fluctuationgr with the size of the time window used for tz®ne sensitivity retrieval.
25 In contrast, the uncertainty of the ozone sengjtiestimate significantly increases during periofldecreasing amplitude of
solar rotational fluctuations (also coinciding withinimum phases of the solar cycle), and for desingasize of the time
window analysis. We found that a minimum of 3yead 40year time window is needed for theuncertainty to drop below
50% and 20%, respectively. These uncertainty ssur@@y explain some of the discrepancies foundenipus estimates of

the ozone response to the solar rotational cycle.
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1 Introduction

The thermal structure and the composition of thedtei atmosphere are sensitive to fluctuations & ititcoming solar
radiation, which in turn can affect the Earth’sfage climate variability (Gray et .al2010). These solar variations are
dominated by the 11year solar magnetic activityepnd the solar rotational cycle, also called %&tdar cycle. Changes in
5 total solar irradiance (TSI) over an 11lyear solale are typically lower than 0.1%, that corresptmd W m? change for a
reference value of 1360.8 + 0.5 Wi(Kopp and Lean, 2011). Such small variations attital energy input are not expected
to have a significant impact on climate, comparedifistance to the variations of anthropogenicinrignd thus air-sea
coupling mechanisms have been proposed that anhpify the small solar initial perturbations (eMeehl et al., 2008).
Another possible amplification mechanism, also kn@s “top-down” (Kodera and Kuroda, 2002), operétesugh changes
10 in the spectral solar irradiance (SSI) - in patticun the ultraviolet (UV) range - that directlyodulate the stratospheric
temperatures and ozone concentrations. These Ipatittms induce dynamical changes in the stratosphérich may in turn
affect the tropospheric circulation through strptwese-troposphere couplings (e.g. Gerber et all2R0A thorough
understanding and accurate quantification of thevidiability effect on the middle stratospherefravhich the “top-down”
theory stems, are thus necessary.
15 Solar irradiance fluctuations strongly depend anwavelength range and their relative amplituded te increase sharply
with decreasing wavelengths (Lean, 2000). In therihge, the variability over the course of the Btymlar cycle is of about
8% at 200 nm. Several observational and modelimdjest have examined the impact of 11year UV vditgloin stratospheric
ozone and temperature (e.g. Hood, 2004; Soukhaétaod 2006; Randel and Wu, 2007; Austin et al., 2008nBleerg et
al., 2008 Gray et al., 2009; Remsberg, 2014; Dhomse e2@16). These studies found a change associatadLiwear solar
20 cycle in the range of 2 to 5% in ozone mixing ratiich maximizes near 40 km. Maycock et al. (20E@ently compared
the ozone 1lyear solar cycle signal of severaéubfit satellite records and found substantial @iffees. One inherent issue
of the observational investigation of the 11yeale&wpzone response is the fact that only three &etmperiods of the 11year
solar cycle have been covered by satellite obsenaso far. Furthermore, the life span of a sirsgleellite instrument is
generally far less than one solar cycle and instntal biases between different ozone profile data somplicate statistical
25 analysis of decadal variations (Fioletov, 2009; DBe et al., 2016). In this regard, a suitable r@dtéve for understanding
better the direct effect is to examine the ozorspaase on Sun’s rotational timescale (i.e. aboutl@s). Although the
irradiance fluctuations during the rotational cyale on average smaller than during the 11lyear sgtde, there are many
more rotational cycles than 11year cycles, imprgvansiderably the statistics.
A number of observational studies has been camitdo determine the effects of the solar rotati@yale on stratospheric
30 ozone, generally at low-latitudes (i.e. tropicaiom) based on the analysis of satellite obsermat{e.g. Hood1986; Eckman,
1986b; Keating et al., 1985; 1987; Hood et al.,1t3¥eming et al., 1995; Hood and Zhou, 1998; 1%98letov, 2009; Dikty
et al., 2010). These studies have shown that thsitséty of tropical ozone to the solar rotatiorgicle maximizes at about

40 km (or ~3 hPa) and varies from 0.2 to 0.6% f&P@change in solar UV radiation index, typicatiken as the irradiance
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at the 205 nm wavelength. It was further shown thatphase lag of the tropical stratospheric ozesponse varies with the
altitude. The phase lag vertical profile betwees dzone response and the solar forcing was foube teegligible at about
40 km and gradually increasing (decreasing) bekvoye) that altitude. The phase lag was estimatée approximately 4
days at 30 km and -2 days at 50 km (e.g. Hood, ;1898 references therein).

Simulations with numerical models of various comjiles have been performed to understand the indeef the rotational
cycle on ozone variability. One-dimensional photoical-radiative model experiments (e.g. Hood, 1$8tkman, 1986a;
Brasseur et al., 1987) allowed identifying the imipoce of temperature/ozone couplings and repradutie gross features
of the observed ozone response. In particular, fiweyd that the negative phase lag between the folzing and the ozone
response in the upper stratosphere originated therstrong influence of the temperature feedbaabzmme response through
the temperature dependent chemical reactions (@uass al., 1987). They however noticed that iniclgdhe solar induced
temperature changes alone was not sufficient touately reproduce the observed magnitude and dhgsef the ozone
response and suggested that atmospheric dynan@dability — which is not simulated in 1-D modelsnay also have a
sizeable influence (Hood, 1986; Brasseur et aB719The latter issue has later been addressedwattlimensional models
which revealed better agreement with observatiBnasseur, 1993; Fleming et al., 1995; Chen efl@by).

Using a large ensemble (nine lyear long runs) efréktry-climate model (CCM) simulations, Rozanowak{2006) found
that the ensemble mean ozone sensitivity to ther saltational irradiance changes was in very gogeeement with
observational data. They however pointed out —itlegm identical solar forcing for each experimerat large scatter in
maximum ozone sensitivities that could vary by @daof almost 10 between the two most distant e members. A
large variability in ozone sensitivity was similafiound in an ensemble of three transient CCM satioihs (1960-2005)
(Austin et al., 2007). Bossay et 2015) analysed satellite observations of two piriof 3 years during the declining phases
of cycles 22 and 23 (i.e. 1991-1994 and 2004-2@@d)found that the solar rotational signal in sspheric ozone time series
strongly varies from one year to another. Thesalt®suggest that the background dynamical staevanability of the
atmosphere contribute to masking the solar rotatisignal in ozone (Gruzdev et al., 2009).

