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Answer to anonymous Referee #1

We thank the Referee for her/his comments and suggestions. We answer point by point in the following with the Referee’s
comments added in red/italics. Text added to the revised version of the manuscript is included here in blue/italics.

This interesting and well written study addresses the impact of the choice of solar forcing model versus choice of CCM model
through an ANOVA analysis of annual mean response rates. Although the study itself is performed under controlled conditions
(no forcing from particles, no solar cycle, yearly means, ...) it sheds new light on the relative impact of the model choice and
solar spectrum choice on heating rates, ozone, etc. In particular, the study highlights the influence of the CCM choice on the
upper mesosphere and the impact of the prescribed solar forcing in the FUV on the response of the upper stratosphere and
lower mesosphere. This excellent work is definitely worth publishing in ACP.

General comments

p3 line 10: the amplitudes are added... If the reference ATLAS3 spectrum underestimates the SSI in some spectral band, then
this means that the departure from the true spectrum will affect all reconstructions, thus impacting the climatological state of
the atmosphere. This effect may be significant in the visible and near-IR where Delta-SSI is relatively small as compared to the
uncertainty on the reference spectrum. Although you briefly mention this in the conclusions I would recommend to address this
issue (if it is one) here already because what follows heavily relies on the ATLAS3 reference spectrum.

In the introduction (page 2, lines 27-35; page 3 lines 1-4) the effect of differences in the spectral distribution between SSI data
sets on the simulated temperatures are briefly discussed when the atmospheric state during solar mininimum is modelled:

Besides their solar cycle response on the thermal structure and dynamics of the middle atmosphere, the different spectral dis-
tribution of a SSI data set can also have an impact on the averaged middle atmospheric temperature, as was found in studies
comparing different SSI data sets. It was shown that differences in the energy distribution during the solar minimum phases of
individual SSI data sets may cause significant differences in the simulated temperatures in the middle atmosphere (e.g., Zhong
et al., 2008; Oberlinder et al., 2012). Even when scaled to the same TSI, the variable spectral distribution of energy within the
SSI data sets can cause significant changes of the simulated climatological temperatures in the middle atmosphere. As shown
in Matthes et al. (2017), climatological annual mean middle atmospheric temperatures in the tropics can be up to 1.6 K lower
when using the CMIP6 recommended SSI data set instead of NRLSSII.

This can be translated to the common solar minimum references state that is used as a base line for the maximum state of the
five SSI data sets in this study.

p3 line 10: The SORCE dataset has received considerable attention (e.g. Haigh et al., 2010, https://doi.org/10.1038/nature09426)
because of its anomalous solar cycle variability. Alas, it is implictly excluded from your analysis because of the considered
time interval. Yet, I would still mention it here because of the continuing debate.

The SORCE SSI data are not included in our study, as it is not suited for modelling studies which usually span several decades.
We have mentioned some studies using the SORCE SSI data in the introduction of the revision.

The deviant solar cycle behaviour of the SORCE measurements has motivated a number of CCM studies (e.g. Haigh et al.,
2010; Merkel et al., 2011; Ball et al., 2011, 2016, Swartz et al., 2012) comparing simulations prescribing SORCE (Solar
Radiation and Climate Experiment) SSI data and reconstructed SSI of the Naval Research Laboratory SSI (NRLSSI) or the
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Spectral And Total Irradiance REconstructions (SATIRE) model.

p3 line 15: here it is important to give a physical flavour of why your ANOVA analysis can be useful, e.g. by mentioning that it
is closely connected to regression analysis. Just saying that you're the first to use it does not help much in understanding what
it is about.

The method of multiple linear regression and the ANOVA method are based on the same linear statistical model, assuming
constant variances and a Gaussian distribution of the residuals. However, the purposes of the ANOVA as applied in this study
and regression differ. Here, the ANOVA method is used to analyse whether there is a statistical significant difference between
the mean values of a data set when grouped according to some kind of treatments. In our case two treatments are applied, and
the data set (the annual mean solar responses) are grouped by SSI data set and CCM. The purpose of a regression analysis is to
find relationships between a response (dependent) data set and independent data sets. Both methods have in common that they
allow to estimate the portion of variance that can be explained either by the treatments or the independent data sets.

We have changed the sentence introducing the ANOVA in the Introduction, added some references, and have added a sentence
that explains the main purpose of the ANOVA in our context.

To separate the influence of the SSI data sets and the CCMs on the solar responses in SW heating rates, temperature and ozone,
a two-way analysis of variance (ANOVA) method (e.g Fisher, 1925; von Storch and Zwiers, 1999) has been applied. While the
ANOVA is a well established method in many scientific fields, it is used rarely in the field of climate research (e.g Geinitz et al.,
2015; Evin et al., 2019). Here we use ANOVA for the first time to quantify the uncertainty of the atmospheric response to
decadal solar variability. The ANOVA-approach enables us to analyse if the usage of different CCMs or different SSI forcing
datasets yields significantly different solar responses and to quantify which share of the total variance of the ensemble’s solar
response is related to either of the two factors (called treatment in the ANOVA-context).

p8 line 16: please replace "solar signal” by solar signature or similar because you are not really considering a signal, rather
perpetual conditions.

To reflect the time slice character of our simulations, the term “solar signal” is replaced by "solar response” throughout the
manuscript.

In this whole section the question that immediately arises is to what degree the modulation of that solar forcing by the 11-year
cycle can affect your conclusions, e.g. through coupling with the NAO or, more generally, with the lagged ocean response.
Please explain if and how these effects may impact your conclusions.

The 11-year solar cycle responses from transient simulations, which are usually extracted by multiple linear regression or com-
posite analysis, as these simulations contain the full range of natural variability. However, the extracted solar signals are often
quite similar compared to the solar responses from time slice simulations for solar maximum and minimum. We do not expect
large differences of the 11-year solar cycle responses for transient simulations in the upper stratosphere to upper mesosphere.

p9 line 24: Here a brief rationale of why the ANOVA approach is pertinent is a must. Most readers are familiar with multilinear
regression analysis, so that this analogy can be easily exploited. Please also give some adequate references (e.g. H. von Storch
and F. W. Zwiers, Statistical analysis in climate research, Cambridge Univeristy Press, 2002) and above all, explain in more
physical terms what you are trying to quantify with your https://www.overleaf.com/project/5¢636cd609eeae000174ea02ANOVA
analysis. I also recommend to cite some climate studies that illustrate the use of ANOVA analysis in climate studies, such as
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the early https://doi.org/10.1357/0022240943076911 or the more recent https://doi.org/10.1002/joc.3991

We have added some additional references, related to previous application of ANOVA in climate studies, in the introduction.
To better motivate the usage of the ANOVA, we have added this short paragraph at the beginning of Section 5.

The averaged solar response discussed in Section 4 is supposed to be different with respect to the SSI data set prescribed and
with respect to the CCM applied in each run. From the differences in the SSI amplitudes in the broad bands shown with Table
1 we expect the solar responses to be slightly different for each SSI data set, as we do for each of the CCMs. As the method of
regression analysis can be used to calculate the fraction of the variance explained by a regressor, the ANOVA can quantify the
fraction of explained variance by a certain factor.

One additional request: why a two-way analysis? Again, for those who are unfamiliar with ANOVA analysis, I recommend to
motivate these choices here and then defer to the appendix for technical details.

The two-way ANOVA is a natural choice in light of our experimental setup where two CCMs apply five SSI data sets in the
same way. This allows us to group the complete data set of annual mean solar responses by CCM and SSI data set. We have
added an explanation to the manuscript.

The two-way ANOVA is used, as there are two treatments influencing the annual mean solar responses. As these treatments are
not applied independently the interaction of CCMs and SSI data sets has to be taken into account.

p9 line 25: Why consider annual means only and not separate seasons (e.g. DJF) for which we know that the sensitivity may
be higher ? Yearly averages tends to smear these seasonal differences.

The analyses of the seasonal differences is intended in Part II of the study which will focus on solar impacts on dynamical
parameters of the atmosphere. This is now mentioned in the main text at the end of the introduction.

In this Part I of our study we concentrate on the annual mean solar response in heating rates, temperature and ozone, while
Part 11 (in preparation) focuses on the dynamical solar and auroral responses in northern winter.

pl7 I would suggest to mention as well the comparisons between the different spectral irradiance models and ozone observa-
tions (e.g. Ball et al., 2016, https://doi.org/10.1038/ngeo2640) which, broadly speaking, support your conclusions or at least
do not contradict them.

We have cited the study of Ball et al. (2016) in a different Section, as it is not directly related to the solar response in total ozone.

p21 line 20: The investigation of more recent periods, instead of the 1989-1994 comparison would allow to better constrain
the SSI variability (with SOLAR-ISS as you mention, but also other observational datasets such as AURA-OMI) and better
overcome the main source of uncertainty in the solar forcing, which comes from the FUV range.

The motivation for selecting the solar amplitude 1989-1994 is now better motivated in Section 2. We have added a comparison
of the selected solar amplitude with an averaged solar cycle amplitude over the satellite era, to show that it can serve as repre-
sentative for recent solar cycles.
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Compared to other solar cycle amplitudes in the satellite era (see Table SI in the supplement) the one used in the paper is
neither especially weak nor especially strong. The averaged ASSI is shown in Figure 2a with the error bars indicating the
95% confidence interval of the AS ST within each spectral region. The main characteristics of the solar amplitude chosen for
the paper are also present in the averaged solar cycle amplitude. These are the small solar amplitude of SATIRE-T in the FUV
and most of the ranking of the SSI data sets within the spectral regions. The deviations of the solar cycle amplitude from the
averaged solar cycle amplitude is shown in Figure 2b. All deviations are within the range of the 95% confidence intervals.
Therefore the selected solar cycle amplitude can be regarded as representative for most of the solar cycle amplitudes of the
satellite era.

p23 line 15: Most ANOVA studies focus on the F ratio although one could also consider the coefficient of multiple determina-
tion R (e.g. von Storch and Zwiers, p. 176) which, arguably, gives a better physical picture. Did you consider it?

The F-statistics are used to estimate the probability (p value) that is plotted in Figure 1. The hatching denotes insignificant (i.e.
p values larger than 0.05) differences between the solar responses when grouped according to CCM or SSI data set.

Technical corrections

Title: since this is part 1, what should we expect to find in part 2? The manuscript does not really tell this.

The study is entitled "Part I" and deals with annual mean quantities, as the "Part II" of the study is analysing the impacts on the
dynamics especially in the winter seasons and also includes the impact of auroral forcing. Currently Part II, with the working
title "Quantifying uncertainties of climate signals related to the 11 year solar cycle - Part II: Dynamical impacts of irradiance

and auroral forcing", is in preparation. We have added the following sentence to Section 1:

In this Part I of our study we concentrate on the annual mean solar response in heating rates, temperature and ozone, while
Part 11 (in preparation) focuses on the dynamical solar and auroral responses in northern winter.

p4 line 27: the appropriate reference for the Bremen MgII is Snow et al., 2014 (https://doi.org/10.1051/swsc/2014001 )
The reference "Viereck et al. (2001)" is now replaced by "Snow et al. (2014)".

po line 10: observations

Done.

p35 Legend of Fig 4: does not pass — do not pass

Done.
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Answer to anonymous Referee #2

We thank the Referee for her/his comments and suggestions. We answer point by point in the following with the Referee’s
comments added in red/italics. Text added to the revised version of the manuscript is included here in blue/italics.

General comments

The subject of this paper, i.e., identifying and quantifying sources of uncertainty in modeled atmospheric response to 11-year
variations in SSI, is compelling and the basic tools (2 sets of CCM simulations, SSI data sets, application of well-established
ANOVA statistical methods) are appropriate. The use of a common reference SSI data set for solar minimum and application
of relative changes in SSI informed by the different data sets makes sense. There are several areas (identified below) where
the present manuscript does not provide enough information to allow the reader to understand this work and its implications.
These areas can be summarized as follows: (1) Context — why did the authors undertake this study, and what solid, quantitative
conclusions does this study offer that will be of use to other researchers, (2) The advantages and limitations of the ANOVA
approach — the limitations in particular need to be clarified; (3) Presentation — some figures and some of the discussion were
difficult to understand, some reorganization and revision is warranted to improve the overall readability of the manuscript.
These areas should be addressed in a revised manuscript before I can recommend publication.

Major Comments

1. The title of the manuscript is not very descriptive. It should probably be stated somewhere in the title that this is a modeling
study. One could read this title and think this is an observational study of variations in climate (e.g., surface temperatures,
precipitation patterns, etc.), rather than a very specific examination of how sensitive middle atmospheric processes in CCMs
are to imposed variations in SSI related to the 11-year solar cycle. The title also says this is Part I, but I do not understand why
this is so. What will part Il be about, and why does this need to be a two-part study?

We changed the title. It now explicitly includes a hint to CCMs, to avoid misunderstanding.

Quantifying uncertainties of climate signals in Chemistry Climate Models related to the I1-year solar cycle. Part I: Annual
mean response in heating rates, temperature and ozone

The study is entitled "Part I" and deals with annual mean quantities, while "Part II" of the study is analysing the impacts on the
dynamics especially in the winter seasons and also includes the impact of auroral forcing. Currently Part II, with the working
title "Quantifying uncertainties of climate signals related to the 11 year solar cycle - Part II: Dynamical impacts of irradiance
and auroral forcing", is in preparation. We have added the following sentence to Section 1:

In this Part I of our study we concentrate on the annual mean solar response in heating rates, temperature and ozone, while
Part 11 (in preparation) focuses on the dynamical solar and auroral responses in northern winter.

2. The authors have undertaken a very ambitious task requiring a lot of detailed statistical analysis. After reading the intro-
duction, it is still unclear to me why this study is being performed.

There are numerous modelling studies dealing with the 11-year solar cycle response, as mentioned in the introduction. All these
studies rely on one specific SSI data set (not necessarily the same one) and employ different CCMs. The motivation for our
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study is (i) to provide a robust estimate of 11-year solar cycle responses as derived as the ensemble mean after employing two
different CCMs and five different SSI datasets and (ii) to provide quantitative estimates of the relevance of these two factors
(regarding the uncertainty) in this context. The following paragraph is added to the Introduction.

The SSI data prescribed in the models are the second source of uncertainty when modelling the solar response. Shapiro et al.
(2011) investigated the influence of the 27-day variations of four different SSI observations on the chemistry of the upper meso-
sphere in a 1D radiative-convective chemistry model. The deviant solar cycle behaviour of the SORCE (Solar Radiation and
Climate Experiment) measurements has motivated a number of CCM studies (e.g. Haigh et al., 2010; Merkel et al., 2011; Ball
etal, 2011, 2016, Swartz et al., 2012) comparing simulations using prescribed SORCE SSI data with reconstructed SSI of the
Naval Research Laboratory (NRLSSI) or the Spectral And Total Irradiance REconstructions (SATIRE) model.

The authors state (page 2 line 8) that we have a good understanding of the chemical and dynamical processes, but discrepan-
cies between the observed and modeled responses remain? What is not stated is how big these discrepancies are, and why they
are important within the larger context of climate modeling.

We have added the following sentence to the Introduction.

The variability induced by the 11-year solar cycle SSI and TSI variations is part of the natural variability of the climate system.
Besides the ability of GCMs and CCMs to model the right climatological state of the atmosphere and their chemical species, it
is also an important aspect of climate models to realistically reproduce this natural variability.

Some more quantitative discussion of these discrepancies in the introduction are needed. For example, page 2 line 25 states
there is “large model spread* — how large is this and why is it important? Is this spread larger than uncertainties in
observational-based estimates of 11-year variations related to solar forcing?

A quantitative statement about the range in simulated solar responses is now included.

The simulated solar response in annual mean tropical (25°S-25°N) temperature (1960-2004) near the stratopause ranges
from 0.45 to 1.4 K, whereas the SSU satellite data (1979-2005) show 0.85 K for a comparable height region, and ERA-40
reanalyses (1979-2001) show 1.4 K. The annual mean solar response in ozone mixing ratio for the same region and time frame
shows less model spread with an ozone increase of 2% in the upper stratosphere, which is in good agreement with observations.
Towards lower altitudes the model spread increases and discrepancies to the observations get larger (SPARC CCMVal, 2010).

3. The discussion of the "top down* vs. "bottom up‘“ mechanisms (page 2 lines 13-25) should be condensed and revised to
clearly state that this study is focusing entirely on the “top down” effect. The “bottom up” effect relies not only on changes
in TSI but also on a very complex interaction between ocean and atmosphere, and it should be stated that the present study
cannot address this mechanism with the model simulations presented here.

The nature of an introduction section should be to introduce the reader into the broad scope of the topic (in this case the
response of CCMs to the 11-year solar variability and its uncertainty). To include other pathways of the solar influence is
therefore justified. The "bottom up" mechanism is only briefly introduced to distinguish from the more important "top down"
effect for completeness, and no link is made here to the goals of our study.

4. The ANOVA method finds the largest uncertainties in the upper mesosphere, but I don’t think any of the observational studies
cited in the Introduction deal specifically with the upper mesosphere. From what’s presented in the manuscript, it’s unclear
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how quantifying these upper mesospheric uncertainties are directly relevant to improving our understanding of climate signals.

