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Solar variability can influence surface climate, for exampé by affecting the mid-to-high
latitude surface pressure gradient associated with the Nah Atlantic Oscillation %. One key
mechanism behind such an influence is the absorption of soladtraviolet (UV) radiation by
ozone in the tropical stratosphere, a process that modifiegmperature and wind patterns and
hence wave propagation and atmospheric circulatio®™. The amplitude of UV variability is
uncertain, yet it directly affects the magnitude of the climate responsé: observations from
the SOlar Radiation and Climate Experiment (SORCE) satellite” show broadband changes
up to three-times larger than previous measurements=, Here we present estimates of the
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stratospheric ozone variability during the solar cycle. Secifically, we estimate the photolytic
response of stratospheric ozone to changes in spectral soilaadiance by calculating the dif-
ference between a reference chemistry-climate model simation of ozone variability driven
only by transport (with no changes in solar irradiance) and dservations of ozone concen-
trations. Subtracting the reference from simulations with time-varying irradiance, we can
evaluate different datasets of measured and modelled speat irradiance. We find that at al-
titudes above pressure levels of 5 hPa, the ozone responsetdar variability simulated using

the SORCE spectral solar irradiance data are inconsistent wh the observations.

Solar UV radiation at wavelengths shorter than 242 nm leadiset creation of ozone in the
middle atmosphere, while longer wavelength UV initiatesdéstruction (Fig. 1). It follows that
the ozone distribution is sensitive to spectral solar imade (SSI) and, conversely, that observed
changes in ozone can reveal information on SS| variafigfisThis is especially true in the tropical

upper stratosphere where photochemical processes denowvet transport.

Continuous satellite measurements of the solar UV spectava been acquired since 1978.
Two instruments on the SORCE satellite, the SOLar STelladiarece Comparison Experiment
(SOLSTICE)* and the Spectral Irradiance Monitor (SI¥) have been monitoring UV irradiance
since 2003. Early versions of SORCE data showed very large eptde variations (up to 10
times larger at some wavelengths) compared to médéfs These models show good agreement
with earlier observations from the Upper Atmosphere ReseBatellite (UARS) Solar Ultraviolet

Spectral Irradiance Monitor (SUSIM) instrument operatiegween 1991 and 2065 The larger
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solar cycle changes in SORCE are probably due to insufficieméction of sensor degradation
and drifts'91914 The magnitude of solar cycle variations have reduced irmereleases, but

significant uncertainties remain regarding the true viamafsee, e.g., Fig. 3 of re¥[and Fig. 4 of

ref [[7]).

The total solar irradiance (TSI) amplitude of the currenasoycle (which began in Decem-
ber 2008) is~65% of the previous cycle (1996—-2008), and TSI has decrdatacen recent solar
minima by 36%'°. Another measure of solar activity, the open solar fi®xwhich is the solar
flux that escapes into the solar system and is related to taesaface magnetic flux that drives
irradiance changes, has decreased-B9% over the same period following a century in a grand
maximum staté”. It has been suggestétithat the larger SORCE UV solar cycle changes indicate
that the Sun’s spectral variability may have behaved difidy during the last solar cycle. The
magnitude of both TSI, on all timescales, and the 27-day sotational variability at UV, visible
and infra-red wavelengths, is well quantified by observetiand reproduced by models. Sunspots
and faculae drive irradiance variations on daily to centdrtrmescales, and a change in the solar
cycle variability, following SORCE observations, would ra@guheir intrinsic wavelength depen-
dent intensities to change. However, variability on ratadl timescales at all wavelengths and the
well-quantified solar cycle TSI changes would have to be eoresl. This is highly unlikely, but

does not preclude the possibility that the SORCE magnituderiect.

To investigate SORCE solar cycle spectral changes over marehalf a solar cycle, we

extrapolate SORCE back to 1974 using the SATIRE-Solar irradiance model (see methods),



61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

with two essential requirements: (i) that the integrateelcsal irradiance, the TSI, is in good
agreement with the PMOD composite of TSI observations, @thét the UV solar cycle changes
of SORCE are conserved (see Methods). Figure 2a shows SATIRRISSSI (or ‘Lean’ model,

see methods) and extrapolated SORCE ('eSORCE’) from 1991 to ib@ddrated over 250-300
nm. Interestingly, from 2009 SORCE/SIM UV agrees well with $RE-S. We summarise the
impact of the different SSI from SATIRE-S and SORCE on the salalecozone response in Fig

1.