In addition to the nonlinear dynamics, the intgneitthe solar forcing naturally modulates the sotdational signal in ozone.
When the solar rotational fluctuations are well kear with large amplitudes, notably around the maxwh 11year cycles
(e.g. Rottman et al., 2004), ozone response anetlation are expected to be the largest. This heen lsupported by
observational (e.g. Hood, 1986; Zhou et al., 2B00letov, 2009; Ditky et al., 2010) as well as miaue (Kubin et al., 2011)
studies which demonstrated a better identificatibime ozone signal associated with enhanced ooi@tiforcing fluctuations.
This relationship has however been challenged byradictory results. Hood and Zhou (1998) analygé®/UARS ozone
data for the 1991-1994 period and found a cormatwo times stronger during the last half of tlezigd, i.e. when the
rotational forcing fluctuations are reduced. Theggested that it might have been the result offest of either instrumental
or geometric (local time coverage) origin that nhaye affected the earliest part of the MLS/UARSmezoecord more than

the later part. In their recent observational stwttjch compared the declining phases of cycle 2Payle 23, Bossay et al.
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(2015) further showed that even though the ampdifdsolar rotational fluctuations of the 205 noxflvas by far the largest
during the first year of both periods, the corrielawith tropical ozone was found to be maximumshbsequent years.
The ozone sensitivity response to the solar ratatitorcing has also been suggested to vary wétlintensity of the forcing.
We recall that the “sensitivity” is a quantity eepsed as % changes in ozone (or any other vanébieerest) per % change
5 of the forcing (here specifically solar). Henceg #ensitivity is normalized by the amplitude of thecing and may not be
expected to change strongly with the amplitudehefforcing, or at least not as much as the absalutgitude of the ozone
response which directly depends on the amplitudthefforcing. Grudzev et al. (2009) used an idedligolar rotational
forcing in their model (prescribed as a sinusof¥&ay oscillation) and found a significant reductaf the ozone sensitivity
when applying an enhanced solar forcing amplitiigntes the standard amplitude). Reciprogatithe CCM experiments
10 of Kubin et al. (2011), the ozone sensitivity seemedé enhanced during periods of weak 27 day cyélemlly, the
observational study of Bossay et al. (2015) alsdshat an opposite relationship between the salttional irradiance
fluctuations and the ozone sensitivity. Given thergy influence of the dynamical background statethe variability of
estimated ozone sensitivity and the rather shostoéshe considered time windows of analysis, thegpgnized that it was
not possible to conclude to a systematic effedtttfdse results thus highlight the uncertainty réugy the influence of the
15 forcing intensity on ozone sensitivity and on teedth of the time window required for an accuraté ebust estimation of
the ozone rotational signal.
In the present study, we examine the sensitivithetropical stratospheric 0zone response tadta¢ional cycle by comparing
satellite observations and chemistry climate madgleriments to understand better the origin ofdiserepancies - and
sometime contradictory results - in the estimatibthe ozone response to the solar rotational dgeled in previous studies.
20 In particular, we aim to (i) assess the influentthe solar cycle phase on the 0zone sensitivith¢orotational cycle and (ii)
quantify the time window required for a robust estiion of the ozone sensitivity. Two configuratimitshe LMDz-Reprobus
chemistry climate model simulations are used, wjtbcified dynamics (i.e. Chemistry Transport ModelCTM) and in its
free running mode (CCM). In the CTM configuratitexperature and wind fields calculated by the madefelaxed towards
meteorological analysis; the dynamics is expeabeletrather close to the reality, allowing direaiparisons with satellite
25 observations for evaluating model chemical proceasel its relevance to our study. Then, an enseoflfl&€M simulations
is performed to examine the ozone sensitivity Amation of the solar cycle phase and the sizéefanalysis time window.
Performing an ensemble of simulations allows ussgess better the statistical robustness of toéges
Observational datasets, and model configuratiodssamulations are described in section 2. Sectipne3ents comparisons
between satellite observations and model (CTM a@d/Tsimulations of the ozone response to the swiational cycle.
30 Section 4 focuses on CCM results to examine tHadnte of (i) the solar activity fluctuations anijl the length of the time
window in the estimation of the ozone sensitiviyttie solar rotational cycle. The main findings swexmarized in section 5.
Note that for the sake of simplicity, the first joer (10/1991-09/1994) during cycle 22 will be reéat thereafter as 1991-94
period and the second period (09/2004-08/2007ndwycle 23 will be referred as 2004-07 period.
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2 Data and model description
2.1 The 205 nm solar flux (or F205)

The solar proxy used in regressions analyses i&Jtheolar irradiance at 205 nm. This wavelengtletissen because it is
important for the ozone chemical budget throughbetstratosphere. The 205 nm wavelength is includete Herzberg
continuum region (200-242 nm) that is positionedween two strong absorption bands: the Schumanmg&kband of
molecular oxygen and the Hartley band of ozone §8ar and Solomon, 2005). In the Herzberg continlaimospheric
absorption is relatively low and hence solar UMa#dn penetrates deeply in the atmosphere, dowimetdower stratosphere,
where it photolysis molecular oxygenA@o produce @ The 205 nm flux, called thereafter F205, has lmenmonly used
in previous studies because it is a very good pfoxgharacterizing solar variability in the UV dam.

In our study, we use the solar spectral irradiape®vided by the Naval Research Laboratory Solarc®akelrradiance
(NRLSSI) model (Lean, 2000; Wang et al., 2005). 8L is an empirical model which aims to reconsttang-term SSI
over the wavelength domain 120-100,000. It uses historical estimates of faculae brigimg and sunspot darkening to
extend in time wavelength-dependent parameterizatid SS| derived from satellite measurements andem Shortwards of
400 nm, the SSl is derived from UARS/SOLSTICE obagons (Rottman et al., 2001) through a multigigression analysis
with respect to a SOLSTICE reference spectrum. figggession analysis includes a facular brighterdnd a sunspot
darkening time-dependent term. Above 40 the SSI is reconstructed by adding the irradiacitanges caused by the
presence and the characteristics of faculae anspsts (see Lean (2000) for details) to a quiet iBtensity spectrum, i.e.,
defined by the absence of faculae and sunspotsiniémesity spectrum of the quiet Sun is a compasitapiled from space-
based observations made by UARS/SOLSTICE (120-4@)lamd SOLSPEC/ATLAS-1 (401-874 nm) (Thuillier &t 4998),

and a theoretical spectrum at longer wavelengtiusyéz, 1991).

2.2 Microwave Limb Sounder ozone satellite observations

We use the stratospheric ozone measurements fitwth Microwave Limb Sounder (MLS) instruments aratd UARS
(cycle 22) and Aura (cycle 23).