Also taking into account your comment "3." in the section "Additional comments, revisions, suggestions" we have added a
paragraph to the introduction, dealing with studies of the 11-year solar response in the mesosphere.

Model intercomparions as CCMVal-2, CCMI, and CMIP5 focus on the solar response in the troposphere and stratosphere.
Higher up in the mesosphere where shorter wavelength are not absorbed yet the irradiance variations over the 11-year solar
cycle are even larger and have a large effect on atmospheric trace gases like H;O and CO,, producing large solar responses
in HO,, CO and also effecting O3 by subsequent catalytic cycles. These effects in the mesosphere are analysed by a number of
modelling studies (e.g. Marsh et al., 2007; Merkel et al., 2011, Beig et al., 2012).

Looking at Figure 2, it appears that in the stratosphere (where most of the ozone resides and where this "top-down" mecha-
nism dominates), the details of the SSI input don’t really matter — you get essentially the same modeled response (excluding
SATIRE-T), i.e., any differences are smaller than the internal model variability. If this is the case, this should be clearly stated
in the abstract and in Section 7.

This is correct and it is now explicitly stated in the abstract and the summary/conclusions section.

Added to abstract:

However, in the region of the largest ozone mixing ratio, in the stratosphere from 50 to 10 hPa, the SSI data sets do not con-
tribute much to the variability of the solar response when the Spectral And Total Irradiance REconstructions-T (SATIRE-T)
SSI data set is omitted.

Added to summary/conclusions section:
In the region of largest ozone mixing ratio, in the stratosphere from 50 to 10 hPa, the SSI data sets do not contribute much to
the variability of the solar response when SATIRE-T is omitted.

5. Appendix A describes the ANOVA method. I am not an expert in this field, so my comments here are for clarification rather
than criticism.

a. My understanding is that part of the ANOVA approach is to construct a model describing the sources of variance, making
certain assumptions about what these sources are, and then testing this model to see how much of the variance is explained.
The model should be described and listed in equation form — is it a two way model with interaction?

The statistic model describing the solar responses is now given in equation form in the appendix (new equations Al and A2).
The interaction term, describing the variances that are emerging by the interaction of the two treatments (CCM and SSI data
set), is included in equation A3.

The anomalies x5, are the individual solar responses, and their fluctuations around the averaged solar response T can be
described as

Tijk =T+ (T;—T)+ (T; —T)+ (Ti; —T; — T; + T) + €5k
=T+ a; + B +%ij + €k
with o; the deviations of the averages of the two CCMs from the overall average T; 3; the deviations of the averages of simula-

tions applying the five SSI data sets from ; vy;; the deviations of the averages of the individual simulations T;;, T;, and T; from
T; and €5}, the random fluctuations that cannot be explained by «;, 3, or v;j. The null hypotheses (Hy) are that the averaged
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solar response does not depend on the CCM (Hy 1 : o; = 0), the applied SSI data set (Hy o : B; = 0), or the interaction of
CCM with applied SSI data set (Hg 3 : v;; = 0). We apply the two-way ANOVA to test the validity of these hypotheses.

Is there a specific term for variance from random error?

The term describing the variance from random error is also included in equation A4 as S'S,,.
S8 =554+ SSv+S5Spa5 + 5SSy

b. With regard to figure 1, center and right columns, it’s clear that not all the variance is being explained by the SSbB (center)
and SSDA (right) terms. This is alluded to on page 10 line 1-2, where the authors state that the random contribution is largest.

c. For a complete description of the problem, would it be better to limit figure 1 to the annual mean responses, and construct a
new figure 2 listing all terms of the ANOVA model so we can see all relevant terms (e.g. the treatment A term treatment B term
and the interaction term)?

As recommended by the Referee, we have divided Figure 1 into a part showing only the averaged solar responses (new Figure
3) and a part showing the results of the ANOVA, including also the part of the variance that can be explained by the interaction
of the two treatments (now Figure 4).

Compared to R, o and R, p the fraction of explained variance by the interaction of SSI data set and CCM (R, ap) is only
small. Some significant differences of the solar responses in SW heating rates and ozone are explained by the interaction in the
upper mesosphere, and near the stratopause for temperature.

It would be most helpful if the description of current Figure 1 middle and right columns referred directly to the terms and
equations in the Appendix so we know for sure what is being plotted, i.e. middle column is SSbB term equation A3, etc. Also
the hatched areas in the middle column for SSl/temperature and SSI/ozone are extremely hard to see, making it difficult to
understand what is and isn’t significant.

We revised the discussion of the ANOVA results. The terminology of the Appendix is now explicitly used.

d. Please explain in more detail how degrees of freedom were determined. The CMIP6 data set is an average of NRLSSI2
and SATIRE data sets, so it’s not an independent member of the K=B group. Shouldn’t this affect the degrees of freedom that
ultimately impact the significance tests with the F statistic?

The degrees of freedom are calculated as required for a two-way ANOVA. This is now described in the appendix in more
detail. We agree with the Referee on the problem that the CMIP6 SSI data set is not an independent SSI data set, as it is build
by averaging the NRLSSI2 and SATIRE-S SSI data sets. When decreasing the degrees of freedom for the group K=B by 1
(dfnp = 3,df,ap = 3) the statistical significance is affected. We now have set df,,g = 3,df, 45 = 3 for the revised version,
but the differences to the previous calculations are only marginal.

The degrees of freedom of the model are calculated as
dfa= ni—NaNp
dfnx = Nk —1
dfpap= (Na—1)(Np—1).
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These are the degrees of freedom within the groups (df ;) which is the degrees of freedom of the denominators when calculating
the F-statistics (Equation Al5), df, ki the degrees of freedom between the groups, and df,ap the degrees of freedom of the
interaction between the treatments which are the degrees of freedom of the nominators in Equation Al5. Note that the CMIP6
SSI data set depends on the SATIRE-S and NRLSSI2 data sets and therefore cannot be counted as an independent SSI data set.
For the calculations of the degrees of freedom we use Ng = 4.

e. Outside of the upper mesosphere, it seems like the SSI changes and CCM differences together don’t explain the majority of
the variance in the total sum of squares. What does this mean? Is this analysis meaningful? Should we conclude that differences
in SSI reconstructions or differences in details of model photochemistry or spectral resolution in the SW heating aren’t that
important relative to the random model variability?

We are convinced that it is still meaningful to do the two-way ANOVA even if the majority of the variance is caused by ran-
domness. There are large regions outside the upper mesosphere where a significant part of the variances can be explained by
the usage of different SSI data sets of the different CCMs, even if the majority of the variance is due to randomness.

6. Section 7 needs revision as noted below:

a. First page 19 lines 12-25 repeat what has already been said in the introduction and could be removed or condensed signifi-
cantly.

Due to the nature of a summary section, some recurrences can not be avoided.

b. Page 19 line 17: it is stated that SSI data sets provide largest fraction of solar cycle variance in the upper stratosphere/lower
mesosphere (30% for heating rate, 30% for ozone, 10 % for temperature) but that is not strictly true. The majority of the
variance is unexplained, wrapped up in an interaction term or some other manifestation of random model variability. I think
it would suffice to say that the SSI differences explain up to 30% in variance in heating and ozone, and only 10% in temperature.

We agree with the Referee and have added the following paragraph in Section 7.

However, in the upper stratosphere/lower mesosphere the largest fraction of solar cycle response variance is random and not
related to differences in SSI data sets or the applied CCM.

c. Page 21 lines 5-13: The discussion of the total ozone effects is confusing, and does not seem to produce any specific con-
clusions. The sentence "Distinct differences in TCO anomalies between the CCMs are also reflected by the relatively large
Jfraction of the anomaly variability that can be explained by differences between the CCMs" seems circular and it’s not clear
to me what the authors are trying to say.

The ANOVA of TCO shows the largest contributions of the CCM treatment to the explained variability of the anomaly in
regions with systematic differences between the CCM’s TCO anomalies (i.e. in high southern latitudes and in northern mid-
latitudes).

The word "reflected" is now replaced by "expressed".

The finding that WACCM and EMAC models have lower percentage of TCO response from p > 16 hPa compared to one obser-
vational study (Hood 1997) does not seem to be directly relevant to the state purpose of this study, especially since by design
these CCM simulations do not have realistic decadal variations in lower atmosphere forcing (i.e., fixed repeating monthly
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mean SST’s, etc).

We agree with the reviewer that we miss a part of the variability without transient forcings. But even though the simulations
do not capture the full scope of natural variability, we are convinced to receive ANOVA results of the TCO and partial column
ozone that are relevant within the scope of this study. Our main purpose, to quantify the part of the variability of the solar
response that can be explained by SSI data set or CCM, is also achievable with the time slice setup of our study.

It’s clear from Figure 8 that the ANOVA method cannot disentangle variance related to SSI and model transport in the lower
stratosphere.

That the SSI data sets have nearly no effect on the lower stratospheric ozone column is also a result worth showing.

Based on what’s presented in this paper, it would make sense to keep Figure 6, omit Figures 7 and 8 and related discussion,
and summarize your findings (i.e., that statistically significant attribution of TOC variance related to SSI or CCM differences
as you've defined them is not possible due to large internal model variability).

As justified in our responses to the two preceding remarks, we want to keep the related material in the manuscript.

d. Page 21 lines 14-19: Based on the discussion here, it’s not clear why a two-way ANOVA approach is warranted compared
to a 1-way (SSI changes) approach. Basically, you are saying you don’t think you have fully sampled the "CCM spread" as it
is referred to here. So why is 2-way justified? This might be a good place to note the importance of experimental design when
using ANOVA that could help guide future investigations.

We believe that it is useful to apply a two-way ANOVA with only two CCMs, as we do not demand to draw a general con-
clusion with respect to the influence of CCMs on the solar response. The null hypotheses of the ANOVA are that there are no
significant influences by the usage of five different SSI data sets in the CCM simulations (i.e. by treatment K = A) or by the
two CCMs (i.e. by treatment K = B) or the interaction of both treatments. This study was initiated within a national research
project where two project partners could apply either EMAC (FUB) or WACCM (GEOMAR), thus we were forced to limit our
analysis to two CCMs. Although, ideally it would be desirable to apply a wide range of CCMs, this option is quite unrealistic
within a national research project.

Additional comments, revisions, suggestions

1. Abstract: It should be noted somewhere in abstract that you are using time slice integrations based on 1989-1994 differences
in SSI.

The experimental set up is now described in more detail in the abstract:

The solar response is derived from climatological differences of time slice simulations prescribing SSI for the solar maximum
in 1989 and near the solar minimum in 1994. The SSI values for the solar maximum of each SSI data set are created by adding
the SSI differences between November 1994 and November 1989 to a common SSI reference spectrum for near solar minimum
conditions based on ATLAS-3 (Atmospheric Laboratory of Applications and Science-3).
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2. Page 1 line 16: can you define middle atmosphere?
We have rephrased this sentence slightly and skipped the term *middle atmosphere’.

Solar ultraviolet (UV) radiation is largely absorbed in the stratosphere and mesosphere, thereby heating these regions and
forming the ozone layer, filtering the most harmful part out of the solar spectrum and protecting life on Earth.

3. Page 2 line 3: the authors cite one reference here (McCormack and Hood), but there are a lot of subsequent studies on
observed solar cycle variations that should also be referenced.

Additional references are now included: Soukharev and Hood, 2006; Randel and Wu, 2007; Maycock et al., 2016; Ball et al.,
2019.

As mentioned above, observational studies for the mesosphere in particular would be good, since this is where you end up
seeing the biggest impact of SSI differences. For example, Beig at al JGR 2012 (https://doi.org/10.1029/2011JD015697).

The study of Beig et al. (2012) is now cited in the new paragraph included in the introduction, discussing modelling studies of
the solar responses in the mesosphere. We have added:

Model intercomparions as CCMVal-2, CCMI, and CMIP5 focus on the solar response in the troposphere and stratosphere.
Higher up in the mesosphere where shorter wavelength are not absorbed yet the irradiance variations over the 11-year solar
cycle are even larger and have a large effect on atmospheric trace gases like HoO and COq, producing large solar responses
in HOy, CO and also effecting O3 by subsequent catalytic cycles (e.g. Marsh et al., 2007; Merkel et al., 2011, Beig et al., 2012).

NRLSSI1 NRLSSI1
—— NRLSSI2
NRLSSI2
—— SATIRE-T |
—— SATIRE-S 60 SATIRE-T

10* 1 — CMIP6

SATIRE-S
CMIP6

10°

ASSIin %

10!

1072

P 0 4
’ 120 160 200 210 280 320 360 400 410 480 520 560 600 610 680 720 760 121.5 121-200 201-242 243-380 381-780
wavelength in nm wavelength in nm
(a) Solar Cycle 22 (descent-2) (b) Broad bands Solar Cycle 22 (descent-2)

Figure 1. (a) Solar cycle SSI variations from Nov. 1989 to Nov. 1994 relative to Nov. 1994 (ASST) in % for wavelengths ranging from
FUYV to the VIS bands; (b) as in (a) for the Lyman-a (121.5 nm), Far-UV (121-200 nm), Herzberg continuum/Hartley bands (201-242 nm),
Hartley-/Huggings-bands (243-380 nm) (multiplied by a factor of 10) and visible (381-780 nm) (multiplied by a factor of 100).
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4. Section 2: It would be most helpful to have a plot comparing the different SSI data sets somehow. Is it possible to plot the SSI
differences relative to the ATLAS solar min values over a range of UV wavelengths. This would illustrate for the reader how
differences among the different data sets compare to the overall 11-year max-min differences. Since the change in SSI from
solar max — min is strongly wavelength dependent, this might be more informative than Table 1 that averages over very large
intervals.

Figure 1 is now included in the manuscript, showing the SSI changes from November 1989 to November 1994 relative to Nov.
1994 for wavelengths ranging from 120-780 nm (new Figure 1a) and Figure 1b showing ASST in % as in Table 1. There is
not much new information added by this Figure, as the ASST of the integrals over broad bands in Table 1 summarize the main
message, but we agree with the Referee that a visualisation can highlight the differences among the SSI data sets.

5. Section 3.1: Why are the QBO treatments different? What observed winds are used for the relaxation in EMAC and for what
period of time?

We have to admit that the different treatment of the QBO in the two models is the result of a lack in coordination. However,
there is a (weak) reason why the QBO-treatment is different for the two models for the specific type of experiments as analysed
in our study. As a reminder, we performed timeslice-experiments for year 2000 forcings. For EMAC this was done by starting
the simulations in model year 1995 and running them towards model year 2045. For the relaxation of the zonal wind in the
equatorial, lower stratosphere in EMAC the QBO data set of the FU-Berlin is used that is based on radiosonde observations
at stations near the Equator (Canton Island, Gan, Singapore). The observed QBO time series is used from January 1995 to
November 2011 of the 50 years EMAC time slices. The time period from December 2011 to December 2044 is covered by
subsequently adding compatible segments of the observed QBO. For WACCM, the standard setup for this type of timeslice
experiment starts simulations in model year 1. This was done for our study, too. We integrated the model over model years
1-48. Regarding the QBO-nudging it would have been possible to use a representation of the observed QBO. WACCM offers
the possibility to do so for any simulation period via spectral coefficients, essentially repeating the observed QBO-timeseries
forward and backward in time. Given the generally idealized nature of our timeslice simulations, the modeling group respon-
sible for the WACCM-experiments refrained from using this approach (basically extrapolating a QBO-timeseries almost 2000
years back in time) and made use of the WACCM default procedure for timeslice simulations that is using an idealized QBO
with a fixed period of 28 months as described in the cited study of Matthes et al., 2010. We agree that it would have been better
to properly coordinate this element of our experiments, avoiding this difference between EMAC- and WACCM-simulations.
However, most importantly, the identical QBO-nudging has been used for the respective solarmin- and solarmax-experiments
of each of the two models. Hence, the differences between solarmin and solarmax which are further analysed in our study are
purely a result of differing solar activity.

In doing ANOVA, experimental design is very important. Were these CCM simulations designed and performed especially for
this study, or is this study using simulations that were generated previously. This could be helpful to note in the paper. If these
were simulations already generated, this paper is more of a proof of concept on how to apply ANOVA and how perhaps future
multi-model CCM experiments should be designed in order to best use the ANOVA method.

All EMAC and WACCM simulations in this paper have been made explicitly for this study. The intention was to apply a setup
as close as possible for both the EMAC and WACCM simulations. As explained above, with respect to the QBO-nudging the
setups are slightly different, as explained above. We have added a short statement to the introduction to Section 3.1.
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All EMAC and WACCM simulations have been made explicitly for this study, to ensure that the differences in the solar re-
sponses are exclusively related to the SSI data set prescribed or the CCM applied, and not due to differences in the scenario.

6. Figure 4 and related discussion in the text could be removed. In its present form, it doesn’t add much information, especially
since I'm not sure how much data ERAS uses in the upper stratosphere/mesosphere, meaning the ERAS fields could be very
model-dependent themselves, and not the best standard to compare with.

We disagree with the referee on this point, as a comparison of modelling results with a common base can always be helpful to
identify potential problems. Comparing to ERAS, the cold bias of EMAC in the tropical UTLS that affects water vapour in the
stratosphere and mesosphere can be identified.

It might be more illuminating to directly compare differences in zonal mean T, zonal wind, and ozone between WACCM and
EMAC.