The solar cycle ozone response is usually extracted fromeopbservations using multi-
linear regression (MLR; see Methods). However, results aved widely. Early analyses gen-
erally showed a positive correlation throughout the midatlaosphere, with a peak amplitude of
~2% at 40 km £5 hPa)?’. Some recent studies have suggested a negative relapaatsiiound
50 km in the lower mesosphere (e.g. around -1.296-1.5% %4, -0.5% ) while others have not
(>+1%%%). Atmospheric models have shown that the negative sigradnsistent with the larger
UV variations from earlier versions of SORCE data, although firedicted magnitude reduces

with updated versions (e.g. from -1.6% with SOLSTICE versiorto -0.2% with version 19).

Uncertainties associated with both MLR analyses (e.g. tssipility of aliasing between
input proxies®®) and model simulations (e.g. their representation of parsprocesses and how
these respond to the Sun) mean that it has not been possitdertov the uncertainty range of SSI
variations. To circumvent these issues we calculate ozbaeges between 1991 and 2012 using

the full photochemical capabilities of the SOlar Climate @zd.inks (SOCOL; see methods)
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chemistry-climate model (CCM) forced by nudged dynamicatiigtom ERA-Interim reanalysis
data (see methods). We note that the uncertainties in tHeedppeteorological fields can lead
to inaccuracy in the ozone trend definition. For example, BR&rim, applied here, is known to
have an unrealistic negative trend in annual mean resigweglling averaged over 38—-30N &,
though ref ¥ focused on altitudes below 10 hPa32 km), and ERA-Interim confined to the
equatorial region is similar to MERRA and JRA-55 reanalysess dltiference relates mostly to
the shallow branch of the Brewer-Dobson Circulation, whike gipper branch is well reproduced.
An increase in lower stratosphere tropical upwelling~}00% strongly affects ozone below 20
hPa (27 km), though only by about 2% above this le¥&lIWe estimate that even a 5% error in
the lower stratosphere tropical upwelling should not lead visible impact above 10 hPa, which

is the focus of this study.

We perform three simulations, the first using a solar-mimmmonstant-Sun. Zonal-mean
tropical ozone at 1.6 hPa from that simulation is shown byrédaecurve in Fig. 2b and compared
with the Stratospheric Water and OzOne Satellite Homogeni3WOOSH) ozone observational
datase#’ in black. The model reproduces well the overall magnitudéhefsemi-annual vari-
ation and inter-annual variability shown by the measurdmeiihe difference between the two
curves, shown in Fig. 2c by the grey curve (with a 24-montmiug mean in black and shaded 1

uncertainty range), clearly indicates a solar cycle signtie observed data.

The other two model simulations use varying SSI from the -S model and from eS-

ORCE, as exemplified in Fig. 2a. Differences between thesdaiimns and the constant-Sun run
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are shown in Fig. 2c by the blue and green curves respecti®dyh show a solar cycle influ-
ence, although SATIRE-S is of smaller magnitude than SWOOQ8H&ORCE is inverted at this

altitude, consistent with the larger UV variations.

We perform MLR (see Methods) throughout the 30-0.25 hPadabpegion; the nudged
simulations provide a clean output, free of model interraiability, eliminating the need for
ensemble simulations to detect the solar signal. We pertbensame analysis on the SWOOSH
and the Global OZone Chemistry And Related Datasets for tretdSpthere (GOZCARDSY
ozone datasets. Fig. 3 shows that the simulation using SABREMore like the results from the

measured data than that using eSORCE.

To further test the robustness of these results we compalti@méar photolytic trends between
solar minimum and solar maximum over two solar maximum-tolmum periods: 1991/07—
1996/05 and 2002/02—-2008/12. We remove the dynamical nsgploy subtracting the constant-
Sun simulation from the other simulations and observed ettayone datasets (as in Fig. 2c),
leaving a residual photolytic response. Additionally, welude data from SBUV-Merged and
SBUV-Mod'?® ozone datasets in the latter period, but not prior to 2002tdisteps in the data
where there is a change in the underlying instrument daid S8 OOSH has too many data gaps

to consider the 1996-2002 period (see Fig. 2c).