MLS-UARS was launched on 12 September 1991, ifé°anclination and a 585 km altitude orbit and wasgrational until
1994. Waterg1989; 1993) describe in detail the microwave listunding technique. The ozone retrieval is basedin
GHz radiances. The typicabPrecision for ozone mixing ratio measurementsisppmv at 0.46 hPa, 0.3 ppmv at 1-4.6 hPa
and 0.2 ppmv at 10-46 hPa. As shown in Hood anduZt698), an artificial 36day periodicity, causedthe UARS yaw
manoeuvre cycle (Froidevaux et,d994), is seen in zonally averaged MLS-UARS @datall latitudes and increasing with
height. To remove this artefact, Hood and ZI{%098) suggested restricting zonal averaging ozmoéiles to daytime
measurement near a single local time. They howegagnized that the ratio of daytime measuremesitslgy would be too
low (around 30%), resulting in very large samplargprs and time gaps in the zonal averages.
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MLS-Aura was launched on 15 July 2004 into a sumckyonous near-polar orbit around 705 km. Detaitéatmation on the
MLS-Aura instrument is given in Waters et @006). In brief, MLS-Aura observes a large suit@tnospheric parameters
by measuring millimeter and submillimeter-waveldntitermal emission from Earth’s limb with sevenioageters covering
five broad spectral regions (118, 190, 240, 640 @htk 2.5 THz). The "standard product” of ozoneigeved from radiance
measurement near the 240 GHz. Here, we used vetstoof the MLS-Aura ozone product. The MLS-Aurelds of view
point forward in the direction of orbital motiondwertically scan the limb in the orbit plane, réisg in a data coverage from
82°N to 82°S latitude on every orbit. MLS-Aura pides continuous daily sampling of both polar regiaithout temporal
gaps from yaw maneuvers that occurred with MLS-UAR® MLS-Aura limb scans are synchronized to theaforbit, with
240 scans per orbit at essentially fixed latituddss results in about 3500 scans per day, wittalang-track separation
between adjacent retrieved profiles of 1.5° gré@alecangle. The vertical resolution is about 3 iknthe upper troposphere
and stratosphere and about 4-6 km in the mesospheeeb precision for ozone mixing ratio measurements sualf.1 to
0.3 from 46 hPa to 0.5 hPa.

For our study, daily stratospheric ozone profilesraged over the tropical band [20°S,20°N] are useabng the 1095 days
of each period, 121 and 38 days of ozone data &sng for the period 1991-94 and 2004-07, respelsti For each height
level of the vertical profile, the outliers of tleerresponding ozone time series are removed byéixg data which take
absolute values beyond 2 standard deviations ofi¢hseasonnalized time series. After removingeruiilues, 85% (93%)

of the 1095day ozone time series of the period 1B9{2004-07) are kept for the analysis.

2.3 The LM Dz-Reprobus model

The LMDz-Reprobus model is a Chemistry-Climate Madsulting from the coupling between the extendexbion of the
General Circulation Model LMDZ5 (Sadourny and LavkEd84; Le Treut et al., 1994; 1998; Lott et aQ02; Hourdin et al.,
2006; 2013) and the chemistry module of the Repaatospheric chemistry-transport model (Lefétral., 1994; Lefévre
et al., 1998). LMDZ was developed at the Laboratdie Météorologie Dynamique (LMD). The dynamicat joéi the code is
based on a finite-difference formulation of thengitive equations of meteorology (Sadourny and La¥8B4). The model
uses a classical hybridP coordinate in the vertical, has 39 vertical Iswand a lid-height at ~70 km. The model is intégpla
with a horizontal resolution of 3.75° in longitudied 1.9° in latitude. The equations are discret@ed staggered and stretched
latitude-longitude Arakawa-C grid.

The Reprobus chemistry model (Jourdain et al., 200&chand et al., 2012) calculates the chemicalution of 55
atmospheric species and includes a comprehenssezipligon of the stratospheric chemistry (Ox, N®Xx, ClIOx, BrOx
and CHOX). It uses 160 gas-phase reactions andeBolgeneous reactions on sulfuric acid aerosolsP8@ds. Absorption
cross-sections and kinetics data are based or0thie 2t Propulsion Laboratory (JPL) evaluation (®art al., 2011). In the
troposphere, where the chemistry is not expli¢ithated, the model is relaxed towards a monthlyiagrclimatology (annual
cycle) of @, CO and NOx computed by the TOMCAT chemical-tramsmodel (Law et al., 1998; Savage et al., 2004).
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The solar component of the radiative scheme of LMx¥based on an improved version of the two bandeme developed
by Fouquart and Bonngl980) and the thermal infrared part of the radetode is taken from Morcrette et @986). While
this scheme is crude, note that the thermal comparfehe solar forcing (e.g. changes in net hegtiom solar changes only,
keeping chemical composition unchanged) does nub#xa dependency on wavelength as strong as [ylst&gacomponent
of the solar forcing. Nonetheless, the use of gknwo bands radiation code tends to underestithateemperature response
when compare to other radiations models with thmesaolar irradiance fluctuations (CCMVal, 2010; dter et al., 2011).
The radiative scheme takes into account the radiattive species, CQ, Os, N.O, CHy, CFC-11 and CFC-12.

The photolysis rates used in Reprobus are predesdclioff-line with the Tropospheric and Ultravib\ésible (TUV) model
(Madronich and Flocke, 1999) and then tabulateadlook-up table for 101 altitudes, 7 total ozonkigms and 27 solar zenith
angles. TUV calculates in spherical geometry thimicflux, scattering and absorption through th@asphere by the multi-
stream discrete ordinate method of (Stamnes.,et@88). The spectral domain extends from 116 @@%5. Calculations of
photolysis rate are performed on a 1 nm waveleggth except in the regions relevant for solar egdrotational and 11-year
solar cycles). In these spectral regions, the uéisnl is largely increased to accurately descritgedpectral features in the
solar flux or in the absorption cross-sections:vtiagelength resolution increases up to 0.01 niherSchumann-Runge bands
of O,. At this resolution, the absorption by, ©@an be considered to be treated line-by-line. deee, the temperature
dependent polynomial coefficient determined by Mimsaner et a(1992) is used. The temperature dependence offztiiso
cross-sections is taken into account using clinogiohl temperature profiles. The albedo considéoethe computation of
photolysis rates is set to a globally average vafu@.3 with solar zenith angle varying from 0 t6°9For each sunlit grid
point, the actual photolysis rates used by LMDz4Rbps are then interpolated in the table accortiinthose parameters
(solar zenith angle, ozone column, altitude). Thhs, solar rotational cycle forcing is taken inttcaunt by using daily
photolysis rates calculated by TUV in the photociséty module of LMDz-Reprobus. We do not take iatount the direct
effect on heating rates generated by UV variatibesause previous modelling studies have alreadwrshhat the
stratospheric ozone response to solar variatioalriest entirely driven by the effects of UV chasiga the photolysis rates,
in particular the photolysis of molecular oxygemvéstz et al, 2012).

LMDz-Reprobus is used in two configurations. Thetfone is the free-running model configuratioa.@CCM) that accounts
for all the interactions between chemistry, dynanaind radiation. LMDz-Reprobus is additionally useis nudged version
(i.e. CTM) where transport and dynamics are nudgedhrds temperatures and winds from the 6 hourl\WRAG model
outputs (ERA-interim (Dee et.aR011). As the dynamics is specified and is ckosebservations, the CTM configuration
allows a fair comparison with MLS observations. T3EM configuration is used over the two 3year pgsiof MLS ozone
measurements, as analysed in Bossay €@15). In the CCM configuration, we perform anemble of five simulations of
17 years each (from 1991 to 2007). As for the olzems, we use the daily stratospheric ozone lpfiveraged over the
tropical band [20°S,20°N].
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3 Ozoneresponseto the solar rotational cycle during the declining phase of solar cycles 22 and 23

In this section, we analyse the ozone respondeetsdlar rotational cycle over the declining phafssolar cycles 22 and 23
in the observations and the different model comfigans. Note that the present modelling studylp&stiows on from Bossay

et al. (2015) observational study. As such, fewhefr results are shown next to our model resolt€dmparison.