For a direct comparison of zonal mean T and ozone please see Figure 5b and 5c. The comparison of the zonal mean zonal wind
is omitted, as this quantity is not in the scope of this paper.

7. Page 9 line 33 — I really can’t see the grey hatching in Figure I very well. Is it possible to plot it another way? Maybe only
plot significant values?

The grey hatching is now changed to cross hatches to strengthen the presentation of the non-significant regions.

8. Page 11, line 9: it is stated that the t test is and resulting error bars come from the complete ensemble but Figure 2 caption
states the error bars are for the WACCMX/EMAC CMIP6 simulations. Which is it?

We thank the referee to point to this inconsistency. The information in the Figure caption was outdated. The description in the
main text is correct. The Figure caption is now updated.

The 95% uncertainty error bar is given for the averaged solar response over the complete ensemble, calculated with a Student’s
t test.

9. Page 12: I'm not sure it’s worth reviewing Chapman cycle photochemistry here. If the authors wish to describe specific
reactions in detail, I would suggest using equation form rather than in the text, and perhaps put some of the more complex
reaction in an appendix?

Chapman cycle photochemistry is discussed here, as the differences in the SSI amplitudes of the adequate UV spectral regions
are directly related to the photochemical reactions involved.
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Answer to anonymous Referee #3

We thank the anonymous Referee for her/his comments and suggestions. We answer point by point in the following with the
Referee’s comments added in red/italics. Text added to the revised version of the manuscript is included here in blue/italics.

1 find the study of high interest and worthy of publication. I do provide some comments below for consideration. In brief,
these focus firstly on the solar irradiance dataset aspect of the study. I find the adoption of a common spectrum from which to
baseline differences in the solar cycle "amplitudes’ of the various datasets novel. Secondly, the messaging of the study could
be improved to provide the background of why the study was undertaken.

SSI comments

a. The general reader may be unclear why it was necessary to use 5 different SSI datasets, or why you chose the ones you did,
or even that there isn’t agreement across SSI datasets on longer time scales (observed or modeled). I would suggest adding a
paragraph or two to improve the messaging behind your study, probably in the Intro or in Section 2.

We have chosen these five SSI data sets, as they are available for long time periods. Therefore they are of special interest for
climate modellers in simulations that cover these long time periods. We have added this sentence to the introduction of Section
2.

The SSI/TSI reconstructions of SATIRE, NRLSSI/TSI, and the combination of both in the CMIP6 SSI/TSI data set, are the most
common SSI/TSI data sets used in GCMs and CCMs and, therefore, subject to our investigation.

b. I agree that TSI observations are relatively short (since 1978) and that SSI observation record is even shorter, nor full
spectral coverage, and has time gaps. However, your study does select a relative short period of time to investigate the im-
pacts of SSI over (1989-1994). Therefore, it begs the questions of why that particular time range and not another when full
spectrum observations existed (i.e. during the SORCE era) or even partial spectrum observations (265-500 nm) by the AURA
OMI instrument. In essence, I'm asking you to more directly draw the line between your "focused" study and the SSI dataset
needs of the model intercomparisons studies like CMIP6 which require full spectrum and very long time coverage. This leads
to necessary use of modeled SSI datasets, which have differences between them and with observations. It would be helpful to
bring the discussion of the Coddington et al and Yeo et al. results (Page 6, line 7 through end of paragraph) in earlier in the
section for this reason.

We have moved the paragraph to the introduction of Section 2.

However, there is an ongoing debate about the reliability of TSI and SSI reconstructions. Coddington et al. (2019) compare so-
lar amplitudes of 11—year solar cycles in the satellite period produced with the NRLSSI2 and SATIRE-S for a number of broad
wavelengths bands to SSI amplitudes derived from the SOLID composite. In the FUV spectral region they report the highest SSI
amplitude for the SATIRE-S data set and a negative secular interminima trend over the satellite period in the SATIRE-S TSI and
SSI from the FUV to NIR spectral regions which is not present in any observational record or other TSI/SSI reconstructions.
Yeo et al. (2015) compare the SSI variability of NRLSSI1 and SATIRE-S with SSI observations over the satellite period and
report the low UV variability of NRLSSI compared to the SATIRE-S data set, whereas the latter is in better agreement to the
satellite SSI observations.
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c. I do like that you’ve chosen a single spectrum to adopt as a common baseline for solar minimum conditions. I feel that’s
quite novel. I am concerned, though, that the manuscript doesn’t adequately address how this approach might impact results.
You do say that a reference baseline would lead to a certain climatology state (end of page 13 to page 14) and that differences

from that baseline, as would occur from using SOLAR-ISS as the reference, would result in a different climatology. However, is

it necessarily true that the solar response variations are truly linear from an adopted baseline? Maybe more clear way to ask
is whether gas phase reaction rates or water vapor abundances that you mention on page 14 might "bottom out" or "max out"
if the baseline climatology/temperature was too high or too low? I would also suggest bringing this discussion up earlier, in
addition to where it is in the conclusions.

It is true that the adaptation of atmospheric processes and gas phase chemical reactions to a different reference spectrum or a
different solar cycle amplitude is not necessarily linear. However, the differences in the reference spectrum or the solar cycle
amplitude are relatively small and the expected changes in temperature should not be that large to reach "bottom out" or "max
out" effects in the chemistry.

We have moved the discussion about alternative reference spectra and different solar cycles to Section 2. The respective part in
Section 7 is shortened.

d. In conclusions you also discuss how choosing SC 22 (selected, I understand, because of time range of ATLAS 3 observations)
should be reflective of other solar cycles in the 21st century. You examined the irradiances in the Lyman alpha through UV

for the various SSI datasets with other solar cycles and found a linear relationship. Was that relationship with TSI magnitude,

sunspot number, or something else?

The nearly linear relationship of the SSI solar cycle amplitude applied in the paper with other solar cycle amplitudes refers to
the wavelength dependency of the scaling factor which can be used to convert one solar cycle amplitude to another. Within
one SSI data set there exist a nearly linear scaling factor for wavelengths from 121 to 280 nm among different solar cycle
amplitudes. We agree that this sentence is confusing and therefore have removed it.

To better classify the solar amplitude used in the paper, we compare it with other possible solar amplitudes. The Table 1 (Table
S1 in the supplement) includes the ASST and ﬁgﬁg of other solar cycle amplitudes. The average and the standard deviation
over these solar cycles is given in Table 2 (Table S2 in the supplement). We have added the following paragraph to Section 2.

The Figure 1 is now included in the manuscript as the new Figure 2.

Compared to other solar cycle amplitudes in the satellite era (see Table S1 in the supplement), the one used in this study is
neither especially weak nor especially strong. The averaged ASS1I is shown in Figure 2a, with the error bars indicating the
95% confidence interval of the ASSI within each spectral region. The main characteristics of the solar amplitude chosen
here are also present in the averaged solar cycle amplitude, such as the small solar amplitude of SATIRE-T in the FUV and
most of the ranking of the SSI data sets within the spectral regions. All deviations of the chosen solar cycle amplitude from the
averaged solar cycle amplitude are within the range of the 95% confidence intervals (Figure 2b). Therefore, the selected solar
cycle amplitude can be regarded as representative for most of the solar cycle amplitudes of the satellite era.



Table 1. Solar cycle spectral solar irradiance variations for Solar Cycles indicated in the first row relative to ATLAS3 (ASST) in % and

relative contribution of SSI changes to the TSI change ( ) in % for the Lyman-« (121.5 nm), Far-UV (121-200 nm), Herzberg contin-

ASST
ATSI

uum/Hartley bands (201-242 nm), Hartley-/Huggings-bands (243-380 nm) and visible (381-780 nm) spectral ranges.

Time period SSI dataset 121.5 nm 121200 nm 201242 nm 243-380 nm 381-780 nm
ASSI 2SS ASSIASS  ASSIASSL  ASSIASSI  ASSIASH
Cycle 21 NRLSSI1 45.602 0.214 | 11.373 0913 | 3.599 4300 | 0.311 20.748 | 0.109 55.521
descent NRLSSI2 51.609 0.228 | 11.668 0.882 | 3.360 3.778 | 0.402 25.251 | 0.095 45.247
Max:Dec.1979 SATIRE-T | 47.283 0.199 | 10.081 0.724 | 3445 3.684 | 0.592 35363 | 0.106 48.028
Min:Sep. 1986 SATIRE-S | 47.178 0.281 9907 1.008 | 2987 4.523 | 0477 40.368 | 0.069 44.130
CMIP6 49405 0.250 | 10.788 0932 | 3.175 4.080 | 0.440 31.585 | 0.082 44.785
Cycle 22 NRLSSI1 50.740 0.250 | 12.673 1.067 | 3.994 5.006 | 0.319 22315 | 0.104 55.470
ascent NRLSSI2 56.657 0.273 | 12.808 1.053 | 3.668 4.488 | 0.407 27.845 | 0.081 42.196
Max:Nov. 1989 SATIRE-T | 44.322 0.247 9454 0.899 | 3.235 4.580 | 0.529 41.801 | 0.075 45.107
Min:Sep.1986 SATIRE-S 59.989 0.331 12.634 1.191 | 3.756 5.269 | 0.576 45.149 | 0.070 41.540
CMIP6 58.338 0.300 | 12.722 1.117 | 3.715 4.855 | 0492 35938 | 0.076 42.139
Cycle 22 NRLSSI1 44286 0.266 | 11.067 1.137 | 3.482 5.324 | 0.268 22913 | 0.084 54.902
descent-2 NRLSSI2 50.377 0.291 | 11.388 1.125 | 3.257 4.788 | 0.354 29.039 | 0.066 41.415
Max-Nov.1989 SATIRE-T | 35.572 0.297 7.576  1.081 | 2.583 5486 | 0.407 48.288 | 0.047 42.340
Min:Nov. 1994 SATIRE-S 57.481 0329 | 12.090 1.183 | 3.601 5.244 | 0.552 44.874 | 0.068 42.130
CMIP6 53.943 0309 | 11.741 1.149 | 3.431 4997 | 0453 36.855 | 0.068 41.856
Cycle 22 NRLSSI1 49420 0.250 | 12.343  1.066 | 3.890 4.999 | 0.311 22.306 | 0.102 55.503
descent NRLSSI2 53.857 0.279 | 12.175 1.078 | 3.485 4.594 | 0.384 28.299 | 0.075 42.076
Max-Nov.1989 SATIRE-T | 46.024 0.233 9.820 0.848 | 3.363 4.321 | 0.557 39.972 | 0.085 46.134
Min:Jun. 1996 SATIRE-S 64.121 0304 | 13.546 1.096 | 4.044 4.869 | 0.629 42293 | 0.085 43.436
CMIP6 59.005 0.291 | 12.862 1.083 | 3.767 4.722 | 0.507 35.494 | 0.080 42.850
Cycle 23 NRLSSI1 40.457 0.286 | 10.116 1.223 | 3.177 5.716 | 0.237 23.772 | 0.070 53.692
ascent NRLSSI2 42.445 0.360 9.594 1388 | 2.730 5.879 | 0.274 32971 | 0.040 36.438
Max:Mar.2000 SATIRE-T | 27.988 0.383 5989 1.399 | 2.066 7.180 | 0.312 60.660 | 0.025 37.320
Min:Jun.1996 SATIRE-S | 49.546 0473 | 10446 1.704 | 3.041 7.380 | 0.439 59.580 | 0.034 35.442
CMIP6 46.007 0.407 | 10.021 1.514 | 2.887 6.492 | 0.357 44.849 | 0.037 35.713

Table 2. Solar cycle SSI variations for an average of five Solar Cycle amplitudes relative to ATLAS3 (ASST) in % and relative contribution of

SSI changes to the TSI change (ﬁ;gﬁ) in % for the Lyman-a (121.5 nm), Far-UV (121-200 nm), Herzberg continuum/Hartley bands (201-

242 nm), Hartley-/Huggings-bands (243-380 nm) and visible (381-780 nm) spectral ranges. & 95% CI indicates the confidence interval.

Time period | SSI dataset 121.5 nm 121-200 nm 201-242 nm 243-380 nm 381-780 nm
ASST 2531 ASST 2531 ASST 2531 ASST £53L ASST 2531
Average NRLSSI1 | 46.101 0253 | 11.514 1.081 | 3.628 5.069 | 0.289 22411 | 0.094 55.018
+95% CI 4576 0.029 | 1.138 0.127 | 0363 0.578 | 0.039  1.228 | 0.018  0.871
Cycle NRLSSI2 | 50.989 0.286 | 11.527 1.105 | 3.300 4.705 | 0.364 28.681 | 0.071 41.474
+95% CI 5931 0.053 | 1341 0203 | 0393 0843 | 0.061  3.098 | 0.023  3.533
SATIRE-T | 40.238 0272 | 8.584 0.990 | 2.938 5.050 | 0.479 45217 | 0.067 43.786
+95% CI1 9.150 0.079 | 1.945 0291 | 0.660 1.504 | 0.129 10.883 | 0.035  4.617
SATIRE-S | 55.663 0344 | 11.725 1236 | 3.486 5.457 | 0.535 46.453 | 0.065 41.335
+95% CI 7910 0.084 | 1.685 0302 | 0510 1.241 | 0.085  8.435 | 0.021  3.832
CMIP6 53340 0311 | 11.627 1.159 | 3.395 5.029 | 0.450 36.944 | 0.069 41.468
+95% CI 6.249 0.065 | 1362 0239 | 0411 0988 | 0.065 5392 | 0.020  3.792
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Figure 1. (a) Averaged solar cycle SSI variations for solar cycle amplitudes relative to ATLAS3 (ASST) in % for the Lyman-« (121.5 nm),
Far-UV (121-200 nm), Herzberg continuum/Hartley bands (201-242 nm), Hartley-/Huggings-bands (243-380 nm) (multiplied by a factor of
10) and visible (381-780 nm) (multiplied by a factor of 100) spectral ranges; with the standard deviation indicated as error bar. (b) Anomaly
of SSI variations for solar cycle 22 (descent-2) with respect to the averaged solar cycle shown in (a).

In the Coddington et al., 2019 paper you reference, their Tables 3 and 5 show a larger change in integrated SSI (in the 100-200
nm bin) from solar cycle to solar cycle than occurs in differences across some of the datasets you use in your study. Similar to
the above comment, you might want to bring this up earlier in Section 2 as well.

The values in the Tables 3 and 5 of Coddington et al. (2019) are given in W m~2 whereas the values of Table 1 in our study are
given as percentage changes. When the values of Coddington et al. (2019) for the SSI range from 100 to 200 nm are converted
to percentage changes, these value are not in contradiction to our values.

ASSI ASSI
| 2551 NRLSSI2 | 2251 SATIRE-S

Coddington et al. (2019) (100-200 nm) 1.17% 1.20%
Table 1 this study (120-200 nm) 1.13% 1.19%

The values of Coddington et al. (2019) are slightly larger, as they are calculated for the full descending phase of solar cycle 22
which ended in September 1996, whereas in our study we use November 1994 as solar minimum.

e. It’s possible this is jargon in the CCM community, but is it typical to use phrases of ’solar cycle response’ for simulations
where the transition from perpetual solar minimum to perpetual solar maximum is quite abrupt?

In this study, where time slice simulations for solar minimum and maximum conditions are analysed, it is justified to interpret
the significant differences between the time slice at solar maximum and solar minimum as the "solar response”. The only
parameters that changed are the prescribed SSI and TSI values.



10

15

20

25

30

35

40

General comments

Page 2, lines 24 — 29: The end of the one paragraph is focusing on the CCM model "spread” caused by differences in spectral
resolutions of the shortwave radiation parameterizations or photolysis in the models. The next paragraph begins with different
spectral distribution of the SSI data set also impacting CCM models. In the 2nd case, you are referring to the magnitude of the
SSI within a spectral bin and not differences in spectral resolution of the SSI observations, but this could easily be confused
during the transition of one paragraph to the next.

As requested by Reviewer 2, we have extended the paragraph about the model specific influences on the solar response. To
better separate the SSI data set influences on the climatological state from the model influence on the solar response, we have
added an introductory sentence.

The SSI data prescribed in the models are the second source of uncertainty when modelling the solar response. Shapiro et al.
(2011) investigated the influence of the 27-day variations of four different SSI observation on the chemistry of the upper meso-
sphere in a 1D radiative convective chemistry model. The deviant solar cycle behaviour of the SORCE measurements has
motivated a number of CCM studies (e.g. Haigh et al., 2010; Merkel et al., 2011; Ball et al., 2011, 2016, Swartz et al., 2012)
comparing simulations prescribing SORCE (Solar Radiation and Climate Experiment) SSI data and reconstructed SSI of the
Naval Research Laboratory SSI (NRLSSI) or the Spectral And Total Irradiance REconstructions (SATIRE) model.

Page 3, line 3-4: You end with "the effects of the 11-year solar cycle differences in spectral distribution and amplitude ...".
However, by adopting the common reference baseline spectrum, you have removed the effects of spectral distribution from the
study. It’s clear from your earlier text what you mean and that it’s just an error here.

The spectral distribution of the SSI amplitudes differs between the five SSI data sets. These charcteristics are preserved even
when a common reference SSI is used for the solar minimum.

Page 4, line 12: What type of scaling did you apply to make ATLAS 3 integrate to SORCE TIM TSI? Wavelength independent?
"The extended ATLAS-3 spectrum was then scaled to obtain ..."