We calculate the linear trends and uncertainties from thiduals (see methods). The results
are shown in Fig. 4. Caution is needed for results above 1 hBdatge diurnal cycle in ozone (up

to 10%%%) means that observations from different times of the daylnede adjusted to ensure



121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

137

138

139

140

this is taken into account: SWOOSH does not extend beyondal the GOZCARDS authors

advise cautio®; and the SBUV merged datasets do not correct & it

The residuals of all four ozone datasets show broadly thes safar cycle ozone response,
peaking at~4 hPa; the SBUV responses are slightly smaller than GOZCARDRISSMAWOOSH
above 10 hPa and are not significantly different from zeroval2dhPa. GOZCARDS and SWOOSH
agree with each other in both time periods, except at 4 hPaenthe earlier period has a larger
response; the 1991-1996 UV change was larger than for 2008-&hd may explain some of this
difference. The fact that the solar cycle ozone respongesianilar in both solar cycles indicates
that the intrinsic properties of features driving solarleydV changes remained similar in both
periods and it is, therefore, unlikely that the behavioutha® Sun’s spectral variability changed

significantly between cycles.

Fig. 4 also shows SORCE and SATIRE-S simulation results as gmeeblue shading, re-
spectively (shading encompasses the linear trend fittimgesrors of both periods, which have
similar magnitudes). The actual solar cycle responseulztd by taking the difference of six-
month means at solar maximum and solar minimum, agree witl@nuncertainty of the trend
fitting, showing that linear fitting is appropriate. The rdthding represents NRLSSI for 2002—
2008 only. The merged ozone dataset residuals, for botlogsrreveal statistically significant
results that do not agree with the simulation using SORCE ab&/kePa and, rather, have similar

ozone profiles to those using SATIRE-S and NRLSSI.

The simulation profile shapes in Fig. 4 differ from Fig. 3 besathe dynamical solar re-
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sponse is included; the lower altitude positive responseramgative response higher up are in-
dicative of a slowing of the Brewer-Dobson circulation in @gment with theor§. Subtracting
the constant-Sun (not shown) from the SATIRE-S and SORCE msdjilee photolytic responses

similar in shape and magnitude to those in Fig. 4.

Overall, we find that the ozone observations are not comgisteth SORCE UV solar cycle
changes. Our novel analysis provides a unique assessmepectral solar cycle changes and
strongly supports suggestio#st¥14that SORCE solar cycle trends at longer UV wavelengths,
using SIM above 247 nm, are unlikely to be correct. Our stusy shows that SATIRE-S spectral
changes, which are similar to older observations from UARSI®, produce ozone changes more

consistent with observations.

Solar UV variability influences the climate near Earth’sface through heating the middle
atmosphere and subsequent dynamical coupling betweetrabh@sphere and troposphere. Details
of the changes in the UV spectrum are crucial to the mechaniswolved and to the resulting
impacts. A recent studs?, concerned with the potential for declining solar activitymitigate
global warming, has shown that the effect on near-surfacgéeature in the North Atlantic de-
pends sensitively on the choice of UV spectrum and our woggesits that the effect is probably
at the lower end of those considered in that study. If clinmatelels are not able to reproduce
the observed signals at the surface using the weaker UV elahgay be that they are missing
some necessary mechanism(s). A better knowledge of SSlbi#s is essential to advance our

understanding of how the Sun influences surface climate agkitmo so in future.



161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

Methods

SSI datasets.: Four SSI datasets were used: constant-Sun using the mef98&f11-2009/01
from SATIRE-S; SATIRE-S model; NRLSSI model; extrapolatedFEZE. Each dataset was bias

corrected to give the same absolute fluxes as SATIRE-S at wersmimum in 2008.