3.1 Therotational cyclein UV irradiance

Figure 1 shows the solar UV variability represertigd=205 from 1985 to 2008 with the two periodsntérest highlighted in
red which correspond to the declining phase ofrsplales 22 and 23. F205 is a good indicator ofNRLSSI solar forcing
prescribed in CTM and CCM simulations. Thereaff205 is used as the UV index in the regressionyaisabf the solar
signal in stratospheric ozone from MLS observatiamd model simulations.

The Fast Fourier Transform (FFT) power spectraetivo F205 declining periods time series are shawfig. 2 (top panel).
For both periods, the high frequency spectrum imidated by a strong peak centred around 27 dayssmonding to the
main solar rotational periodicity. The broadnesthefpeaks indicates that the solar rotationalecigchot regular and cover a
rather wide frequency domain. A small secondarkpealso found at ~13.5 days which correspondkedirst harmonic of
the rotational cycle and to the presence on thesBtfiace of two sunspots which rotate with the sparéod but are separated
by about 180° in longitude (e.g. B&003; Zhang et al., 2007). The time-resolved posperctral density derived from the
continuous wavelet transforms (CWT, (Torrence anth@o, 1998)) of the two F205 time series are showfig. 2 (bottom
panels). CWT spectral analysis reveals that thar sotational component strongly varies in timeoth declining periods.
Overall, the rotational component decreases owedétlining solar activity periods and even carragically disappear for
several months (e.g. late boreal summer 1993, 2006 and winter/spring 2006/2007). In additidre solar rotational
fluctuations are stronger during the first peribert the second period (see Fig. 1 and 2). As tle satational forcing is
stronger during the first period, one might expbetsolar signal in ozone to be clearer.

3.2 Observed and modelled ozone response to the rotational cycle

We first examine potential rotational periodicitiesupper stratospheric tropical ozone by carngoga spectral analysis of
daily stratospheric ozone time series averaged theetropical band [20°S-20°N]. Figure 3 shows tioemalized Lomb-
Scargle periodograms (well adapted for non-contilsugeries, Lomb (1976); Scargle (1982)) of tropstedtospheric ozone
from observations (Figs. 3a,d), CTM (Figs. 3b,&) @CM results (Figs. 3c,f), calculated for the denb period of cycle 22
(Figs. 3a,b,c) and cycle 23 (Figs. 3d,e,f). Pergvdms are shown for the 3.2 hPa (~40 km) pressug, Iclose to the altitude
where the ozone solar signal maximizes (Hood, 1986)

The two periodograms of MLS ozone measurements @&ignd Fig. 3d) reveal no prominent peak in #mge of the 20-30
days period, indicating that the solar rotatiorighal in ozone is weak. More prominent peaks armdbat longer periods

although they are not consistent between the twioge The large peak found at the 35day period 891-94 corresponds
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to the yaw-maneuver period of the MLS instrumendescribed previously (Froidevaux et al., 1994; ¢iaad Zhou, 1998).
Similarly to observations, the periodograms of CTédults (Fig. 3b and Fig. 3e) does also not exfahifistinctive solar
rotational peak; there are some minor peaks bet@@eamd 30 days and their amplitudes are small20@#-07 than in 1991-
94,

5 In contrast, the periodogram averaged over the@i@& simulations exhibits a distinctive peak cedta¢ 27 days for 1991-
94 (Fig. 3c). This peak is less pronounced andredrdt 25 days for 2004-07 (Fig. 3f), presumablyalse of the smaller
amplitude of solar rotational fluctuations and renwdel forcing in 2004-07 (see Fig. 2). Howevee, 1 standard deviation
(i.e. spread of the ensemble simulations) assatiatth these peaks is very large, indicating thespnce of a strong high
frequency (periods < 50 days) natural variabilitypzone in this region. This explains why solaational signal can be hardly

10 detectable in the observations, as well as in glessiensemble member. The absence of a distinaite¢ional signal in MLS
data and CTM 3year time series suggests the presérstrong and rather random ozone variabilityai-solar origin which
makes the ozone rotational signal very difficulttect and estimate.

We further examine the relationship between stpdtesc ozone and solar rotational cycle by perfagniross-spectrum
analysis between stratospheric ozone and F205.itBebp weak magnitude of the ozone rotational aigeross-spectrum

15 analysis should help identifying coherent varigpithodes between the solar forcing and tropicahez&igure 4 presents the
vertical profile of the magnitude-squared coherdheeeinafter referred as coherence) between F2@%apical stratospheric
ozone from MLS observations (a and d), CTM modslits (b and e) and CCM model results (c and f).

A strong and statistically significant coherenctoisnd for MLS-UARS (1991-94) between 20 and 28sdayd between about
10 and 1 hPa with a maximum of about 0.7 at the@eriod around 6 hPa. In contrast, the cohereddLS-Aura (2004-

20 07) is generally weaker with only a small patctsigiificant coherence at the 90% confidence lelké coherence fields
from the CTM results resemble those of the obsEmatand reproduce the main features during thepvimds. The main
difference between observed and CTM signals isttitoherence patch extends farther to lower $evethe CTM (down
to 15 hPa) and covers longer periods (20 to 33 day40 hPa). For the 1991-94 period, the CTM tesalko overestimate
the coherence around 13.5 days compared to obseryat

25 The general features in the coherence fields fr@MWEesults are also consistent with those of theeolations. However, the
area of statistical significant coherence arourd2fday period is wider in the CCM results. In &ddi the coherence patch
does not extend as low as the CTM results. Therdiffces observed between the MLS coherence fiettie bwo periods are
also reasonably well reproduced in the CCM coherarsults. As for the CTM fields in 1991-94, CCMuls reveal a
secondary area of significant signal centred atiah8.5day period and extends almost throughoustiiaeosphere. For 2004-

30 07, there is no significant signal around 13-14sdayall the coherence fields. This is consisteiti the UV forcing (Fig. 2)
exhibiting a stronger 13.5day period componenti81t94.

To further test the robustness of the coherenagakigve perform an additional CCM simulation wh#re solar forcing is
kept constant by using fixed (i.e. climatologigaltiotolysis rates during the model simulation. Totaltabsence of significant

coherence found in this simulation (not shown) oomg that the coherence found between F205 antbsfraeric ozone is
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not fortuitous and primarily originates from photsis processes. We can also note that the redwtestence for 2004-07
may be expected because the solar rotational #tions are smaller during that period comparedd®1194 (Fig. 2). To
summarize these first steps in our analysis, we firat, despite the weak magnitude of the sighal,upper stratosphere
tropical ozone concentration fluctuates coherentthh UV variability at solar rotational timescales.