The applied scaling is wavelength independent. The integrated original ATLAS-3 SSI data (0.1 to 2395 nm) amounts to 1330.2
W m~!. Adding the missing longer wavelengths requires (i) to scale the NRLSSI1 data set to the same SSI value at 2,395 nm
as ATLAS-3, and (ii) to scale the SATIRE-S data set to the same SSI value at 99,975 nm as the combined ATLAS-3/NRLSSI1
sata set before the three SSI data sets are combined. The combined ATLAS-3/NRLSSI1/SATIRE-S SSI data set results in a
TSI of 1382.9 W m~! and therefor the extended ATLAS3-3 SSI data are scaled with a constant factor of 0.9842, to achieve a
TSI of 1361.05 W m~!. We have changed the text to:

To assure smooth transitions at 2,395 and 99,975 nm, the NRLSSII and SATIRE-S data sets are scaled accordingly. The ex-
tended ATLAS-3 spectrum was then scaled with a constant factor to obtain the integrated TSI of 1361.05 Wm™2 ...

Page 4, line 20: Needs some clarification. The (facular brightening and sunspot darkening) indices themselves do not describe
the relationship between sunspots and faculae on the Sun’s disk and irradiance. The indices are derived from observations of
proxies of faculae and sunspots. It’s rather the scaling factors computed from the multiple linear regression of these indices
with SSI observations that are used to scale the change in faculae and sunspots into a net, wavelength-dependent, irradiance
change.



10

15

20

25

30

35

40

We have reformulated this description.

... based on the empirical, wavelength-dependent relationship between sunspot darkening and facular brightening on the solar
disk with SSI changes. Indices which are derived from observations and proxies for sunspot darkening and faculae are used in
regression models to determine the coefficients required to estimate the time-varying SSI changes.

Page 4, line 23: "The TSI changes are added ... " should be "The SSI changes are added.."

We are not sure about that. Maybe it is confusing that NRLSSI1 and NRLSSI2 are given in brackets? The intention is to em-
phasize the different TSI references in NRLSSI/TSI1 and NRLSSI/TSI2.

Page 4, line 27: While Viereck et al., 2001 is a perfectly appropriate reference for a general discussion of the Mg Il index,
the correct citation for the University of Bremen Mg II index reference is Snow, M., Weber, M., Machol, J., Viereck, R., &
Richard, E. (2014). Comparison of magnesium Il core—to—wing ratio observations during solar minimum 23/24. Journal of
Space Weather and Space Climate, 4, AO4. https://doi.org/10.1051/swsc/2014001

The reference "Viereck et al. (2001)" is now replaced by "Snow et al. (2014)".

Page 5, line 23-24: I am aware that CMIP6 SSI and TSI data are the average of output from NRLSSI2 and SATIRE-S. How-
ever, it’s unclear to me the relation of this is to your choice of using data from November 1989 and November 1994 in the study?

The main reason for choosing November 1994 as the base state for solar minimum condition is the timing of the ATLAS3 ref-
erence SSI data. With this choice of the solar minimum the natural choice was to take November 1989 for the solar maximum
condition, as the November 1994 is located in the descent to the ending solar minimum of cycle 22 in August 1996. So the
choice of this cycle is not related to CMIP6.

Page 6, EMAC section: I'm not an expert on CCMs but I find the description of EMAC difficult to read. It doesn’t flow as easily
as the following section on WACCM, and the acronyms aren’t defined. I would suggest some word—smithing to bring it up to
the same high quality as the rest of the paper.

The EMAC section is now slightly revised.

Page 7, between WACCM and section and the start of Section 3.1: Again because I'm not an expert on CCM’s, it would be
nice to have a summarizing sentence or two here as a take home message for the non-expert. Are these suitable models to com-
pare, and are there obvious reasons why their unique setup and execution would lead you to expect differences in their outputs?
We have included the following paragraph to the introduction of Section 3.

Both CCMs have a good spectral resolution of their SW radiation and photolysis parametrization and therefore are well suited
for this study. The main difference between EMAC and WACCM, as applied here, is WACCM'’s model top in the lower thermo-

sphere which allows for a better representation of the chemical processes in the upper mesosphere in WACCM.

Page 7, lines 27-28: One too many of each of the words, "both" and "simulations".
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One of these "both" is now deleted.

Page 9, Section 7: A general comment in this section is to make it is more clear that majority of the uncertainty, or spread,
in the CCM output comes from internal variability in the CCM’s. Only a fraction of the model spread can be attributed to
differences in SSI datasets or differences in the CCM’s themselves. (If [ understood correctly).

This is correct. It is stated in Section 5:

Note that the contributions of the variances explained by the SSI data set, the CCM, and the interaction of both in Figure 4 do
not add up to 100%, as often the random contribution to the total variance is largest.

In Section 7 we have added:

However, in the upper stratosphere/lower mesosphere the largest fraction of solar cycle response variance is random and not

related to differences in SSI data sets or the applied CCM.

Page 13, line 20: "... 10-40% of the variability of the solar signal [ insert of what component, heating rate, temperature, etc. |
in the stratosphere and ..."

We have added the additional information.

The differences in the SSI amplitude are responsible for 10% of the temperature, 30% of the ozone, and up to 40% of the SW
heating rate variability of the solar response in the stratosphere and lower mesosphere.

Page 20, line 8-10: Is there a transition in thought from the sentence ending on line 8 about the distinct differences that appear

Jfor SATIRE-T to the next sentence discussing how reduced solar cycle amplitude explain the weaker solar signals in tempera-

ture? Does that 2nd sentence also refer to SATIRE-T? If so, Table 1 shows that SATIRE-T has a stronger solar cycle amplitude
in the 201-242 nm range, not weaker.

The 2nd sentence also refers to SATIRE-T. The ASST and the ﬁf;g in Table 1 show opposing characteristics. Whereas for

SATIRE-T ﬁ?g is largest it is lowest for ASSI, and it is ASST which effects the solar responses in SW heating rate and

temperature.

Page 21, line 3-4: You provide support that downward transport of thermospheric photolysis reactants is needed to realisti-
cally simulate solar cycle effects. Is this a new finding for the CCM community? It seems to me that you might emphasize the
importance of this in guiding CCM model development and directing CCM advances.

We have added a remark on a possible 'upper boundary condition’ for thermospheric photolysis reactants for CCMs with a
model top in the upper mesosphere.

Some of these effects could be included in CCMs with a model top in the upper mesosphere by a thoroughly formulated upper
boundary condition, as already included for NOy, produced in the thermosphere by auroral and medium-energy electrons

Figures: I was finding that the significance hatching in the figures was very difficult to see, particularly in the middle and right
hand columns of Figure 1. However, when I look today, it’s much clearer on-screen. Perhaps it is just a problem with my printer.

We have changed the single hatching to double hatching.
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Abstract. Variations of the solar spectral irradiance (SSI) with the 11-year sunspot cycle have been shown to have a significant
impact on temperatures and the mixing ratios of atmospheric constituents in the stratosphere and mesosphere. Uncertainties
in modelling the effects of SSI variations arise from uncertainties in the empirical models reconstructing the prescribed SSI
data set as well as from uncertainties in the chemistry-climate model (CCM) formulation. In this study CCM simulations with
the ECHAM MESSy Atmospheric Chemistry (EMAC) model and the Community Earth System Model 1 (CESM1)-Whole
Atmosphere Chemistry Climate Model (WACCM) have been performed to quantify the uncertainties of the solar responses
in chemistry and dynamics that are due to the usage of five different SSI data sets or the two CCMs. We apply a two-way
analysis of variance (ANOVA) to separate the influence of the SSI data sets and the CCMs on the variability of the solar
response in shortwave heating rates, temperature and ozone. The solar response is derived from climatological differences of
time slice simulations prescribing SSI for the solar maximum in 1989 and near the solar minimum in 1994. The SSI values
for the solar maximum of each SSI data set are created by adding the SSI differences between November 1994 and November
1989 to a common SSI reference spectrum for near solar minimum conditions based on ATLAS-3 (Atmospheric Laboratory
of Applications and Science-3). The ANOVA identifies the SSI data set with the strongest influence on the variability of
the solar response in shortwave heating rates in the upper mesosphere and in the upper stratosphere/lower mesosphere. The
strongest influence on the variability of the solar response in ozone and temperature is identified in the upper stratosphere/lower
mesosphere. However, in the region of the largest ozone mixing ratio, in the stratosphere from 50 to 10 hPa, the SSI data sets
do not contribute much to the variability of the solar response when the Spectral And Total Irradiance REconstructions-T
(SATIRE-T) SSI data set is omitted. The largest influence of the CCMs on variability of the solar responses can be identified
in the upper mesosphere. The solar response in the lower stratosphere also depends on the CCM used, especially in the tropics
and northern hemispheric subtropics and mid latitudes, where the model dynamics modulate the solar responses. Apart from
the upper mesosphere, there are also regions where the largest fraction of the variability of the solar response is explained by

randomness, especially for the solar response in temperature.
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1 Introduction

Solar ultraviolet (UV) radiation is largely absorbed in the stratosphere and mesosphere, thereby heating these regions and
forming the ozone layer, filtering the most harmful part out of the solar spectrum and protecting life on Earth. Especially the
UV wavelengths from 120 to 380 nm are subject to variations with the 11-year solar cycle ranging between 50 and 0.5%,
whereas the respective total solar irradiance (TSI) variation is only about 0.07%. The response of the middle atmosphere to
the 11-year variations of solar activity has been addressed in numerous studies over the recent decades. Early studies were
confined to the lower stratosphere, using stratospheric analyses based on radiosondes (Labitzke, 1987; Labitzke and van Loon,
1988). Enhanced evidence for an effect of solar variability on middle atmospheric temperatures and constituents has been
achieved since satellite observations are available (e.g., McCormack and Hood, 1996; Soukharev and Hood, 2006; Randel
and Wu, 2007; Maycock et al., 2016; Ball et al., 2019). Modelling studies range from early investigations with 2-dimensional
atmospheric and chemistry models (Garcia et al., 1984; Haigh, 1994) and 3-dimensional’ general circulation models (GCMs)
(e.g., Matthes et al., 2004) to studies with advanced chemistry-climate models (CCMs) (SPARC CCMVal, 2010) and CCMs
coupled to an ocean model, as partly used within the 5th Coupled Model Intercomparison Project (CMIPS) (Mitchell et al.,
2015; Misios et al., 2015; Hood et al., 2015).

While a good understanding of the chemical and dynamical implications of the 11—year solar cycle on the middle atmosphere
has been achieved (e.g., Gray et al., 2010, 2013; Ermolli et al., 2013), there are still discrepancies between observed responses
to the solar cycle and modelling studies, as well as between different models. The variability induced by the 11-year solar
cycle SSI and TSI variations is part of the natural variability of the climate system. Besides the ability of GCMs and CCMs to
model the right climatological state of the atmosphere and its chemical species, it is also an important aspect of climate models
to realistically reproduce this natural variability. As explained in the following, there are two major sources for the uncertainty
in the modelled solar responses: differences in the model formulation such as for example the implemented UV radiation
parameterisations, photolysis schemes and dynamical characteristics of the models, and the prescribed solar irradiance data
set.

The impact of the 11—year solar cycle on the atmosphere can be separated into two parts: a) an influence via the absorption
of UV-radiation by ozone and oxygen in the middle atmosphere, with the direct solar heating?response inducing a dynamical
signal that propagates downward through the so-called “top-down” mechanism (Kodera and Kuroda, 2002), and b) an influence
based on the absorption of the visible and infrared parts of the solar spectrum at the surface (often expressed by variations in
TSI), which is amplified by the so-called “bottom-up” mechanism (van Loon et al., 2007; Meehl et al., 2009). A realistic
modelling of the “top-down” effect therefore relies on prescribing spectrally resolved solar irradiances (SSI) for the radiation
and photolysis parameterisations of the applied CCMs. The SSI variation over the 11—year'solar cycle leads to a modulation of
stratospheric ozone through photochemistry (e.g., Haigh, 1994; Ball et al., 2014), as well as variations of the heating rates in
the middle atmosphere through absorption of UV-radiation (e.g., Garcia et al., 1984).

It has been shown that the spectral resolution of the radiation parameterisation has a large impact on the 11-year solar

response of the short-wave (SW) heating rates and is one source of uncertainty in model simulations (Nissen et al., 2007;
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Forster et al., 2011). The SSI dependent changes in both ozone and"SW heating rates over the 11—year solar cycle determine
the resulting solar induced temperature signal. SPARC CCMValQ(ZOIO) identified a large model spread in solar responses for
ozone and temperature of 18 CCMVal-2 CCMs, mainly caused by differences in the spectral resolution of the SW radiation
parameterisations or the treatment of photolysis in the CCMs. The simulated solar response in annual mean tropical (25°S—
25°N) temperature (1960-2004) near the stratopause ranges from 0.45 to 1.4 K, whereas the SSU satellite data (1979-2005)
show 0.85 K for a comparable height region, and ERA-40 reanalyses (1979-2001) show 1.4 K. The annual mean solar response
in ozone mixing ratio for the same region and time frame shows less model spread with an ozone increase of 2% in the
upper stratosphere, which is in good agreement with observations. Towards lower altitudes the model spread increases and
discrepancies to the observations get larger (SPARC CCM Val, 2010).

Model intercomparisons as CCMVal-2, CCMI, and CMIPS5 focus on the solar response in the troposphere and stratosphere.
Higher up in the mesosphere, where shorter wavelengths are not absorbed yet, the irradiance variations over the 11-—year solar
cycle are even larger and have a strong effect on atmospheric trace gases, like H,O and CO3, where they produce large solar
responses in HO,, CO and also affect O3 by subsequent catalytic cycles (e.g. Marsh et al., 2007; Merkel et al., 2011; Beig
et al., 2012).

The SSI data prescribed in the models are the second source of uncertainty when modelling the solar response. Shapiro
et al. (2011) investigated the influence of the 27-day variations of four different SSI observations on the chemistry of the
upper mesosphere in a 1-dimesional radiative-convective-chemistry model. The deviant solar cycle behaviour of the SORCE
(Solar Radiation and Climate Experiment) measurements has motivated a number of CCM studies (e.g. Haigh et al., 2010;
Merkel et al., 2011; Ball et al., 2011, 2016; Swartz et al., 2012) comparing simulations using prescribed SORCE SSI data with
reconstructed SSI of the Naval Research Laboratory (NRLSSI) or the Spectral And Total Irradiance REconstructions (SATIRE)
model.

Besides its role for the solar cycle response of the thermal structure and dynamics in the middle atmosphere, a different
spectral distribution of a SSI data set can also have an impact on the averaged middle atmospheric temperature, as was found
in studies comparing different SSI data sets. It was shown that differences in the energy distribution during the solar minimum
phases of individual SSI data sets may cause significant differences in the simulated temperatures in the middle atmosphere
(e.g., Zhong et al., 2008; Oberlinder et al., 2012). Even when scaled to the same TSI, the variable spectral distribution of energy
within the SSI data sets can cause significant changes of the simulated climatological temperatures in the middle atmosphere.
As shown in Matthes et al. (2017), climatological annual mean middle atmospheric temperatures in the tropics can be up to 1.6
K lower when using the CMIP6 recommended SSI data set instead of NRLSSI1. Therefore, when isolating the pure effect of
the amplitude of SSI changes over the solar cycle, it is necessary to use a common SSI data set for solar minimum conditions
that serves as a baseline for adding the solar amplitude of the different TSI/SSI data sets. By adding the solar amplitude, i.e. the
differences of the TSI/SSI between the solar maximum and solar minimum state of the different SSI data sets, to the reference
state, the effects of the 11—year solar cycle differences in spectral distribution and amplitude of the individual SSI data sets can

be quantified in a more appropriate way than in previous work.
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of uncertainty: the specification of the 11-year solar cycle SSI amplitude and the models’ SW radiation and photolysis schemes

he aim of this study is to estimate the uncertainty of the solar cycle signal resulting from the two above described sources

and their dynamical characteristics. In this Part I of our study we concentrate on the annual mean solar response in heating rates,
temperature and ozone, while Part II (in preparation) focuses on the dynamical solar and auroral responses in northern winter.
We apply different SSI data sets in two CCMs, EMAC and CESM(WACCM), as described in Section 3 to identify regions
where significant differences in the solar responses can be attributed to differences in either the SSI data sets or the CCMs.
Both CCMs have participated and their solar responses have been evaluated in the'CCMVal-2 activity (SPARC CCMVal,
2010). Here, we use five different SSI data sets that are all based on empirical or semi-empirical models of SSI and TSI (see
Section 2 for more details). In contrast to previous studies, we use a common observation based reference SSI spectrum for
solar minimum conditions where the five SSI amplitudes are added to create the solar maximum forcings (s. Section 3.1).
After analysing the solar response of the ensemble mean and its variance in Section 4, the individual solar responses are
discussed in Section 5. To separate the influence of the SSI data sets and the CCMs on theQ solar responses in SW heating rates,
temperature and ozone, a two-way analysis of variance (ANOVA) method (e.g Fisher, 1925; von Storch and Zwiers, 1999)
has been applied. While the ANOVA is a well established method in many scientific fields, it is used rarely in the field of
climate research (e.g Geinitz et al., 2015; Evin et al., 2019). Here we use ANOVA for the first time to quantify the uncertainty
of the atmospheric response to decadal solar variability. The ANOVA-approach enables us to analyse if the usage of different
CCMs or different SSI forcing data sets yields significantly different solar responses and to quantify which share of the total
variance of the ensemble’s solar response is related to either of the two factors (called treatment in the ANOVA-context).
The climatological differences between both CCMs, that are partially responsible for differences in the solar responses, are
discussed in Section 5.2. In Section 6 the solar response in total column ozone and its variability are analysed, followed by a

summary and conclusions in Section 7.