SATIRE-S and NRLSSI solar models. SATIRE-S is a semi-empirical solar modéktonstructed
using time-independent model intensities of sunspotsjd&and the quiet-Sun. SATIRE-S agrees
with TSI observations better than any other TSI model, répces rotational variability well and
shows good agreement with UARS/SUS#solar cycle variability below 400 ni§i*4. The Naval
Research Laboratory Spectral Solar Irradiance (‘NRLSSI'L@an’) model®3, has previously
been the standard solar irradiance input in climate studi#8LSSI is an empirical model con-
structed by regressing the rotational variability from UABSLSTICE observations with indices
for facular and sunspot contributions and scaling this éogtblar cycle variability (coefficients of
variability for wavelengths longer than 400 nm are caladaising model atmospheres regressed
with the indices and scaled so the full integral gives theeamrTSI). Compared to SATIRE-S,
NRLSSI displays slightly lower solar cycle UV variabilityah SATIRE-S above 250 nfiv? (see
Fig. 2a). SATIRE-S and NRLSSI cover wavelengths from the 1156000 and 120 to 100 000

nm, respectively.

SORCE data. We use SORCE data from SOLSTICE v13 below 247 nm and SIM v20 batwee
310 and 1598 nm; the changeover at 247 nm was chosen due & bahelations of SORCE/SIM

with SATIRE-S at and above this wavelength (see below). We tiait the more recent releases,
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SIM v22 and SOLSTICE v14, show nearly identical UV solar cyiknds for the 2004-2008
extrapolation period. Newer versions of SIM and SOLSTICEnsBabstantial differences with

respect to earlier versioi$

Extrapolated-SORCE (eSORCE) solar irradiance data. To construct the extrapolated-SORCE
(eSORCE) from the SORCE observational record (2003-preserstalde period is needed to
regress against and make a reliable extrapolation. Unfatély, SORCE is not stable at all times
with respect to proxies, e.g. F10.7 cm radio flux, Mg Il indexgd models. Here, we use SATIRE-S
as the basis for extrapolation because it shows very goaskagmt in the UV with the aforemen-

tioned proxie$*~.

Our aim is to reconstruct SORCE-like solar cycle, multi-ygagciral variations. The spec-
tral, 27-day, rotational variability is in good agreementhwthe SATIRE-S model at almost all
wavelengthg=, but this short-term variability can interfere in the caétion of regression coef-
ficients. Therefore, we regress only the smoothed time sefiSORCE with SATIRE-S for the
extrapolation, and add the rotational variability of SATHSEonto the extrapolated product. We
detrend SIM version 20 and SOLSTICE version 13 data at eacklemagth by smoothing with a

gaussian kernel with aslwindow of 135 days (i.e. 5-solar rotations).

In Supplementary Figure 1, we show four examples of smodB@ECE time series plotted
(left axes) against SATIRE-S for (a) SOLSTICE (blue colouns16 nm, (b) SOLSTICE and
SIM (red/orange colours) at 247 nm, (c) SIM at 311 nm and (&) &t 499 nm, relative to the

mean value of the time series. Light colours represent tinies to 2004/09/01, medium colours

10
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between 2004/09/01 and 2008/08/31, and dark after 20C8B/084 black, the F10.7 cm radio flux
is plotted (right axes) against SATIRE-S (dotted, solid aash@d for the same three time periods,
respectively). The steps in gradient are clear after 2@J810 The difference in gradient prior to
2004/09/01 is clearer only in comparison to SIM. In contr&XTIRE-S shows similar behavior
to the F10.7 cm radio flux at all wavelengths, i.e. returnimgimilar activity levels after 2008
as before (although at 499 nm the scatter at maximum is lageshould be expected at non-UV
wavelengths). Therefore, the change in gradient betweelexys a part of SORCE and makes

extrapolation of the full time series problematic.