5 To focus on periodicities relevant to the solaatiohal cycle (13.5 and 27 days), all the timeeseare now filtered using the
digital filter that has been commonly used in poer solar rotational studies (e.g; Hood, 1986; @hanl986; Keating et al.,
1987; Hood and Zhou, 1998 and Zhou et al., 2008¢. filtering procedure consists of smoothing daitd & 7day running
mean which removes short-term fluctuations. Lirteamd and mean value are also removed from thesethed time series.
Finally, a 35day running mean is subtracted froendata, removing long-term fluctuations (e.g. seak@emi-annual, annual

10 and QBO variations). The overall procedure is nwress equivalent to a 7-35 days band-pass fiitdre frequency domain.
The vertical extent and temporal evolution of thepical ozone response to the solar rotationalecyeck examined by
calculating the cross-correlations between filtelf@@5 and ozone in observations and model refRiétsults are shown in
Fig. 5. For 1991-94, the observations exhibit asfeorrelation peak at 0.28 on the 4.6 hPa levidl mo time lag (Fig. 5a).
This maximum value is close to the maximum of G&fd by Hood and Zho{@1998) on the same pressure level. Furthermore,

15 the overall variation of the time lag with altitudaown in Fig. 5 is similar to that found in prewsostudies (Hood, 1986;
Brasseur et al., 1987; Brasseur, 1993; Hood andi,Zb@98) with a negative lag above 3-4 hPa (ozdemding” the solar
flux) and a positive lag below (ozone lagging th&asflux). As mentioned in the introduction, thegative lag in the upper
stratosphere result of the influence of the tentpeeafeedback on the ozone response through thpetature dependent
chemical reactions. For 2004-07, the cross-coioglgiattern (Fig. 5d) is more distorted and weakan for 1991-94 (Fig.

20 5a). The cross-correlation maximum (0.2) is smahean for 1991-94 and is found at 10 hPa with @tiag of +5 days (ozone
lagging solar flux).

Although the cross-correlation fields for the CTMdaCCM simulations appear smoother and with laigatistically
significant (shaded) areas than for the MLS datastrof the general features present in the MLSsesestion fields appear
consistently reproduced by the simulations in the model configurations. Seizing differences betwge CTM and the

25 observations are found in 1991-94 though. The baghelation area (with a maximum of 0.4 at 7 hPa apositive time lag
of 3 days) expanding throughout the middle straiesp (between 30 and 10 hPa) in the CTM (Fig. Shjot detected in
observations (Fig. 5a). Overall, the main areagfificant correlation appears also lifted upwardhe observations (Fig. 5a)
compared to the CTM (Fig. 5b). The absence of tatfom signal in the middle and lower stratospharthe observations is
consistent with the large noise present in the eziataset at these altitudes (not shown). In csmtize results for the period

30 2004-07 reveal a particular good agreement throuigbimatosphere between the observations (FigaBd)the CTM (Fig.
5e), where the maximum is found at the same aé&i{d® hPa), time lag (+4 days) and with the samgliarde (0.2). CCM
results show a maximum of correlation also at 18 &fd at the same time lag but with a higher véu®. In addition to the
area of statistical significance which increasesmiaxamining CCM results, we notice a strong rednaif the difference in

the response between both periods. This suggedtavhraging over the five ensemble members altowsduce the effect
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of the non-solar random variability in the signsiimation and hence to identify more robustly tbkassignal. Nevertheless,
for 2004-07, we note a weaker correlation and aced downward propagation of its extension whidikely due to a weaker
rotational UV forcing compared to 1991-94 (Figsari 2).
In addition to correlation analysis, ozone respdnssolar UV flux changes can also be measuredring of sensitivity, i.e.
5 percentage change in ozone per 1% change in sula€bhsidering ozone sensitivity instead of ozobscdute change allows
in principle to analyse an ozone signal that da¢slapend on the magnitude of the solar rotatifomaing, assuming implicitly
that the relationship between the solar forcingin(F205) and the ozone response is linear. Weealdre ozone sensitivity
on different pressure levels by linear regressibthe filtered ozone time series on one independarigible, F205. Results
are shown on Fig. 6.

10 For the 1991-94 period, the observational (MLS-UAREnsitivity peaks at 0.4 (0.4% of ozone changelfarchange in
F205)near 4-5 hPa (35 km), consistent with the resdltdamd and Zhou (1998) (Fig. 6a). For the 2004-6riqa, the shape
of the observational (MLS-Aura) sensitivity profiledistorted and the sensitivity peaks at only@@und 5 hPa (Fig. 6d); it
is consistent with a peak value of 0.15 derivethatsame level shown in Dikty et §010) for a similar period (2006-07)
but with a different instrument (SCIAMACHY). In thaiddle stratosphere, the sensitivity profile cited from the CTM

15 results for the period 1991-94 (Fig. 6b) is comsistwith the MLS sensitivity profile (Fig. 6a); tH&TM sensitivity profile
peaks at 4-5 hPa with a value slightly lower (@@ that derived from the MLS observations. Dipareies between CTM
and observational sensitivities are more pronourigettie upper stratosphere. In the CTM, above #kpthe sensitivity
suddenly drops around 3 hPa to values close tag0 §B), while in the observation the sensitivitradually decreases from
3-4 hPa to the stratopause region (around 1hPg) §&). Below 10 hPa, we also note that the seitgiprofile errors are

20 larger in the observations than in the CTM. Thisamsistent with the absence of solar-ozone cdivalasignal at these
altitudes in the observations (Fig.5a) and, invgrdle clear solar-ozone correlation signal in @EM (Fig. 5b). For 2004-
07, the CTM sensitivity profile appears to be hjgbbnsistent with observations throughout the ssyaitere, in accordance
with the previous coherence and correlation anal{Sigs. 4 and 5).

We now analyse the CCM ensemble results. The erlseréan ozone sensitivity profiles for the two pds are similar with

25 positive sensitivity from 15 hPa to the stratopaasé a maximum sensitivity of 0.4 at ~3 hPa (Fégsand f). This maximum
tropical sensitivity value and its altitude levelin good agreement with previous CCM estimatas @ozanov et al., 2006;
Austin et al., 2007; Gruzdev et al., 2009; Kubimlet2011). The ensemble spreads (icestandard deviation calculated over
the five CCM simulations for each 3year period heakline) are of the same order for both periodgs(F6c and f). They are
also very large, indicating important variationsnirone ensemble member to another, which are ikekt Hue to differences

30 in dynamical variability. Similar conclusions halveen reached in previous CCM studies (e.g. Rozahal;, 2006; Austin
et al.,, 2007). This may partly explain the stronffecences in ozone sensitivity found between thve periods in the
observations and the CTM simulation. In a senseh &year observed period can be viewed as a sirgleation of an

ensemble.
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Overall, our results demonstrate that the LMDz-REBRIS model produces an ozone response to the retédional cycle
that is consistent with observations, especiallgmthe dynamical variability is accounted for ie #malysis. The results of
our ensemble of transient CCM simulations furthgyport the importance of atmospheric internal \alitg in modulating
or masking the solar signal in ozone at solar imtat time scales. In the following, we exploit taesemble simulation to

5 examine thoroughly the temporal variability of theone sensitivity to the rotational cycle.