2 Spectral solar irradiance data sets

The record of observed TSI covers a relatively short period of time, since the first satellite mission to monitor TSI was launched
in 1978. The record of SSI observations is even shorter and does not cover the solar spectrum continuously, as required for
climate modelling studies. The construction of a continuous SSI data set exploiting all available space-borne measurements
was only recently addressed by the “First European Comprehensive Solar Irradiance Data Exploitation project” (SOLID)
(Haberreiter et al., 2017). In order to perform multi-decadal simulations with GCMs and CCMs covering the recent past and
the near future, as done within CMIP5 and the Chemistry-Climate Model Initiative (CCMI), SSI and TSI data sets are needed
that are based on reconstructions with empirical models. Such models rely on SSI and TSI proxy data, which are available for
longer time periods. However, there is an ongoing debate about the reliability of TSI and SSI reconstructions. Coddington et al.
(2019) compare solar amplitudes of 11—year solar cycles in the satellite period produced with the NRLSSI2 and SATIRE-S
data sets for a number of broad wavelength bands to SST amplitudes derived from the SOLID composite. In the FUV spectral
region, they report the highest SSI amplitude for the SATIRE-S data set and a negative secular interminima trend over the
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satellite period in the SATIRE-S TSI and SSI from the FUV to NIR spectral regions which is not present in any observational
record or other TSI/SSI reconstructions. Yeo et al. (2015) compare the SSI variability of NRLSSI1 and SATIRE-S with SSI
observations over the satellite period and report a low UV variability of NRLSSI1 compared to the SATIRE-S data set, whereas
the latter is in better agreement to the satellite SST observations. The SSI/TSI reconstructions of SATIRE, NRLSSI/TSI, and
the combination of both in the CMIP6 SSI/TSI data set are the most common SSI/TSI data sets used in GCMs and CCMs and,
therefore, subject to our investigation.

The standard data set for TSI and SSI in recent model intercomparison studies like CMIP5, CCMVal-2, and CCMI was the
NRLSSI1 data set (Lean, 2000; Wang et al., 2005). This data set is known to have the lowest solar cycle variability in the
spectral range from 200—400 nm, compared to other SSI reconstructions and measurements (Ermolli et al., 2013). This is of
particular importance for the formation of ozone and the related heating rates in the middle atmosphere (Ermolli et al., 2013).
The low variability of the NRLSSI1 data set might lead to an underestimation of simulated 11-year solar cycle effects in global
models (Ermolli et al., 2013) and motivated the compilation of a new TSI/SSI data set to be used for CMIP6 (Matthes et al.,
2017) which is a combination of two data sets: NRLSSI2 (Coddington et al., 2016) and SATIRE (Krivova et al., 2009; Yeo
et al., 2014). In the following subsection we give a brief introduction of the SSI/TSI data sets applied in this study.

ATLAS3 based reference spectrum

©

The SSI data set used in this study for the solar minimum reference state between 0.1-2,395 nm is the Atmospheric Laboratory
of Applications and Science-3 (ATLAS-3) SSI reference spectrum (Thuillier et al., 2004), obtained during the third ATLAS
mission in November 1994 near the minimum of solar cycle 22. It is a composite spectrum that comprises SSI measurements
from instruments on three space platforms, including measurements with the SOLar SPECtrum instrument (SOLSPEC) and
the Solar Ultraviolet Spectral Irradiance Monitor (SUSIM) experiment on board of the space shuttle (see Thuillier et al.,
2004?f0r more details). The ATLAS-3 SSI data set covers wavelengths up to 2,395 nm only. We use the NRLSSI1 data
set for wavelengths between 2,395-99,975 nm and the SATIRE-S data set from 99,975-165,000 nm to extend the spectrum
to the infrared and to derive the TSI for the ATLAS-3 spectrum. To assure smooth transitions at 2,395 and 99,975 nm, the
NRLSSI1 and SATIRE-S data sets are scaled accordingly. The extended ATLAS-3 spectrum was then scaled with a constant
factor to obtain the integrated TSI of 1361.05 W m~2 for November 1994, derived from Total Irradiance Monitor (TIM) TSI
measurements on NASA’s Solar Radiation and Climate Experiment (SORCE) (Kopp and Lean, 2011). The resulting compiled
and scaled SSIQdata set serves as a reference state for solar minimum conditions to which the solar amplitudes of all other SSI

data sets have been added to get the respective SSI data sets for solar maximum condition.
NRLSSI

The Naval Research Laboratory (NRL) SSI models (Lean et al., 1997; Lean, 2000; Coddington et al., 2016) are based on the
empirical, wavelength-dependent relationship between sunspot darkening and facular brightening on the solar disk with SSI
changes. Indices which are derived from observations and proxies for sunspot darkening and faculae are used in regression

models to determine the coefficients required to estimate the time-varying SSI changes. The SSI changes of the empirical


Text eingefügt�
Text
"satellite period in the SATIRE-S TSI and SSI from the FUV to NIR spectral regions which is not present in any observational record or other TSI/SSI reconstructions."

Text eingefügt�
Text
"Yeo et al."

Text ersetzt�
Text
[Alt]: "The standard data set for TSI and SSI in recent model intercomparison studies like CMIP5, CCMVal-2, and CCMI was the 30" 
[Neu]: "(2015) compare the SSI variability of NRLSSI1 and SATIRE-S with SSI observations over the satellite period and report a low UV variability of NRLSSI1 compared to the SATIRE-S data set, whereas the latter is in better agreement to the satellite SSI observations. The SSI/TSI reconstructions of SATIRE, NRLSSI/TSI, and 5 the combination of both in the CMIP6 SSI/TSI data set are the most common SSI/TSI data sets used in GCMs and CCMs and, therefore, subject to our investigation. The standard data set for TSI and SSI in recent model intercomparison studies like CMIP5, CCMVal-2, and CCMI was the"

Text eingefügt�
Text
"10"

Text ersetzt�
Text
[Alt]: "11-year" 
[Neu]: "11–year"

Text eingefügt�
Text
"15"

Text gelöscht�
Text
"5"

Text eingefügt�
Text
"20"

Text gelöscht�
Text
"10"

Text eingefügt�
Text
"To assure smooth transitions at 2,395 and 99,975 nm, the NRLSSI1 and SATIRE-S data sets are scaled accordingly. The extended ATLAS-3 spectrum was then scaled with a constant 25 factor"

Text gelöscht�
Text
"15"

Text eingefügt�
Text
"30"

Text ersetzt�
Text
[Alt]: "20 changes. This relationship is decribed by indices, which are" 
[Neu]: "changes. Indices which are derived from observations and proxies for sunspot darkening and faculae are"



Schriftart „NimbusSanL-Regu“ geändert in „NimbusRomNo9L-Regu“.
Schriftgröße „8.51801“ geändert in „9.9626“.

Text ersetzt�
Text
[Alt]: "4" 
[Neu]: "5"


10

15

20

25

30

model are added to a quiet sun reference state, based on the WHI (whole heliosphere interval) SSI reference spectrum and
the ATLAS-1 measurements (Thuillier et al., 1998). The TSI changes are added to a quiet Sun reference state of 1365.5
W m~2 (NRLSSI1) and 1360.45 W m~2 (NRLSSI2), based on SORCE/TIM measurements (Kopp and Lean, 2011). The
required model coefficients are determined from a multiple linear'regression of the proxy time series on the observed TSI
from SORCE/TIM and observed SSI from SORCE/SOLSTICE and SORCE/SIM for NRLSSI2 and UARS/SOLSTICE for
NRLSSII1. For facular brightening the composite MG II index of the University of Bremen (Snow et al., 2014) and as index for

sunspot darkening the sunspot area as recorded by ground-based observatories are used (Lean et al., 1998).
SATIRE

The SATIRE (Spectral And Total Irradiance REconstructions) model (Krivova et al., 2009; Yeo et al., 2014) for the recon-
struction of SST and TSI is a semi-empirical model that is based on variations of the solar surface magnetic field. The intensity
spectra of the quiet Sun reference state, faculae, network, sunspot umbrae, and sunspot penumbrae are derived by applying a
radiative transfer code (Unruh et al., 1999; Yeo et al., 2014). The resultant SSI is given as a weighted sum of these five contri-
butions, where the weights (filling factors) are retrieved from magnetograms and continuum images that allow to estimate the
fractional solar surface that is covered by the brightening (faculae and network) and darkening (sunspot umbrae and penum-
brae) features. Two different data sets from the SATIRE model that both span a wavelength range from 115 — 160000 nm,
SATIRE-T (telescope era) and SATIRE-S (satellite era), are used in this study. Differences between SATIRE-T and SATIRE-S
arise from the estimation of the filling factor that describes the fractional surface coverage of the quiet Sun and the brightening
and darkening features. SATIRE-S relies on full-disc magnetograms and intensity images, which allow to reconstruct TSI and
SSI back to 1974. Satire-T (Krivova et al., 2010) is intended to reconstruct the SSI/TSI in the pre-satellite era when only lower
quality data for the estimation of the state of the photosphere are available. Whereas for SATIRE-S detailed information of the
photospheric structure can be used, it is assumed to be homogeneous for SATIRE-T. The SATIRE-T filling factors for sunspot
umbrae and penumbrae are calculated from the observed sunspot areas. The filling factors for faculae and network are derived
from the evolution of the solar photospheric magnetic flux estimated by a coarse physical model (Solanki et al., 2000). As our
study is based on the SSI/TSI data of November 1994, the most reliable reconstruction of the SATIRE model is given by the
SATIRE-S data set, however SATIRE-T is also included for comparison. The direct comparison of SATIRE-T and SATIRE-S
for the same time frame can be beneficial for modelling studies using SATIRE-T in the pre-satellite era (e.g., the Maunder

Minimum) and comparing to simulations for present-day conditions, which also use SATIRE-T SSI.
CMIP6 data set

The SSI and TSI data sets of the NRLSSI2 and SATIRE-S/T models, introduced in the previous sections, both cover the
required time span (1850-2300) for CMIP6 simulations, and have been widely tested in modelling studies. The new recom-
mended SSI/TSI data set for CMIP6 has been derived by averaging the NRLSSI2 reconstructions with the SSI and TSI of
SATIRE-S/T as described in detail in Matthes et al. (2017). As we only use data for November 1989 and November 1994, the
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CMIP6 SSI and TSI data consists of an average of output from NRLSSI2 and SATIRE-S.

[Table 1 about here.]
[Figure 1 about here.]
[Figure 2 about here.]

The quantification of the uncertainties of the solar responses in the CCMs is based on an exemplary solar amplitude with
decreasing solar irradiances from the maximum of solar cycle 22 in November 1989 to a state near the solar minimum in
November 1994, which is motivated by the timing of the ATLAS3 measurements. Table 1 gives an overview of the applied
SSI data sets with details of their percentage solar cycle amplitude in the Lyman-«, far-UV (FUV, 121-200 nm), UV in the
Herzberg continuum (partly overlapping with the Hartley-bands) (201-242 nm), UV in the Hartley-/Huggins-bands (243-380
nm), and the visible (381-780 nm) spectral regions. The first value (ASSI) represents the percentage SSI change from solar
minimum to maximum relative to the ATLAS3 solar minimum SSI in November 1994, and is also shown in Figure 1b. The
second value represents ASSI relative to the TSI change from solar minimum to maximum (2—%?) in %. Whereas ASSI
emphasises the large variability of the solar irradiance at Lyman-« and in the Schumann-Runge-continuum/-bands over the
11-year solar cycle, the ASSI weighted by ATSI emphasises the large solar cycle variation of absolute energy in the UV and
visible wavelengths. High ASSI variability in the FUV is leading to large increases in the photolysis of oxygen and water
vapour in the upper mesosphere during solar maximum. More important for the solar response of stratospheric ozone mixing
ratios are the two UV spectral regions. While the irradiance increases in the 201-242 nm spectral region lead to more oxygen
photolysis and subsequent ozone production in the stratosphere during solar maximum, the irradiance increases between about
243-380 nm lead to more ozone destruction through photolysis during solar maximum, further discussed in section 5.1. The
NRLSSI1 and NRLSSI2 data sets? have the lowest R22L ratio in the Hartley-/Huggins-UV-band among the SSI models used

ATSI
here, whereas the SATIRE-S data set shows the highest and has also the highest ﬁ;gg ratio in the Lyman-«, FUV, and Herzberg

continuum/Hartley bands spectral regions.

The magnitude of the applied solar amplitude in this study can be regarded as representative for the second half of the 21
century when the solar cycles 19 to 23 showed relatively large 11—year solar cycle amplitudes. However, the individual solar
cycles show different, spectrally resolved characteristics in their amplitudes, which also differ among the individual SST data
sets. Compared to other solar cycle amplitudes in the satellite era (see Table S1 in the supplement), the one used in this study
is neither especially weak nor especially strong. The averaged ASST is shown in Figure 2a, with the error bars indicating the
95% confidence interval of the ASST within each spectral region. The main characteristics of the solar amplitude chosen here
are also present in the averaged solar cycle amplitude, such as the small solar amplitude of SATIRE-T in the FUV and most
of the ranking of the SSI data sets within the spectral regions. All deviations of the chosen solar cycle amplitude from the
averaged solar cycle amplitude are within the range of the 95% confidence intervals (Figure 2b). Therefore, the selected solar

cycle amplitude can be regarded as representative for most of the solar cycle amplitudes of the satellite era.
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Besides the ATLAS3 reference SSI data set more recent SSI reference data sets are available such as SOLAR-ISS (Meftah
et al., 2020, 2018), which is representative of the 2008 solar minimum. The usage of an alternative SSI reference dataset may
have an influence on the climatological state of the CCMs, as higher or lower SSI values in certain spectral bands lead to higher
or lower SW heating rates, thus affecting the temperature and potentially also the zonal wind of the CCMs. As the reference
SSI data set serves as a common base state for the solar minimum of all other SSI data sets, we do not expect significant

differences in the uncertainties of the solar responses when using a different SSI reference spectrum.

3 Chemistry-climate models and simulations

Two state-of-the-art CCMs have been used in this study to quantify the uncertainty of the modelled solar response related to the
11-year solar cycle. These are EMAC (ECHAM/MESSy Atmospheric Chemistry) (Jockel et al., 2016) and CESM1(WACCM)
(Community Earth System Model 1-Whole Atmosphere Chemistry Climate Model) (Marsh et al., 2013). Both CCMs have
a good spectral resolution of their SW radiation and photolysis parameterisation and therefore are well suited for this study.
The main difference between EMAC and WACCM, as applied here, is WACCM’s model top in the lower thermosphere which

allows for a better representation of the chemical processes in the upper mesosphere in WACCM.
EMAC

EMAC is a CCM that includes sub-models describing tropospheric and middle atmospheric processes and their interaction with
oceans, land and human influences (Jockel et al., 2010). It uses the second version of the Modular Earth Sub-model System
(MESSy2) to link multi-institutional computer codes. The core atmospheric model is the 5th generation European Centre
Hamburg general circulation model (ECHAMS, Roeckner et al., 2006). For the present study we applied EMAC (ECHAMS
version 5.3.02, MESSy version 2.52; Jockel et al., 2016) in T42L47MA-resolution, i.e. with a spherical truncation of T42
(corresponding to a quadratic Gaussian grid of approx. 2.8°latitude by 2.8°longitude) with 47 hybrid pressure levels up to 0.01
hPa (~80 km). EMAC includes the MECCA (Module Efficiently Calculating the Chemistry of the Atmosphere) (Sander et al.,
2011a) chemical mechanism, which contains 155 species with 224 gas phase, 12 heterogeneous, and 74 photolytic reactions.
The photolysis rate coefficients are calculated with JVAL (Sander et al., 2014) using updated rate coefficients recommended
by JPL (Sander et al., 2011b) and resolves the solar Lyman-« line and 8 spectral bands in the UV and VIS range (178-683
nm). RAD/RAD-FUBRAD (Dietmiiller et al., 2016) provides the parameterisation of radiative transfer based in the SW on
Fouquart and Bonnel (1980) and Roeckner et al. (2003) (RAD) with 4 bands from 250 to 4,000 nm. For aQbetter resolution
of the UV-VIS spectral band RAD-FUBRAD is used for pressures lower than 70 hPa, increasing the spectral resolution in the
UV-VIS from one band to 55, 81, or 106 bands (Nissen et al., 2007; Kunze et al., 2014). Here we use the updated version
of RAD-FUBRAD with 81 bands which substitutes the single band parameterisation for the heating rates in the Schumann-
Runge bands (Strobel, 1978)Qby the parameterisation based on 19 bands, as given in Strobel (1978), and 14 bands in the
Chappuis bands (407.5-690 nm). The stratospheric equatorial zonal winds are relaxed towards an observed Quasi-Biennial

Oscillation (QBO) with the submodel QBO (Giorgetta and Bengtsson, 1999). With an upper boundary in the upper mesosphere,
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EMAC is not able to capture the thermospheric influx of NO,,.. Therefore, the simulations presented in this study employ the

%

the thermosphere by auroral and medium-energy electrons.