We note that the gradient prior to 2004/09/01 is larger in $ih for the period from 2004
to 2008. If the gradient from the whole period prior to 2008evesed, this would enhance ozone
destruction and lead to a more negative ozone responselppies stratosphere (see Figures 1 and
4). Itis appropriate to use the 2004—2008 period for extedmm for several reasons: the period is
relatively stable, using this period leads to a more corse estimate of the upper stratospheric
0ozone response (i.e., less negative), and this is appreedyrthe period used for studies into the

impact of SORCE-like UV solar cycle change4! 22"

Combining SOLSTICE and SIM data can only be done above 240 rom fwhere SIM
is available. The uncertainty in the SOLSTICE long-term drabove 285 nm is larger than the
solar cycle variatiof. There is currently no consensus among the SORCE instrumientists
on where to make the transition from SOLSTICE to SIM in wavgtar(personal communication,
Marty Snow), so based on agreement with respect to SATIRE3E $he correlation coefficient

with respect to SIM exceeds SOLSTICE here, we choose the ebaagwavelength at 247 nm. In

11



222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

addition, we note that earlier studies, investigating theact of SORCE fluxes on the atmosphere,
applied SIM from 200 nn$182430and 240 nmit?2:22 so our choice is consistent with these
studies. We extrapolate all wavelengths from 115 to 310 rsmguthe regression coefficients
calculated with respect to SATIRE-S, to the period 1974-20h4Supplementary Figure 2, we
show the percentage change between three-month averagesicen 2004/09/01 and 2008/08/31
from the original (SOLSTICE, black; SIM, grey) and extragethSORCE (green) datasets and
SATIRE-S (blue). While the extrapolation is not perfect innegucing the variability at every
wavelength, the general spectral behavior is in good ageaems exemplified by the horizontal
lines which represent the integrated flux change for SOLST(kl&ck, dashed) and eSORCE

(green, solid) for 176—242 nm, and for SIM (grey, dashed)e®@RCE for 247-310 nm.

Above 1598 nm, SIM time series show large jumps and monotwaitds for the whole
period, though the absolute change is small. Since theratisg)flux in SIM above 1598 nm shows
very little variability relative to TSE, it is reasonable to use SATIRE-S for these wavelengths,
which also shows little variability. For the 310-1598 nmiogg we regress SIM to SATIRE-S as

for the UV wavelengths.

At this stage, there is full coverage from 115 to 160,000 nroweler, the change in total
solar irradiance from the spectral integral does not agrige tive PMOD TSI composite. This
is because the large inverse visible and infrared trendscomgensate for the large UV trends.
Since we need to achieve good agreement with the PMOD cotepafsiTSI, and maintain the
SORCE UV variability, we decrease the cycle trends in the 33981nm range with a single

factor of 0.15, determined by minimising the differencehwispect to the PMOD TSI composite.

12
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Now, the integral is in reasonable agreement with the PMOmDpmsite at all times, as seen in
the smoothed time series in the bottom panel of SupplemehRigure 3. Here, ‘SORCE’ is the

integral of SOLSTICE below 247 nm, SIM from 247 to 1598 nm, aAdIRE-S above.

The final step is to add the rotational variability of SATIREeBiginally removed by the
smoothing applied earlier. This completes the eSORCE datS8sgplementary Figure 3 shows,
from top to bottom, eSORCE (green) for 176—242 nm, 250—-300 06%400 nm and TSI (smoothed
only) for the full period, compared to SATIRE-S (blue) and trgginal SORCE data (black,
smoothed; grey, daily). It is clear that the extrapolati®eansistent and in good agreement with
SORCE during the overlap period (except for the magnitude ahgh in the 400-700 nm band,
and TSI, which now agrees well with the PMOD TSI CompositeOBEE, therefore, provides a
consistent dataset that gives a good estimate of SORCE-likahildy for three full solar cycles
that can be useful to investigate the impact of SORCE-likeliarace changes on a climate relevant

timescale.

Ozone Data. A summary of the ozone merged datasets, and an intercoronpaase given by
ref [¢]. These data are monthly, zonally averaged, homogenisedias-corrected ozone datasets
spanning 1984-2013, typically covering latitudes betw&&® and 48 N. All datasets were inter-
polated onto the SOCOL model pressure levels. Data were thsrcbrrected to the constant-Sun

simulation mean values for the six-month average centrad@®ecember 2008 solar minimum.

Nudged Chemistry Climate Model. SOCOL uses the ECHAM-5 atmospheric general circula-

tion model with a resolved stratosphere and online couptenistry module (MEZON§®. We

13
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use the Stratospheric Processes and their Role in ClimateRSPhternational Global Atmo-
spheric Chemistry (IGAC) Chemistry Climate Model Initiative (CQM® boundary conditions
and external forcings (except for the Sun). We nudge thdoiyrtand divergence of the wind
fields, temperature, and surface level pressure with ER&dmt*’ between 1983 and 2012, only
considering data from 1991 to 2012; 1983-1990 are congideyenodel spin-up years. A run was

also performed using the NRLSSI model for 2002—2010; spimapfor 1994—2001.