4 Temporal variability of the ozone response sensitivity
4.1 Does ozone sengitivity to the rotational cycle depend on the amplitude of the solar fluctuations?

Results from CCM studies of Gruzdev et al. (200%) Kubin et al. (2011) suggested that ozone sgitgifeems to decrease
with increasing amplitude of the rotational cydBiven that the amplitude of the rotational cycler@ases with increasing
10 solar activity, one may thus expect minimum (maximsensitivity during 11year solar maximum (minimyphases. Next,
we test this hypothesis by dividing 15 years (12905) of the CCM simulations into five 3year windoeorresponding to
the four different phases of the 1lyear solar cycée maximum, minimum, descending, ascending phase®sel time
windows are highlighted with different colours hretinsert panel of Fig. 7a. Figures 7b-f showgach 3year time window,
the ensemble mean sensitivity profiles and thecataul 2 ensemble spread. The ensemble mean for a sp&géfar window
15 is calculated by first computing the ozone senjtiover this specific 3year interval for each bétfive ensemble members
and then averaging theses five sensitivities; wimeéhe ensemble spread as the ensemblgdhdard deviation. Note that,
in total, 15 years of model data are taken intmantfor the calculation of the ensemble mean geitgi
Whatever the solar cycle phase considered (Fig.alldhe mean sensitivity profiles have similaapls with a maximum at
around 3 hPa, consistent with observed and modskeditivity profiles during solar declining pha$ég. 6). The most
20 pronounced difference is the maximum sensitivityohtvaries between 0.3 (green) and 0.5 (red). Qlyéna ensemble mean
sensitivity profiles appear to vary little from ge&r window to another. Thus, the model ensemblannozone sensitivity
seems to be rather independent of the level of salévity (Fig. 7a), at least when 15 years of eladhta are considered in
total. In comparison, the model ensemble spreatearly more sensitive to the 11lyear solar cyclasghthan the ensemble
mean. The ensemble spread is found to be genexagller during high solar activity periods. It istrsurprising. The
25 estimation of the ozone sensitivity is expectede¢oless affected by the noise and more robust winersolar rotational
fluctuations are stronger: the amplitude of thenezeesponse is much greater, improving the signabise ratio. We also
notice that the ensemble spread is smaller duhiagitaximum phase of cycle 22 (black) than thatyefec23 (green). It is
consistent with the results of Fiolet®009) observational study that also shows a saorgational periodicity in the upper
stratosphere tropical ozone during the maximum @lbéshe solar cycle 22 than the maximum phasaetycle 23.
30 Although the rotational cycle amplitude varies witie phase of the 11lyear solar cycle, the relatipnis not systematic as
revealed by the wavelet analysis of Fig. 2. Inftilewing, the ensemble mean ozone sensitivity gmdpread are examined

as a function of the amplitude of the solar rotaiccycle fluctuations using sliding time windowse analysis focuses on
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the 3 hPa level where the maximum sensitivity isfb (Fig. 7). Figure 8 compares the temporal ei@iuffrom 01/01/1991
to 31/12/2005) of the variance of the filtered F2id&e series (Fig. 8b) with the ensemble mean (#y.and variance (Fig.
8d) of the ozone sensitivity derived from the €M simulations. Each point of the time serieditamed by first calculating
the ozone sensitivity for each ensemble member aviyrear time window and then computing the ensenm#an and its
variance over the five simulations. The time windswhen shifted by 1 month and the same proceduspeated. This gives
a total of 168 lyear time slices (14 years x 12 timg)n

The mean ozone sensitivity time series (Fig. 8clyear time window strongly fluctuates from 0 té @round an average
value of ~0.4, consistent with the value of theesnisle mean sensitivity profiles at 3 hPa (Fig-ThHese fluctuations increase
during the minimum phase of the solar cycle in 28988, indicating a larger uncertainty in the estilon of ozone sensitivity
during low solar activity periods. This is furtheupported by the overall anti-correlation whicHaand between the F205
index variance (Fig. 8b) and the ozone sensitivatyance (Fig. 8d). Hence, the accuracy of the ezmmsitivity estimate to
solar rotational cycle is degraded when solar iamtat fluctuations are small, and reciprocally. &y, note that the low-
frequency (i.e. decadal scales) variability of #msemble mean ozone sensitivity (Fig. 8c) appdsosta be anti-correlated
with the F205 index variance (Fig. 8b). In the daling, we test further the robustness of the refethips found here which
link the solar rotational variability to the ensdmimean and spread of ozone sensitivity

Figure 9 shows the regression analysis of the ellgemean (Fig. 9a) and spread (Fig. 9b) of ozonsiseity (i.e. dependent
variables) on the solar rotational variance (i@l&natory variable). We assess the statisticalifsignce of the regression
slope using a block bootstrapping technique to @atdor the autocorrelation in the residuals thah dead to an
underestimation of the standard error (Mudelsed420The bootstrap procedure is carried out a®vial The original
residuals are first obtained by subtracting thgipail fitted model (i.e. derived from the lineagression) to the dependent
variable. The original residual time series is teegregated into moving blocks of lengtfsee e.g. schematic p74 in Mudelsee
(2014)) that are randomly resampled to reconstgginthetic residual time series of the same sizheaoriginal one. Adding
this synthetic residual time series to the origiitedéd model allows creating a new synthetic tisegies (so-called bootstrap
sample) to which the linear regression is appleedérive a synthetic slope value. For each valuk, dhis procedure is
repeated 10,000 times in order to construct aildigton of synthetic slopes (Poulain et al., 20B8hally, we estimate, from
this distribution, the likelihoodptvalug for the slope to be greater than - or equal@di-e. null hypothesis). Note that since
L is not known a priori, the calculation is repedi®d.=1, 2, 3, ...., 10,..., 20, etc. and the largestlueis retained.

Figure 9a reveals no significant negative trendvbeh the mean ozone sensitivity and the F205 vegialithough the linear
regression hints at increasing mean ozone semgifovi decreasing F205 variance, the likelihoodtfar slope to be positive
or equal to zero cannot be excluded statisticgily>(0.10). In addition, a non-significant corredaticoefficient of -0.19
between the mean ozone sensitivity and the F20&na is found. This is not the case for the spfaszone sensitivity,
which significantly increases with decreasing higlguency (short-term) F205 variability (Fig. 9f)his trend further
intensifies for the lowest F205 variance valueagkland purple dots), corresponding to the phasieeofolar cycle with the

lowest activity (see insert panel on Fig. 9b). Tduantitative analysis hence confirms that the maguof the ozone sensitivity
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estimation increases when the F205 fluctuationdaage. We similarly tested the dependence of thamozone sensitivity

and its spread to the absolute value of F205 (showhre insert of Fig. 8a), an indicator of solefidty. Results are not shown
here for brevity. Although we obtain results cotesis with those based on the F205 variance (whiddxpected given the

close connection between solar cycle activity asldrgotational fluctuations), the statistical sfgrance is found to be less
pronounced, suggesting a closer link with the atungé of the fluctuations of the rotational solacleyrather than the absolute
values of F205.