BCNOX parameterisation (Sinnhuber et al., 2018; Funke et al., 2016) in the upper mesosphere to include NO,, produced in

WACCM

5 The Whole Atmosphere Community Climate Model (version 4; Marsh et al., 2013) is an integrative part of the Community
Earth System Model suite (version 1.0.6; Hurrell et al., 2013). CESM1(WACCM) is a “high-top” CCM covering an altitude
Qrange from the surface to the lower thermosphere, i.e. up to 5x 10 hPa, equivalent to approx. 140 km. It is an extension of the
Community Atmospheric Model (CAM4; Neale et al., 2013) with all its physical parameterisations. For this study the model has
been integrated with a horizontal resolution of 1.9°latitude by 2.5°longitude and 66 levels in the vertical. CESM1(WACCM)

10 contains a middle atmosphere chemistry module based on the Model for Ozone and Related Chemical Tracers (MOZART3;
Kinnison et al., 2007) which includes a total of 52 species with 127 gas-phase, 17 heterogeneous, and 48 photolytic reactions.

A

Its photolysis scheme resolves 100 spectral bands in the UV and VIS range (121-750 nm). The SW radiation module is a

six constituent ion chemistry model is included with 13 ionization reactions and 14 ion-neutral and recombination reactions.

combination of different parameterisations. Above approx. 70 km the spectral resolution is identical to the photolysis scheme
15 (plus the parameterisation of Solomon and Qian, 2005, based on the F10.7 cm solar radio flux to account for EUV irradiances).
Below approx. 60 km the SW radiation of CAM4 is retained, employing 19 spectral bands between 200 and 5,000 nm (Collins,
1998). For the transition zone (60-70 km), SW heating rates are calculated as weighted averages of the two approaches.
CESM1(WACCM) features relaxation of stratospheric equatorial winds to an observed or idealised (used here) QBO (Matthes
et al., 2010). The ionisation in the auroral regions by energetic particles is parameterised according to Roble and Ridley (1987)
20 using the Kp index as input parameter. To achieve a setup for low auroral activity, for WACCM the Kp index is set to a constant

value of Kp = 0.67, as this corresponds to a geomagnetic index of Ap = 3, which is used in the EMACqubmodel UBCNOX.
3.1 CCM simulations

All EMAC and WACCM simulations have been made explicitly for this study, to ensure that the differences in the solar
responses are exclusively related to the SSI data sets prescribed or the CCM applied, and not due to differences in the sce-
25 nario. For both CCMs (EMAC and WACCM) time slice simulations have been performed with the same basic scenario in all
simulations, except only for the prescribed SSI data set. The basic scenario consists of year 2000 conditions for prescribed
greenhouse gas mixing ratios (GHGs), ozone depleting substances (ODSs), and monthly climatological sea surface tempera-
tures (SSTs) and sea ice concentrations (SICs) (average from 1995 to 2004). After dismissing five or three years of spinup for
EMAC and WACCM, respectively, 45 years of data are available from each simulation for analyses. The QBO is included in
30 all simulations by relaxation of the zonal wind in the tropical lower stratosphere between 90 and 10 hPa with the strongest
nudging applied from 50 to 15 hPa in EMAC. Whereas EMAC uses the time series of the observed zonal winds (Naujokat,
1986), an idealized 28-months varying QBO is used for WACCM. The reference simulation with perpetual solar minimum

conditions, performed by each CCM, uses the ATLAS-3 based SSI reference spectrum (Thuillier et al., 2004, s. Section 2). To
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our knowledge, this is the first time that this observational SSI dataset has been used to force CCM simulations. In addition,
five sensitivity simulations with perpetual solar maximum conditions of the solar cycle 22 maximum in NovemberQ 1989 from
five different SSI data sets have been performed by each CCM. The five spectra for solar maximum conditions are constructed
by adding the difference of the SSI between the solar maximum in November 1989 and the near solar minimum in November
1994 of NRLSSII (Lean, 2000), NRLSSI2 (Coddington et al., 2016), SATIRE-T (Krivova et al., 2010), SATIRE-S (Yeo et al.,
2015), and CMIP6-SSI (Matthes et al., 2017) to the common ATLAS-3 based observational reference SSI data set which is
defined for the solar minimum state. By this procedure we ensure that we use a common spectral distribution OIQenergy that
only varies in the solar maximum sensitivity simulations by the genuine difference from solar minimum to solar maximum of
each SSI data set. Table 1 summarises the resulting percentage changes for five spectral regions, and also gives an overview of
the five sensitivity simulations for solar maximum, which have been performed by WACCM and EMAC.

The solar minimum reference simulation as well as the solar maximum sensitivity simulations are performed for low auroral
activity. Due to these model configurations, the NO,, changes are expected to be caused by the SSI changes from solar minimum

to solar maximum and not by variations in auroral activity.

4 Annual mean solar response of heating rates, temperature, and ozone

To analyse the solar response, time series of anomalies have been calculated for each simulation performed by EMAC and
WACCM using one of the five SSI data sets constructed for solar maximum conditions with respect to the time series of the
reference simulations of both models using the ATLAS-3 based SSI near solar minimum. These five anomaly fields for each
CCM can be interpreted as solar response of the model variables to SSI and TSI changes over the 11-year solar cycle. Figure 3
(left) shows the solar response of the ensemble mean, i.e. averaged over the simulations of both CCMs applying five different
SSI data sets each, in (a) SW heating rate (HR), (b) temperature, and (c) ozone mixing ratio. The averaged solar response is
significant at the 95% level in regions that are not masked by grey hatching. A t-test is applied to the complete concatenated
ensemble (10 simulations in each group without performing an ensemble mean of the simulations at solar maximum and min-
imum in advance). By this procedure the variability of the solar response is maintained and the regions where the significance

reaches the 95% level are smaller compared to the results of a t-test for an ensemble average.
[Figure 3 about here.]

The solar SW heating rate response is significant throughout the middle atmosphere at pressures lower than 30 hPa with
peaks in the tropics near the stratopause (~0.2 K day~!) and in the upper mesosphere (~0.38 K day~!) (Figure 3a). Whereas
the solar response in the upper mesosphere is due to enhanced solar radiation in the spectral range from Lyman-« to the
Schumann-Runge bands (absorbed by oxygen), the solar response near the stratopause is mainly due to an increase over the
solar cycle in the Hartley and Huggins bands (absorbed by ozone). The very low standard deviation of the solar response of
the ensemble mean throughout the stratosphere and mesosphere (except for the upper mesospheric polar regions) provides
evidence that the primary annual mean radiative response of the middle atmosphere is a robust feature and not particularly

sensitive to the specified SSI data set or the CCM configuration.
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A direct consequence of the stronger SW heating during solar maximum is a solar response in temperature, which also peaks
in the upper mesosphere with up to 2 K and near the stratopause in the subtropics with more than 0.8 K (Figure 3b). This is
weaker than the more than 1 K solar temperature response derived from combined SSU/MSU4 satellite data reported by Randel
et al. (2009), but in the same order of magnitude as reported by SPARC CCMVal (2010) for CCMs and slightly larger than
analysed by Mitchell et al. (2015) for an ensemble of CMIP5 high-top models. The secondary lower stratospheric maximum
in the solar temperature response in the tropics, which has been identified in reanalyses (e.g., Frame and Gray, 2010), is not
present in the ensemble mean. At high latitudes, the solar response in temperature shows generally an enhanced spread between
the ensemble members which is due to the high internal dynamical variability of the polar winter atmosphere.

The solar response in ozone mixing ratio has a first peak in the stratosphere near 7 hPa with two regions exceeding 2%,
one in the southern hemisphere (SH) extending from mid-latitudes to the subtropics and one in the northern hemisphere (NH)
extending from the subtropics to polar latitudes. The solar ozone response decreases in the upper stratosphere and lower
mesosphere, turns to negative values of up to -1.5% in the mesosphere and again to large positive values of more than 4.5%
in'the upper mesosphere (Figure 3c). Previous studies analysing the stratospheric solar ozone response in CCMs have found
a comparable magnitude. E.g., Hood et al. (2015) found a significant 2-3% ozone response to the solar cycle between 1979
and 2005 at a slightly higher altitude near 3—4 hPa in three out of six CCMs within CMIP5. In the upper mesosphere, the solar
ozone signal differs between the two CCMs: the negative response in EMAC appears only in a narrow layer from 0.1-0.03 hPa
in WACCM, where it strongly increases above, dominating the ensemble mean ozone response (s. Figure 5c¢). The negative
solar ozone signal in EMAC is due to a strong enhancement of H»O photolysis during solar maximum leading to an increase in
HO,, and enhanced catalytic ozone depletion. The divergent solar responses in ozone in the upper mesosphere between EMAC

and WACCM (Figure 5c) are further discussed in Section 5.1.

5 Uncertainty in solar response due to SSI data sets and CCMs
[Figure 4 about here.]

The averaged solar response discussed in Section 4 is supposed to be different with respect to the SSI data set prescribed and
with respect to the CCM applied in each run. From the differences in the SST amplitudes in the broad bands (ASSI in Table 1,
Figure 1b) we expect the solar responses to be slightly different for each SSI data set, as we do for each of the CCMs. To
quantify the uncertainty of the mean solar response emerging from the usage of different SSI data sets on the one hand and
different CCMs on the other, we apply a two-way analysis of variance (ANOVA) approach in this study (s. Appendix A for
details). The two-way ANOVA is used, as there are two treatments influencing the annual mean solar responses. As these
treatments are not applied independently the interactions of the CCMs and SSI data sets have to be taken into account.

The data set to analyse consists of the annual mean solar responses from simulations using the five SSI data sets in both
CCMs, i.e. a time series with 450 years from 10 simulations with 45 years each, as shown for the ensemble average in Figure
3. The overall variance of the solar response, as expressed by its annual standard deviation (Figure 3, white contours), is

partitioned according to Equation A3 into a contribution arising from the applied SSI data sets (S.Spp), a contribution arising
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from the applied CCMs (5Sp4), the interaction of both treatments (S.Sp45), and an error term (5SS, ), describing the random,
unexplained interannual variances. The results of the ANOVA for the solar response are shown in Figure 4. The adjusted
coefficients of determination R, p (left column), R, 4 (middle column), and Rz, 4p (right column) (Equations A11, A12) are
coloured and additional white contours are included when the values reach or exceed the limits of the colour coding. They
indicate the percentage of the solar response variance that can be explained by the differences between the SSI data sets, the
CCMs, or the interaction of both treatments, respectively. Superimposed grey hatching masks areas where the solar responses
are not significantly different when grouped according to the SSI data sets or the CCMs. Note that the contributions of the
variances explained by the SSI data set, the CCM, and the interaction of both in Figure 4 do not add up to 100%, as often the
random contribution to the total variance is largest.

Significant differences in the solar response can be identified when the simulations of the ensemble mean are grouped
accordintho the SSI data sets (Figure 4, left) and the CCMs (Figure 4, middle). In the upper mesosphere, differences between
the CCMs explain more than 80% of the spread in the solar ozone signal — due to the change of sign in the ozone response
between WACCM and EMAC —, more than 25% of the spread of the solar temperature signal, and up to 50% of the spread of
the SW heating rate signal at high latitudes. In contrast, between 60°S and 60°N up to 70% of the spread of the solar response
in SW heating rates is explained by the different SSI data sets, due to large solar amplitude variations in the FUV between
the SSI'data sets. As a result, the SSI data sets also induce a significant fraction of the variability of the solar response in
temperature (9%) at the mesopause.

In the upper stratosphere and lower mesosphere, the SSI data sets are responsible for a relatively large part of the variance of
the solar responses, while the CCMs explain much less variance as the radiation schemes of both models possess a sufficient
spectral resolution to capture the SW heating rate peak. The largest fractions of the SSI induced variance of the solar response
in SW heating rates (30%) and ozone (30%) peak in the subtropics, while the SSI induced variance of the temperature solar
response (10%) maximizes in the tropics.

Compared to R, 4 and R, p, the fraction of explained variance by the interaction of the SSI data set and CCM (R, 4B) is
only small. Some significant differences of the solar responses in SW heating rates and ozone are explained by the interaction
in the upper mesosphere, and near the stratopause for temperature.

In the lower stratosphere and troposphere, the SSI data sets do not contribute significantly to the variability of the solar
response in annual mean SW heating rates, temperature, and ozone. But some significant contributions of the applied CCMs
to the variance of the solar response are found, which have similar vertical and latitudinal structures for all three variables,
peaking in the tropics between 30 and 10 hPa and in the northern subtropics to mid-latitudes between 100 and 10 hPa. The
minor CCM contribution to the SW heating rate solar response in the lower stratosphere (p > 10 hPa) is consistent with the
CCM induced variance contribution of ozone and seems to be related to differences in ozone transport affecting SW ozone
absorption.

The simulations performed with the SATIRE-T data set show considerable deviations in the solar response compared to

simulations using the other data sets, as further discussed in Section 5.1. When omitting the simulations with the SATIRE-T
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data set in the ANOVA (see Figure S1 in the supplement), less variability is explained by the SSI data set, revealing that a large
fraction of the variability attributed to the SSI data set is caused by the specific behaviour of SATIRE-T.

[Figure 5 about here.]

5.1 Differences resolved by SSI data set

The ANOVA of the ensemble mean in the previous section has shown that significant differences in the solar responses can
be attributed to the SSI data sets mainly in the region of the most active ozone production in the upper stratosphere to lower
mesosphere, whereas significant differences attributed to the CCMs are mainly located in the upper mesosphere and lower
stratosphere, further discussed in Section 5.2. In this section, we examine the differences in the solar responses of EMAC
and WACCM arising from the use of the different SSI data sets. The atmospheric response to solar irradiance variations
is primarily determined by radiative and photochemical processes that are represented by a variety of parameterisations in
climate models or CCMs. To separate the effects of differences in the input SSI data sets on the respective SW radiation and
photolysis schemes of EMAC and WACCM, we first present profiles for simulations applying the five individual SSI datasets,
averaged over both CCMs. Figure 5 shows vertical profiles of the solar cycle amplitude in SW heating rates, temperature,
ozone, atomic oxygen (O(3P) and O(1D)), NOy, HOx, and water vapour (H0O), averaged from 60°S to 60°N between 100
hPa close to the tropopause and 0.01 hPa in the upper mesosphere. For each sub-figure, the 11-year solar response is at first
calculated as the difference between the individual solar maximum simulations and the ATLAS3 solar minimum reference
simulation for EMAC and WACCM, respectively. The differences are then grouped according to the SSI data set and averaged
over EMAC and WACCM. As in Figure 3 (left), a t-test is applied to the solar response of the complete ensemble. The 95%
confidence interval from this test is included as error bars in each panel of Figure 5. To better assess the solar responses of the
photochemically influenced quantities shown in Figure 5, the solar responses of the photolysis rates of EMAC and WACCM
(averaged over both CCMs as for Fig. 5) are shown in Figure 6 for a single simulation time step in January at 180°E, averaged
from 60°S to 60°N. The shaded areas in figuresl 5 and 6 indicate the range of the solar responses between the EMAC and
WACCM ensemble means, enframed by the dotted and dashed black contours for the EMAC and WACCM ensemble means,
respectively. By comparing the CCM averaged profiles for individual SSI datasets with the SSI averaged ensemble mean for
each CCM (shading) the relative roles of the SSI datasets and the CCMs can directly be inferred for the different quantities and
altitude regions.

The average over both CCMs shows the strongest stratospheric solar response in SW heating rates and temperatures when
using the SATIRE-S data set, whereas SATIRE-T leads to the weakest solar response throughout the middle atmosphere
(Figure 2a,b). In the upper mesosphere, these differences are a direct consequence of the magnitude of the FUV-amplitude
over the solar cycle (s. Table 1) with SATIRE-S showing the largest and SATIRE-T showing the smallest solar response in
FUV-heating by oxygen absorption/photolysis and subsequent temperature increase. In the stratosphere, the photochemical
Chapman cycle is more effective during solar maximum, as shown with the positive solar responses of atomic oxygen (O(!D),
O(®P), Figure 5d,e) and the photolysis rates of oxygen and ozone (JO,, JO3 — O(D), JO3 — O(®P), Figure 6a,c,d). This

results'in a positive solar response in ozone, peaking in the upper stratosphere near 7 hPa (Figure 5c). The SATIRE-T solar
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response in ozone is the weakest in this comparison, as its SSI amplitude in the FUV and 201-242 nm spectral range, important
for the photochemical ozone production, is considerably weaker (7.6% and 2.6%) than in the other SSI data sets (11.1-12.1%
and 3.3-3.6%) (Table 1), whereas its SSI amplitude in the ozone-destroying UV-band (243-380 nm) is comparable to the other
SSI data sets. The two competing, wavelength dependent effects of ozone production and ozone loss in the Chapman cycle
lead to the relative weak solar ozone response in simulations using the SATIRE-T data set. Compared to the SATIRE-T-based
simulations, the simulations using the remaining SSI data sets show solar responses in SW heating rates, temperature, and

ozone, that are relatively close to each other.
[Figure 6 about here.]