Trend analysis. We perform linear trend analysis using the non-parametniliSen trend esti-

mation, which is more accurate than a standard linear reigregor non-gaussian data.

Multi-linear regression. We have applied Multiple Linear Regression (MLR) similar tf] €]
using the 10.7 cm radio flux as a solar proxy, stratosphermsaéoptical depth (SAOD) for vol-
canic eruptions®, an ENSO indexX® representing El Nio Southern Oscillation variability, and
two modes of the Quasi-Biennial Oscillation (QBO; extractgdpbncipal component analysis
(PCA) from the residuals of our regression model excluding Q&gessors and AR2 zonal mean
zonal winds betweer-10°N and 10 to 50 hPa) and the Equivalent Effective Stratosph&hio-
rine (EESC) for chlorine loading. To avoid the auto-corhelatof residuals we use an iterative
algorithm to model residuals as a second-order auto-reigeeprocess (AR2). Statistical signifi-
cance of the regression coefficients was evaluated witlestt-iVe found similar results using a
more robust ‘bias-corrected and accelerated’ (BCA) bogistescentile methot! based on 10000

samples, which does not assume the data distribatjomori.

Code availability The SOCOL model code is available on request.
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Data availability. The eSORCE dataset is available on request.
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Figure 1 lllustration of photolytic solar cycle ozone respo nse. The solar max-min
photolytic ozone response to integrated-UV below 242 nm (left column) produces ozone.
Below 320 nm (middle), O3 photolysis leads to catalytic loss of Os if the O does not
recombine with O,. The resultant response (right) is approximately the sum of these ©.
The far larger SORCE changes at ozone destroying wavelengths more than compensates
for the larger UV changes at shorter wavelengths, leading to a negative response higher
up, while SATIRE-S is positive at all altitudes. Pressure levels are illustrative of Figure 4.

Percentages are the relative solar cycle changes.

Figure 2 Solar irradiance and ozone timeseries. (a) Daily and smoothed 250-300
nm integrated spectral irradiance for SATIRE-S (blue) and NRLSSI (red, smoothed only)
models, and SORCE/SIM observations (black) and extrapolated-SORCE (green; dashed
lines bound extrapolation period); the bar represents 1% variability. (b) 1.6 hPa (~43 km)
zonal ozone (20°S—20°N averaged) from SWOOSH (black) and constant-Sun simulation
(red). (c) Residuals from the constant-Sun simulation for SWOOSH (monthly, grey; 24-
month running mean, black; 1o uncertainty, shading), SATIRE-S (blue) and extrapolated-
SORCE (green). SWOOSH is bias-shifted by 0.26 ppm to the constant-Sun simulation

around 2008. Vertical bars indicate solar maxima/minima (solid/dotted).

Figure 3 Ozone response from multi-linear regression betwe en 1991 and 2012.
Solar cycle mean responses and 20 uncertainties for SWOOSH and GOZCARDS ozone
composites (dot-bar) and for SORCE (green line and shading) and SATIRE-S (blue line
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430

431

432

433

434

435

and shading) simulations. The ozone response is in term of 100 solar flux units of the

10.7 cm radio flux, ~80% of the solar cycle.

Figure 4 Solar cycle maximum to minimum ozone response from li near fitting. The
extracted solar cycle ozone change using Theil-Sen trend analysis (20 error bars) from
the residuals of the constant-Sun simulation (e.g. in Fig 2c) with ozone time series for
1991/07-1996/05 (dashed, circles) and 2002/02—-2008/12 (solid, filled circles). SWOOSH
(black) and GOZCARDS (orange) are given for both periods, SBUV-Merged (pink) and
SBUV-Mod (purple) for the latter period. SATIRE-S (blue) and SORCE (green) shading
combines the 20 errors from both periods with the change between six-month averages

at maximum and minimum; NRLSSI is shown for the latter period.
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