4.2 Influence of the size of the time window analysis

Finally, the robustness of the estimated ozoneitbétysis examined with respect to the size of tfime window. The
procedure is as follows. For each ensemble sinougtf maximum sizéna=15 years), a time window of a given size, say
At, (4t is comprised between 1 and 15 years) sliding byear step is used to resample the ozone 15yearstnies and create
NensemblenindowdAt) (= tmaxAt+1) shorter time series of siz#t. Given that the ensemble contains five simulatidghs total
number of samples for a giveft is thus Qindows=5 X NensemblewindowdAt) (i.e. 75, 45, 5 samples for 1, 7, 15year time wins|
respectively). For each time window size, the ozeemsitivity to F205 is estimated per individuaingde. Finally, the mean
ozone sensitivity and its spread are derived byutaling the average and the standard deviational/eamples.

Figure 10a shows the ozone sensitivity profiles mhelyear time window is considered. In agreemétit the previous
ensemble mean ozone sensitivity profiles calculéde8year time windows and at different solar eyphases (Figs 6 and 7),
a maximum mean sensitivity of 0.4 is found nealPa.hThe ozone sensitivity spread (dashed envedogyder though and
even expands towards negative values, demonstri@g lyear window is not at all long enough gtineate robustly the
ozone sensitivity. Figure 10b focuses on the 3 fieasure level, where the sensitivity peaks, andale that, as expected,
the longer the time window is, the smaller the agris. Figure 10c shows the coefficient of variatid the ozone sensitivity
(10 standard deviation normalized by the mean andessed in percent) as a function of the size ofithe window. It is
found that a minimum time window size of 3 yearslOryears is required for the standard deviatiodrap under 50% or
20%, respectively, of the mean sensitivity (i.e.4y0These uncertainty ranges additionally depemt¢he amplitude of the
solar rotational variations and hence the phasthefllyear solar cycle; we find that during solaximum of cycle 23,
minimum of cycle 22, a minimum time window sizeobr 5 years, respectively, is required for thed#ad deviation to drop
under 50%. These results demonstrate that longd@ries are required for an accurate estimatidheobzone sensitivity to
solar rotational fluctuations in observationssluery likely that some, if not most, of the digmacies between estimates of
the ozone sensitivity found in previous studiegiogte from differences in the periods and lengththe considered time

windows.
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5 Summary and concluding remarks

In this paper, we examined the tropical stratosplozone response to the solar rotational cyclatellte observations and
simulations of the chemistry-climate model LMDz-R&tpus. We first focused our analysis on the caseysof two 3year
periods associated with the declining phases af siyicles 22 and 23. The solar rotational fluctuatiare stronger during the
5 first period than the second period. We found thlihough the solar rotational signature in the fdk¢ing is reasonably well
marked during both periods, the amplitude of ozeaations expected at the corresponding timesdakes~27 days), in
observational records and individual model reailiwes, does not significantly differ from the noiséonetheless, UV and
ozone fluctuations show a statistical significastt@rence in the middle and upper tropical stratespftabove ~30 km, or 10
hPa) at the solar rotational timescales. Thesdtsesance suggest that ozone significantly respdéadhe solar rotational
10 variations but the signal is partly masked by ogwirces of ozone variability at these timescatesst likely of dynamical
origin. Applying the same spectral analysis toaterage of CCM ensemble simulations allows reduttingmasking’ effect
by random dynamical variability, so that the raiatl signal in ozone can be more easily identified estimated.
Lag correlations and linear regressions have tleem lused to characterize the vertical profile efdlaone response to the
solar rotational cycle in the observations andrtteelel during the same periods. Although these tesuk consistent with
15 estimates of previous studies (Hood, 1986; Brasseatf., 1987; Brasseur, 1993; Hood and Zhou, 1898) a reasonable
agreement is found between the MLS observationsta€TM experiments, significant differences arenfd between the
two periods. This may be attributed to differenesolar UV forcing or in dynamical variability be¢en the two periods.
Analysis of the CCM ensemble simulations suggest tiie differences mostly originate from the dynaahiariability. The
large spread in the ensemble mean sensitivity Iproéilculated for 3year intervals reflects the ‘kiag’ effect of non-solar
20 dynamical variability in the estimation of the gotatational signal in ozone and may certainly akpsome inconsistencies
found in previous studies.
Given the good representation of the ozone resptingbe solar rotational cycle calculated by ourdeloin the CTM
configuration, we take advantage of the ensembfesefCCM simulations to test whether the ozonesgasity depends on
the phase of the 11year solar cycle. Consideringnsemble of simulations allows in particular tduee the masking effect
25 induced by the dynamical random variability. Owsulés suggest that the level of solar activity doeshave an impact on
the expected value (i.e. ensemble mean) of theebgensitivity. However, the ensemble spread deesedisring high solar
activity periods, making the ozone sensitivity imtal easier and more robust, e.g., during the mami phase of the 11year
solar cycle.
The ensemble mean ozone sensitivity and its sgraeel been additionally examined as a function efaimplitude of (i) the
30 solar rotational cycle fluctuations (shown) and {fie phase of the 11lyear solar cycle (not showe)e again, no robust
dependence of the ensemble mean ozone sensitgaipst each of the two variable is found when gwmults of the five
15year simulations are averaged. Although the t®$imt at a slightly negative trend, i.e. incregsensemble mean ozone