Besides the oxygen chemistry of the Chapman cycle, ozone depleting catalytic cycles, e.g. the HO, and NOy cycles,
are involved in contributing to the solar response in ozone. Whereas the HO, catalytic cycle is the most important one
in the upper mesosphere, the NO catalytic cycle dominates in the middle and upper stratosphere. NO,, is specified as
NOy=N+NO+NO3 +NO3+ 2 N3O5 + HNO3+ HNOy4 + CINO, + BrNO3, but in the mesosphere NO,, is very close
to the active nitrogen defined as NO, = NO + NO,. For all SSI-based averages, the solar response of NOy, is negative in the
stratosphere and lower mesosphere but positive in the uppermost mesosphere above 0.03 hPa (Figure 5f). The stratospheric and
lower mesospheric decrease is consistent with Hood and Soukharev (2006) who attributed the negative solar response of NO,,
in the stratosphere at low latitudes to enhanced photolysis of nitric oxide (NO) by solar FUV irradiance during solar maximum.
The major source of NO is the oxidation of nitrous oxide (N2O + O(!D) — 2NO) in the middle stratosphere at low latitudes
where the abundance of O('D) is sufficiently high due to the photolysis of ozone at wavelengths < 310 nm (e.g., Seinfeld and
Pandis, 2006). The major sinks of NO are photolysis (NO + hr(183nm < A < 193nm) — N 4 O) and the subsequent reac-
tion of NO with atomic nitrogen (N +NO — N3 + O) in the upper stratosphere, mesosphere and lower thermosphere (e.g.,
Minschwaner and Siskind, 1993). During solar maximum, O(*D) increases (Figure 5¢) implying enhanced NO production
from N2 O. However, at the same time a clear increase of the NO photolysis rates by 8 to 9% is found in the stratosphere and
mesosphere at solar maximum (Figure 6f). This increase is the result of the larger solar irradiance amplitude in the FUV in all
applied SSI data sets (see Table 1). With enhanced photolysis at solar maximum, the NO, abundances decrease (Figure 5f).
The NOy, solar response is of the same magnitude up to the lower mesosphere for all SSI data sets, except for SATIRE-T,
which due to its weaker FUV solar amplitude produces a weaker increase of the NO photolysis rates and a weaker negative
NOy, solar response, respectively. The negative NOy solar response results in a slowdown of the catalytic NOy cycle of ozone
destruction, which indirectly enhances the positive solar response in ozone (Sukhodolov et al., 2016).

There are two possible reasons for the increase of NO,, in the uppermost mesosphere above 0.03 hPa during solar maximum
compared to solar minimum. EUV photoionization of neutrals increases during solar maximum, leading to an increase of elec-
tron, ion and excited species production and subsequently, NO, above about 80 km. On the other hand, the response of NO,, in
the uppermost mesosphere could also reflect changes in the auroral NO production in the lower thermosphere. NO in the lower
thermosphere is mainly produced by the reaction of an excited nitrogen atom with molecular oxygen (N(2D) 4+ O3 — NO + O)

(Marsh et al., 2004). As low auroral activity is prescribed for both the solar minimum reference and the solar maximum simu-
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lations, no solar response of thermospheric NO is expected from this reaction. However, NO in the lower thermosphere is also
formed by the reaction of the ground-state of N with molecular oxygen (N(4S) + Oy — NO + O). This reaction is strongly

temperature dependent and thus more effective in the warmer lower thermosphere during the solar maximum (e.g., Sinnhuber

Qand Funke, 2020).

The solar response in HO,, (defined as OH + HO3) (Figure 5g) is positive throughout the middle atmosphere in all CCM-
averaged SSI-simulations. In the stratosphere, HO, is mainly produced by reactions of O(*D) with HyO,CH, or Hy (e.g.,
H,0 + O(*D) — 20H). Increasing abundance of O(D) (Figure Se) during solar maximum conditions is leading to a positive
solar response in HO, mixing ratios (Figure 5g). A clear dependence of the O(*D) and HO, solar responses on the UV-SSI
amplitude is found with the largest solar response in the simulations using the SATIRE-S SSI data set. This SSI-amplitude
dependence of the HO, solar response continues in the upper mesosphere where it is mainly produced by photolysis of water
vapour at wavelengths in the Schumann-Runge bands and Lyman-a.

Despite the loss of HyO through reaction with the more abundant O(*D) during solar maximum, the HoO mixing ratios
increase during solar maximum in the stratosphere which is most pronounced when the SATIRE-S SSI data set is used (Figure
5h). While this signal is not statistically significant for the complete CCM ensemble, there is a significant solar response in the
stratosphere for the individual simulations of WACCM. This positive solar response of H2 O in the upper stratosphere and lower
mesosphere has also been identified in HALOE satellite data by Remsberg et al. (2018). It is explained by chemical reaction
of CH,4 and Hy with OH, producing finally, after a reaction chain including photolytic reactions, HoO (Remsberg et al., 1984).
The positive solar response of HyO in the lower stratosphere corresponds to the positive solar response of temperature in
the TTL region, which increases the saturation vapour pressure during solar maximum and thus counteracts the water vapour
limiting freeze drying mechanism. This is in contrast to the results of Schieferdecker et al. (2015) who analysed water vapour
from MIPAS and HALOE satellite instruments and found an anti-correlation of a slightly time shifted 11-year solar cycle proxy
with lower stratospheric water vapour. In the upper mesosphere, the solar response in H,O is negative as a direct consequence
of the stronger water vapour photolysis during solar maximum (Figure 5h).

In summary, the analysis of CCM-averaged quantities has revealed a dependence of the solar responses on the SSI data
sets, with solar responses for most quantities showing a clear relation to the SSI amplitude. Whereas the solar responses are
relatively close to each other in the stratosphere and lower mesosphere when using NRLSSI1, NRLSSI2, and CMIP6, clear
differences appear for SATIRE-T, which shows the smallest solar responses for all analyzed variables. SATIRE-S produces
an enhanced solar response for HO, and H,O but agrees well with NRLSSI1, NRLSSI2, and CMIP6 for the other variables.
The differences ir?the SSI amplitude are responsible for 10% of the temperature, 30% of the ozone, and up to 40% of the SW
heating rate variability of the solar response in the stratosphere and lower mesosphere. An even larger part of the variability
of the solar response in the stratosphere can be attributed to the SSI data set for O(*P) (60%) and O(*D) (70%) (see Figure
S2 in the supplement). In the upper mesosphere, the choice of the SSI data set has the largest influence on the solar response

variability of the SW heating rates (70%) for which the solar amplitude of the SSI data set in the FUV is the main driver.

[Figure 7 about here.]
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5.2 Differences resolved by CCM

Large differences in the variability of the solar response explained by CCM differences have been identified by the ANOVA
(Figure 3, right) in the upper mesosphere. The range of the solar responses between the EMAC and WACCM ensemble means
over the SSI data sets, indicated by the shaded areas in figuresl 5 and 6, also identifies the largest differences in the upper

mesosphere.
[Figure 8 about here.]

The changes in the chemistry and dynamics over the 11-year solar cycle are superimposed on the climatological reference
states of the CCMs, and are influenced by the climatological temperatures and abundances of photochemically active species.
In particular the climatological temperature has a large effect on the chemistry in the middle atmosphere and lower thermo-
sphere either directly on the chemical gas phase reaction rates or indirectly, as the temperature in the tropical lower stratosphere
determines the abundance of HyO in the middle atmosphere and thereby also affects many chemical reactions. The climato-
logical background state of a CCM is determined by a number of factors, ranging from the horizontal and vertical resolutions
and the vertical model domain to the physical and chemical processes either resolved or parameterized by the models. In this
section, we examine the uncertainty in the atmospheric solar response arising from the model specifications of the EMAC and
WACCM models, regarded here as representatives for typical state-of-the-art CCMs. For this purpose, two ensembles of five
simulations each for EMAC and WACCM have been constructed by averaging the simulations with different SSI data sets of
each model to the respective model ensemble. To achieve an overall ensemble mean representative for a mean solar state, the

Qreference solar minimum simulation in each model ensemble is weighted by a factor of five, to balance the five simulations
with the SSI data sets at solar maximum in each model ensemble.

Figure 7 shows the deviations of the climatological annual mean temperature of EMAC and WACCM from the climatological
temperatures of the ERA-5 reanalysis (Hersbach et al., 2018). The ERA-5 climatology includes 37 years from 1982 to 2018
centered around the year 2000. The temperature deviations of both CCMs relative to ERA-5 are largely statistically significant
on the 95% level (all regions not masked by hatching), as estimated by a Student’s t-test.

EMAC has a pronounced cold bias in the tropical upper troposphere/lower stratosphere region (UTLS), where WACCM
simulates slightly higher temperatures than the ERA-5 climatology. In the upper stratosphere and upper mesosphere, both
models show a cold bias over large regions, which is more pronounced in the mesosphere of EMAC. In the lower mesosphere
both CCMs show higher temperatures compared to ERA-5. At SH high latitudes, temperatures in WACCM are too low in the
stratosphere and too high in the mesosphere compared to the ERA-5 climatology (Figure 7).

Figure 8 presents a direct comparison between the annual mean climatologies of the EMAC and WACCM ensemble means
in the middle atmosphere in terms of zonal mean differences in SW heating rates, temperature, ozone, atomic oxygen (O(®P),
O('D)), NOy, HOy, and H5O. Substantially lower (by up to 1.2 K day~') SW heating rates are found in the upper meso-
sphere of EMAC. This bias is indicative of less effective FUV-heating from oxygen absorption in the Schumann-Runge bands,
presumably due to differences in the O absorption parameterisation of Strobel (1978) with 19 bands (used in EMAC) and
the heating rates from the photolysis parameterisation based on Koppers and Murtagh (1996) (used in WACCM). These dif-
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ferences in SW parameterisations between the CCMs also affect the solar response in the upper mesosphere which is smaller
in EMAC for the SW heating rates and temperatures (Figure 5a,b). They lead to the patterns of solar response variance ex-
plained by CCMs in Figure 3a,b (right) which resemble the structure of the anomaly pattern in SW heating rates in theQupper
mesosphere (Figure 8a). By contrast, in the lower mesosphere and large areas of the stratosphere, EMAC shows higher SW
heating rates, possibly an effect of the degraded spectral resolution of the SW radiation scheme in WACCM below 60 km or of
the higher ozone mixing ratios in EMAC (Figure 8c). However, WACCM shows larger solar responses in ozone mixing ratios
and JO3 — O(3P) photolysis rates in the lower and middle stratosphere, possibly related to the finer spectral resolution of the
photolysis scheme used in WACCM.

The temperature deviations in the mesosphere between EMAC and WACCM (Figure 8b) are not congruent with those in
SW heating rates and, therefore, most likely have to be attributed to differences in dynamical heating by dissipating planetary
or gravity waves. The largest temperature differences between EMAC and WACCM are located in high southern latitudes. The
southern polar vortex is much colder in WACCM than in EMAC and the ERA-Interim reanalyses. This shostthat with the
implementation of the modified gravity wave parameterisation of Garcia et al. (2017) in our WACCM simulations, the low
temperature bias has been alleviated but still exists. Interaction between dynamics and chemistry in EMAC is leading to higher
ozone mixing ratios in the lower stratosphere over the south pole, where a less intense and warm biased south polar vortex is
avoiding more severe heterogeneous ozone depletion, compared to WACCM.

Besides the differences in the average mesospheric SW heating rates and temperatures between EMAC and WACCM,
chere are also large differences in the chemical composition (and the associated solar responses) in this region. The odd oxy-
gen mixing ratios in the upper mesosphere are lower in EMAC by 50% for ozone, 80% for O(3P), and more than 50%
for O(*D) (Figure 8c-¢). This is partly explained by the fact that oxygen photolysis in the Schumann-Runge continuum
(O2 +hr(A < 175.9nm) — O(*D) + O(3P)) is neglected in EMAC, because it becomes important only in the lower ther-
mosphere, which is above the upper lid of EMAC. The larger abundances of O(*D) and O(3P) in WACCM, which has a
higher upper lid than EMAC, are the result of photochemical production in the lower thermosphere and downward transport
into the mesosphere by the residual circulation during the winter seasons, where they affect the climatological averages as well
as the solar responses of atomic oxygen, O3, and HOy. The model differences in January and July exhibit a clear enhancement
of O(!D) and O(3P) in the respective winter hemisphere of WACCM indicative for strong downward transport from the lower
thermosphere (see Figure S3 and S4 in the supplement). As a result of the larger O(*D) and O(P) mixing ratios, the equilib-
rium of ozone producing and destroying processes leads to higher ozone mixing ratios in WACCM, apparent in the climatology
(Figure 8c) as well as in the solar response (Figure 5¢) in the upper mesosphere. Due to the larger solar responses in the mixing
ratios of O('D) and O(3P) (Figure 5d,e), WACCM produces a strong ozone increase from solar minimum to maximum, in
contrast to EMAC, where the more intense HOy cycle at solar maximum (Figure 5g) dominates and leads to a negative solar
response. Noticeable are the higher ozone mixing ratios in the upper mesospheric high latitudes of EMAC (Figure 8c) com-
pared to WACCM which result from a less effective catalytic HO, cycle of ozone destruction during the winter seasons, due

to much lower HO, mixing ratios in EMAC in these regions.
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As already discussed for atomic oxygen in the previous paragraph, the climatologies and solar responses of chemcial species
in the upper mesosphere are strongly affected by differences in the vertical transport between WACCM and EMAC. With
an upper boundary in the lower thermosphere, WACCM is capable to simulate the downward transport of NO,, by the gravity

Qwave driven, residual circulation from the thermosphere down to the lower mesosphere at high latitudes in the respective winter
seasons (figuresl S3 and S4 in the supplement). In EMAC we use the UBCNOX parameterisation to include NO, produced in
the thermosphere by auroral and medium-energy electrons. Nevertheless, the NO,, mixing ratios are up to 60% lower in EMAC
than in WACCM in large parts of the upper mesosphere, except for northern polar latitudes where the WACCM NO,, mixing
ratios are exceeded by 100% (Figure 5f). The solar response of NO, in the upper mesosphere discussed in Sec. 5.1 is much
stronger in WACCM than in EMAC, as obvious from the shaded area in Figure 2f. In WACCM, the increased NO production
during solar-maximum in the uppermost mesosphere and lower thermosphere is driven by the increase in EUV photoionization
and lower thermospheric temperatures as discussed in Sec. 5.1. In EMAC, the NO, mixing ratios in the uppermost four model
levels are determined by the UBCNOX parameterisation, which depends on the prescribed, constantly low Ap index, but not
on the solar UV/EUV radiation, and thus suppresses a solar response in NO,.

%
HOy mixing ratio. In the annual mean, EMAC has less HoO than WACCM in the stratosphere and lower mesosphere — except
for the upper mesosphere, where EMAC exceeds the WACCM values (Figure 8h). The lower HoO abundance of EMAC in the

middle atmosphere is the consequence of a cold bias in the tropical UTLS region (Figure 8b), a feature of EMAC also discussed

ifferences between EMAC and WACCM are also found in the climatological distribution of water vapour and the related

in Jockel et al. (2016). As a result, also HO,, which is produced by photolysis of H5O, is lower in EMAC (Figure 8g). From
solar minimum to solar maximum, the abundances of HoO (Figure 5h) and the photolysis rates of HoO (Figure 6e) increase
in the stratosphere and lower mesosphere, leading to a HO, increase by about 2-3% in both models (see also Section 5.1).
The smaller solar response of HO, in EMAC in this height region can be attributed to differences in the model climatologies
because of the lower HO, and HoO mixing ratios in EMAC. In the mesosphere, the magnitude of the solar responses of
H>O (negative) and HO, (positive) grow fast with altitude. At solar maximum, strongly enhanced HoO photolysis (Figure
6e) induces a decrease in HoO (Figure 5h) and an increase in HOy by about 11% (Figure 5g). The HOy production in the
upper mesosphere is dominated by H,O photolysis at wavelengths in the Schumann-Runge bands and Lyman-« with the
major reaction HoO + hr (A < 200) — H+ OH (70%, Ji‘_bo) and two minor reactions, producing O + 2H (12%, J}’IZO) and
Hy +O('D) (10%, f1,0) (Nicolet, 1984). However, while the solar responses in H,O photolysis (positive) and H>O mixing
ratio (negative) further increase towards the upper mesosphere, the positive solar response in HO, peaks near 70 km and
declines above, implying the existence of a HOy depleting process that increases with solar activity in the upper mesosphere
and counteracts HO, production by H2O photolysis. In addition HoO declines in the upper mesosphere, limiting the potential
for HOy production. The CCMs start to deviate more strongly in the upper mesosphere, with EMAC showing a less intense
decrease of the solar response in HO, than WACCM. This cannot be attributed to the HoO photolysis as EMAC has a larger
solar response in HoO photolysis. The reason might be the combination of the up to 50% larger upper mesospheric HoO
mixingQratio in EMAC (Figure 8h) and the stronger solar response of WACCM in O(®P) (Figure 5d) which acts in WACCM
as a more effective sink of HO, through reaction OH + O(*P) — H + O5. The smaller HyO mixing ratio of WACCM in the
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upper mesosphere is a consequence of the larger O(*D) mixing ratios in WACCM, leading to a more effective decomposition
of water vapour through HoO + O(*D) — 2 OH. During solar maximum this HoO decomposition is even enhanced, due to
more abundant O(!D) mixing ratios in the upper mesosphere (Fig. 5e), leading to a more pronounced negative HoO solar
responsein WACCM (Figure 5h).