sensitivity for decreasing rotational fluctuatiof@ 1lyear solar cycle activity), neither the slop®or the correlation
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coefficients are statistically significant. Henceir results could not confirm previous findings@fudzev et al. (2009) or
Kubin et al. (2011) who, using model experimentggested an increased ozone sensitivity with degrgaolar rotational
fluctuations. Nevertheless, it must be noted thatdonclusions of Gruzdev et al. were reached hbyiog out experiments
with a solar rotational forcing that had an amplé8 times larger than a realistic one. Furtherehegperiments, considering
5 for instance longer simulations and/or strongecifay, would help to address this issue more thdntyug
In contrast with the ensemble mean ozone sengitadtexpected, the ensemble spread ozone saystioiws a clear increase
with decreasing solar rotational cycle fluctuatiofise negative trend further intensifies duringpleeiod with very low solar
rotational fluctuations, corresponding here togkeod of minimum solar activity between the endhef solar cycle 22 and
the beginning of the solar cycle 23 (i.e. 1994-)99hese findings are consistent with the resultsioletov (2009) who
10 showed a noticeable difference in the estimaté@bizone sensitivity profile in 1994-1998 by coniguam with other periods.
Hence, when the solar rotational fluctuations amelk the ‘masking’ effect of dynamical variabilibecomes more prominent
and makes the estimate of the ozone sensitivitydesurate.
Finally, we demonstrate that, while the mean ozeesitivity (e.g. ~0.4 at 3 hPa) is more or lesependent of the size of
the time window (tested from 1 to 15 years) whenrsults of the five 15year simulations are aralysnd averaged, the
15 accuracy of its estimate improves dramatically wittreasing size of the time window. We found tbataverage, a minimum
time window size of 3 years (corresponding to ~dlusrotational cycles) is needed for the @nhcertainty to drop below
100%. More concretely, this means that if the ozsewesitivity to solar rotational fluctuations isrided over only three
successive years of observations (or of a singldet@alization), there is a 95% likelihood for #&imate to take any value
in the range [0-0.8] at 3 hPa. The error in thesiisity estimation also depends on the amplitufiehe solar rotational
20 fluctuations and is thus linked to the solar atjiviFor a constant uncertainty threshold, the highe solar activity is, the
shorter the required time window length is. Welfinfind that a minimum of 10 years of data is reqd for the & uncertainty
in the ozone sensitivity estimate to drop under 20%
Overall, it is likely that the discrepancies in #&imated value of ozone sensitivity found in jpras studies originate from
differences in the length of time windows that wased for analysis and in the level of solar astigissociated with these
25 periods. Both parameters significantly influenoe élccuracy of solar rotational signal estimateshikregard, it is likely that
similar issues have also affected the accuradyarestimation of ozone response to the 11lyear sigjaal. The estimation is
expected to be even more difficult because obsenadttime series cover a very limited number ofykar cycles and there
are other well-known sources of decadal variabilitghe atmosphere and climate system. MaycocK. €2@16) recently
found very large discrepancies in the estimatiothefozone response the 11lyear cycle using vasatadlite datasets which

30 cover different time periods of different length.
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6 Data availability

MLS-UARS and MLS-Aura satellite data are publiclyadable at_https://earthdata.nasa.gov/ after tegion. LMDz-

Reprobus data used in this study are available upaqurest to the corresponding author (remi.thieblg@Ilatmos.ipsl.fr).
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Figure1: Temporal evolution of daily F205 from NRL SSI model over solar cycles 22 (1985-1996) and 23 (1996-2008). The two 3year
periods considered here (1991-94 and 2004-07) are highlighted in red.
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Figure 2: (Top) F205 FFT power spectra (from NRLSSI model) for the (a) 1991-94 and (b) 2004-07 period. (Bottom) Time-r esolved
power spectra densities (or scalogram) estimated from continuous wavelet transform (CWT) for the (c) 1991-94 and (d) 2004-07
period. Thevertical, horizontal, dashed lineson (a,b), (c,d), indicate the 27day period. The cone of influence, i.e. limit beyond which

5 scalogram should not be interpreted, is marked by horizontal solid stripes. The solid contour lines represent the 95% confidence
level.
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Figure 3: Ozone Lomb-Scargle periodograms for the (left) 1991-94 and (right) 2004-07 periods. The top panels represent ozone
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Figure 4: Mean squared coher ence between ozone and F205 as a function of period (days) and pressure level (hPa) for the (top)
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Figure5: Cross-correlation between digitally filtered (see main text) ozone and F205 as a function of timelag (in days) and pressure
level (hPa) for the (top) 1991-94 and (bottom) 2004-07 periods. (a,d), (b,e) and (c,f) panels show cross-correlation between F205 and
ML Sobservations, CTM and CCM simulations, respectively. Shading represents areaswith 95% confidence level.
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Figure 6: Vertical profile of ozone sensitivity to F205 (% change in ozone for 1% changein F205) at lag O for the (top) 1991-94 and
(bottom) 2004-07 periods. Results are shown for (a) MLS-UARS, (d) MLS-Aura, (b, € CTM simulations and (c,f) CCM ensemble
simulations. (a,b,d,e) The dashed envelop indicates the 2¢ standard error of the regression estimates. (c,f) The dashed envelop
5 indicatesthe 26 range.
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Figure7: (a) CCM ensemble ozone sensitivity profilefor each of the 3year period. Each period and its corresponding colour isshown
in theinsert plot (a). CCM ensemble mean ozone sensitivity profile and its 26 range are shown for each individual 3year periods:
(b) 07/1990-06/1993, (c) 07/1993-06/1996, (d) 07/1996-06/1999, () 07/1999-06/2002, (f) 07/2002-06/2005.
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Figure 8: Digitally filtered (b) F205 variance time series, () ensemble mean ozone sensitivity and (d) ozone sensitivity ensemble
variance time series at 3hPa computed over a lyear running window. Each window is sliding for one month at each step. (a) The
F205 index time seriesisreproduced on thetop panel for clarity.

30



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-1102, 2017

Atmospheric

Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 24 January 2017 and Physics
(© Author(s) 2017. CC-BY 3.0 License. Discussions

1.0 T ' : ——— C

c — a & N ~ -

3 0.8 & 00110f \ / \J -

E_ E 0.0105 \-/ E

2 0.6 1992 1995 1998 2001 2004  |—

) 7] se Year r

2 0.4 B ® & r

GCU; ] a.e. o ° oo ® - '*1:

o © o0 =

u?_‘ 0.2 ] o oo ° ° -

o _— y = —3.8864E+06 x + 0.42 (p > 0.10) -

5.0107° 1.0-1078 1541078 2.0-10°®
F205 variance

3 1.0 ] b F

©08d% y=-1.8913E+08 x + 0.76 (p << 0.01) r

s~ 18 -

m -

:Ié;' 0.6 . C

=044 }.\ . y = -5.8666E+06 x + 0.24 (0.05<p < 0.01) [

RN LR z

»n 0.2 ] ..... —

o ] 0% % ® @ v g = C

©0.0] : i

5.0+107°

Figure 9: Scatter plots of the CCM ensemble (a) mean ozone sensitivity and (b) its spread (1e) versus the F205 variance. Dots are
coloured with respect to the value of the F205 flux, shown in the insert plot of panel a. Least square linear regression fits are
superimposed (solid and dashed segments) together with their equation and the statistical significance of the slopevalue (in brackets,
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5 seetext for details). The correlation coefficients are (a) -0.19 (p>0.10), (b, dashed) -0.76 (p<0.05) and (b, solid) -0.36 (p<0.10).
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Figure 10: (a) CCM mean ozone sensitivity profile over the 1991-2005 period computed for a 1-year timewindow (seetext for details

on calculations). (b) M ean ozone sensitivity at 3 hPa (dot on (a)) asa function of the size of the timewindow. The dashed lines on (a)

and (b) represent the 26 spread. (c) Coefficient of variation (in %) of the ozone sensitivity asa function of the size of thetimewindow.
5 Intervalswith valueslower than 50% and 20% ar e highlighted by the gray shaded areas.
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