In summary, both models show for all quantities comparable solar responses to the different SSI data sets up to the lower
mesosphere near 0.1 hPa. Above, the solar responses deviate substantially, as shown for ozone, oxygen, HO, and NO,.. The
comparison of the upper mesospheric solar responses in EMAC and WACCM, as well as the differences in the climatologies in
the upper mesosphere, shows that a realistic simulation of solar cycle effects might better achieved when the residual downward

transport of thermospheric photolysis reactants is taken into account.

6 Solar response in total ozone

In this section we focus on the solar response in total column ozone (TCO) in our simulations and investigate to what extent
TCO is influenced by the applied SSI data set andCCM. The solar response in TCO is the vertically integrated solar response

in ozone mixing ratios. In the previous sections, we have identified differences in the solar response in ozone mixing ratios

Qdepending on the applied SSI data set (Section 5.1) as well as on the applied CCM (Section 5.2), especially in the middle to

lower stratosphere which contributes most to the solar response in TCO.

Hood (1997) who analysed SBUV (Solar Backscatter Ultraviolet) Radiometer data for a relatively short period from 1979—
1993, found an annual mean solar response of TCO in the tropics of 1-2%. For the same time period, Zerefos et al. (1997)
detected a significant correlation of the solar activity with annual mean TCO from TOMS between 40°S and 40°N, whereas
no significant correlation was found at higher latitudes, due to the large dynamically induced variability. Soukharev and Hood
(2006) suggested that the solar response of TCO is mainly caused by ozone abundances in the tropical lower stratosphere.
A study of Randel and Wu (2007) identified a significant annual mean solar response in TCO between 40°S and 60°N in
TOMS/SBUYV data from 1979-2005.

[Figure 9 about here.]
[Figure 10 about here.]

The latitudinal distribution of the solar response in TCO for the 10 simulations performed for this study is shown in Figure 9.
Clear differences occur between both CCMs, with WACCM showing in general a larger solar response in TCO at all latitudes.
Between 40°S and 40°N significant solar TCO responses are simulated in both models, reaching 1.5% (3.9 DU) for WACCM
and 1.1% (3.0 DU) for EMAC in the tropics (20°S—20°N). The chosen SSI data set has only a very minor impact on the solar
TCO signal in both models, except for SATIRE-T. The WACCM and EMAC simulations using SATIRE-T shothhe smallest
solar responses in the tropics, which reflects the small solar amplitude in the UV spectral region of this SSI data set. At mid
and high latitudes, differences in the solar TCO signals between the SSI data sets become larger, however remain generally

smaller than the differences between the models, as particular evident for high southern latitudes.
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[Table 2 about here.]

The solar response in TCO at high latitudes is strongly influenced by stratospheric dynamic variability during the respective
winter seasons in both hemispheres. As a measure of this dynamic variability, we introduce in Figure 10 the thickness of the
stratospheric layer between the 100 and 10 hPa pressure levels. High values of the 100—10 hPa layer thickness correspond to a
warm layer and a weak polar vortex occurring in dynamically disturbed periods, such as minor or major sudden stratospheric
warmings (SSWs). The associated downward transport of air in high latitudes leads to an increase in TCO. On the other hand,
cold conditions in polar regions, represented by low values of 100-10 hPa layer thickness, can lead to enhanced chemical
ozone depletion and low TCO values (Farman et al., 1985; Rex et al., 2002; Manney et al., 2011). While the 100—10 hPa layer
thicknesses for all 10 simulations show comparable and significantly increased values at solar maximum between 40°S and
40°N — consistent with the warming in Figure 2b —, systematic differences occur between the two models at southern high
latitudes where EMAC simulates a colder and stronger polar vortex during solar maximum and WACCM shows a warmer and
weaker polar vortex (Figure 10). At northern polar latitudes, both models simulate warmer and weaker polar vortices at solar
maximum - except for the SATIRE-S WACCM simulation.

The high correlation between the solar responses in TCO and 100-10 hPa layer thickness at high latitudes is reflected in
Table 2 which gives the correlation coefficients between the solar maximum anomalies of the annual average 100-10 hPa layer
thickness in the polar region (70°-90°) and the respective TCO anomalies for both hemispheres. The annual mean correlation
at high latitudes is mainly a result of the high correlation during the winter/spring seasons of both hemispheres, with the
highest correlation occurring in January/February/March (JEM) for the NH and in September/October/November (SON) for
the SH (for seasonal correlation coefficients see Table S1 in the supplement). More intense downwelling of ozone during
episodes of stratospheric warming events, or less intense downwelling during cold conditions in combination with a more
effective chemical ozone depletion, are the main driver of the TCO anomalies in high latitudes in both hemispheres. Although
all anomalies shown in Figures 9 and 10 are derived for simulations during solar maximum conditions with respect to the
simulation during solar minimum conditions, a consistent, significant solar response for TCO and lower stratospheric layer
thickness in polar latitudes can not be found, implying that the derived changes at high latitudes are rather due to random
internal dynamical variability in the models than to the external solar forcing.

In Figure 11 (top) we show the zonally averaged differences in TCO between the simulations for solar maximum and solar
minimum conditions for the average of all simulations (black contour), the EMAC- (blue contour) and WACCM-simulations
(red contour), the standard deviation (light grey shading), and the two-way ANOVA with SSI- (dark grey shading) and CCM-
treatment (hatches). The range of the standard deviation shows the largest variability of the TCO anomaly in polar regions.
As discussed above, the high latitude TCO anomaly is mainly a result of the internal, dynamic variability of the CCMs.
Consequently in the north polar region, there is only a relatively small part of the TCO anomaly variability that can be explained
by the SSI data set (1%) or the CCM (0.6%). Only in the southern polar region, a larger but still only small fraction of the
variability can be explained by differences in the CCMs (1.4%), as there are systematic differences in the anomalies of the
lower stratospheric layer thickness and TCO between WACCM and EMAC (Figures 9, 10). As in the northern polar region,
the SSI data set can only explain a small fraction of the variability of the TCO anomaly in the southern polar region (0.8%)%
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The standard deviation of the solar TCO response is considerably smaller in the tropics, where also the fraction of the standard
deviation that can be explained by either the choice of the SSI data set (22%) or the CCM (13%) is much larger, with a larger
contribution of the SSI data sets. When approaching the northern mid-latitudes the influence of the CCMs on the variability of
the solar response grows, whereas the influence of the SSI data set gets smaller. This is reflected by the pronounced minimum
of the solar TCO response in the mid-latitudes of the EMAC simulations, whereas three out of five WACCM simulations show
arelatively large positive anomaly in this region.

The annual, global mean solar response of partial column ozone integrated for different pressure regions is shown in Figure
11 (bottom) with the same type of contour lines/shading as in Figure 11 (top). Averaged over all simulations, the largest solar
response in ozone is in the lower stratosphere. In this region, simulations performed by WACCM show a much larger solar
response than the averaged EMAC simulations, with largest differences occurring in the lowest region with pressures higher
than 32 hPa. In the WACCM simulations, this layer contributes 32.5% to the solar response in TCO, whereas it is only 16.7%
in the EMAC simulations. The analysis of SBUV-SBUV/2@lata by Hood (1997) shows that 85% of the solar response in TCO
is from the contribution of the lower stratospheric layer (pressure > 16 hPa). The same analysis for the CCMs gives smaller
contributions from the lower stratosphere with 52.8% on average, 57.8% for WACCM?and 45.3% for EMAC. This different
behaviour of the CCMs in the lower stratosphere is also reflected in the relatively large fraction of the standard deviation of the
solar response that can be explained by differences between the CCMs. A larger part of the standard deviation can be explained
by differences between the SSI data sets in the middle stratosphere (16—4 hPa), although still the largest part of the standard

deviation can not be attributed to either differences between the CCMs or the SSI data sets.

[Figure 11 about here.]

7 Summary and conclusions

This study aimed at investigating the uncertainty in simulations of the atmospheric solar response to 11-year solar cycle vari-
ability. In particular, the effects of two sources for uncertainty, i.e. the prescribed spectral solar irradiance (SSI) data set and
potential differences in the CCM background state and configuration, were examined. For this purpose, simulations with two
CCMs, each forced with five different SSI data sets, were performed. The CCMs EMAC and WACCM are representative of
state-of-the-art CCMs, including the prerequisites for simulating solar cycle variability, i.e. spectrally resolved SW radiation
and photolysis schemes. Both models contributed to the evaluation of the simulated solar signature in the SPARC CCM Val-2
initiative (SPARC CCMVal, 2010). The SSI data sets represent the best available estimates of 11-year solar variability in elec-
tromagnetic radiation, and either have been used in previous model studies (i.e., CMIP5 or CCM Val-2) or areQrecommended for
current model intercomparions (i.e., CMIP6). We apply a novel approach to extract the effects of the pure SSI solar cycle am-
plitudes, as a common reference SSI distribution for solar minimum conditions was defined, based on ATLAS3 measurements
in November 1994, and SSI data sets for solar maximum were constructed by adding the solar amplitude of the five SSI data

sets to the solar minimum reference distribution. To separate the influences of the SSI data sets and the CCMs, respectively, on
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9

the solar responses in SW heating rates, temperature and ozone, a two-way analysis of variance’' (ANOVA) was applied here
for the first time in this context.

Our study revealed that differences in SSI data sets provide the largest fraction of solar cycle variance in the upper strato-
sphere/lower mesosphere, contributing 40% to the SW heating rate, 30% to the ozone and 10% to the temperature solar cycle
variance. A second region with a considerable SSI induced spread in the SW heating rate solar response up to 70% is the upper
mesosphere (except for polar latitudes), affecting also the ozone solar response in this height region. In the region of largest
ozone mixing ratio, in the stratosphere from 50 to 10 hPa, the SSI data sets do not contribute much to the variability of the
solar response when SATIRE-T is omitted. Differences between CCMs have a major effect in the upper mesosphere, where
they explain more than 80% of the ozone, 25% of the temperature and 50% of the SW heating rate variability of the solar
responses. CCMs add a minor contribution to the SW heating rate and ozone solar cycle variance in the lower stratosphere.
However, in the upper stratosphere/lower mesosphere the largest fraction of solar cycle response variance is random and not
related to differences in SSI data sets or the applied CCM.

To isolate the causes for the contributions to the solar response spread, a detailed analysis was performed of the solar
response profiles of SW heating rate, temperature, ozone, different chemical compounds and photolysis rates for the five SSI-
simulation ensemble means (each including 2 CCMs) on the one hand and for the two CCM ensemble means (each including
5 SSI data sets) on the other. The analysis of CCM-averaged quantities, involved in the radiative and photochemical processes,
hasQrevealed a dependence of the solar responses on the SSI data sets, with solar responses for most quantities showing a
clear relation to the SSI amplitude. Whereas the solar responses are relatively close to each other in the stratosphere and lower
mesosphere when using NRLSSI1, NRLSSI2, and CMIP6, distinct differences appear for SATIRE-T, which shows the smallest
solar responses for all analyzed variables. Weaker solar responses in temperature can be explained by a reduced solar cycle
amplitude in the 201-242 nm spectral irradiance range, mainly responsible for solar radiative heating in this height range. The
ozoneQincrease at solar maximum in the middle and upper stratosphere is the combined result of enhanced oxygen chemistry
in the photochemical Chapman cycle and reduced ozone destruction in the NO, catalytic cycle. The NRLSSI1, NRLSSI2,
and CMIP6 data sets produce similar solar responses in O(D), O(®P) as well NO, at solar maximum in the stratosphere.
The solar ozone signal is considerably weaker in the SATIRE-T data set, as its SSI amplitude in the FUV and 201-242 nm
spectral ranges, important for photochemical ozone production, is considerably weaker than in the other SSI data sets, whereas
its"SSI amplitude in the ozone-destroying UV-band (243-380 nm) is comparable. Positive solar responses were also derived
for HO, and H5O throughout the middle atmosphere for all SSI data sets. In the stratosphere, where HO, is mainly produced
by reactions of O(!D) with HoO, CH,4 or Ha, the increasing abundance of O(1D) during solar maximum conditions is leading
to a positive solar response in HO, mixing ratios. A clear dependence of the O(*D) and HO, solar responses on the UV-SSI
amplitude was found with the largest solar response in the simulations using the SATIRE-S SSI data set. The increase in HyO
mixing ratios with the solar cycle throughout the stratosphere, emerging for all SSI data sets, can be explained by chemical
production in the upper stratosphere and enhanced H, O transport from the troposphere into the lower stratosphere in a warmer
UTLS at solar maximum. In the upper mesosphere, the choice of the SSI data set has the largest influence on the solar response

variability of the SW heating rates (70%) for which the solar amplitude of the SSI data set in the FUV is the main driver.

22


Text ersetzt�
Text
[Alt]: "shortwave" 
[Neu]: "SW"

Text gelöscht�
Text
"25"

Text ersetzt�
Text
[Alt]: "30%" 
[Neu]: "40%"

Text eingefügt�
Text
"5"

Text ersetzt�
Text
[Alt]: "signal" 
[Neu]: "response"

Text ersetzt�
Text
[Alt]: "signal" 
[Neu]: "response"

Text ersetzt�
Text
[Alt]: "Differences between CCMs 30 have a major effect in the upper mesosphere, where they explain more than 80% of the ozone, 25% of the temperature and 50% of the SW heating rate variability of the solar signals." 
[Neu]: "In the region of largest ozone mixing ratio, in the stratosphere from 50 to 10 hPa, the SSI data sets do not contribute much to the variability of the solar response when SATIRE-T is omitted. Differences between CCMs have a major effect in the upper mesosphere, where they explain more than 80% of the ozone, 25% of the temperature and 50% of the SW heating rate variability of the solar 10 responses."

Text ersetzt�
Text
[Alt]: "To isolate the causes for the contributions to the solar signal spread, a detailed analysis was performed of the solar signal" 
[Neu]: "However, in the upper stratosphere/lower mesosphere the largest fraction of solar cycle response variance is random and not related to differences in SSI data sets or the applied CCM. To isolate the causes for the contributions to the solar response spread, a detailed analysis was performed of the solar response"

Text ersetzt�
Text
[Alt]: "SSI-simulation" 
[Neu]: "SSI15 simulation"



Schriftart „NimbusRomNo9L-Regu“ geändert in „NimbusSanL-Regu“.

Text gelöscht�
Text
"5"

Text ersetzt�
Text
[Alt]: "signals" 
[Neu]: "responses"

Text eingefügt�
Text
"20"

Text ersetzt�
Text
[Alt]: "signals" 
[Neu]: "responses"

Text gelöscht�
Text
"10"

Text eingefügt�
Text
"25"

Text gelöscht�
Text
"15"

Text eingefügt�
Text
"30"

Text ersetzt�
Text
[Alt]: "signal" 
[Neu]: "response"

Text gelöscht�
Text
"20"

Text ersetzt�
Text
[Alt]: "signal" 
[Neu]: "response 35"

Text ersetzt�
Text
[Alt]: "20" 
[Neu]: "22"


10

15

20

25

30

35

In addition to the SSI induced spread in the solar response, differences between the CCMs turned out to have their strongest
impact on the solar responses in SW heating rates, temperature and ozone in the upper mesosphere at altitudes above about
60 km. The two CCMs used for this study are representative for the current CCM generation which consists primarily of
models with a top level in the upper mesosphere around 0.01 hPa (or 80 km altitude), as the EMAC version used in this study,
plus a few CCMs that also include the thermosphere, as WACCM with a top level at about 140 km. Resulting differences in
the radiation parameterisations and the vertical transport of substances have been identified to cause the spread in the upper
mesosphere solar responses. For example, the spread in the solar response of the upper mesosphere SW heating rates arises
from an underestimation of oxygen absorption in the FUV by the parameterisation of Strobel (1978) in EMAC, reaching up
to -1.2 K day~! compared to WACCM in the climatological annual mean. Moreover, the odd oxygen mixing ratios in the
upper mesosphere are substantially lower in EMAC than in WACCM, as EMAC - due to its lower lid — does not capture the
photochemical production of O(*D) and O(®P) in the lower thermosphere of WACCM nor their downward transport into
the mesosphere by the residual circulation during the winter seasons. As a result, solar ozone responses of opposite sign are
produced in the upper stratosphere where WACCM exhibits more ozone at solar maximum due to its enhanced odd oxygen
abundances, while EMAC exhibits less ozone due to its more intense HOy cycle. This shows that a realistic simulation of
solar cycle effects is better achieved when the residual downward transport of thermospheric photolysis reactants is taken
into account. Some of these effects could be included in CCMs with a model top in the upper mesosphere by a thoroughly
formulated upper boundary condition, as already included for NO, produced in the thermosphere by auroral and medium-
energy electrons.

For annual mean total column ozone (TCO) a significant solar response could be identified from the southern midlatitudes
to the northern polar region when all simulations from both CCMs are considered. In the southern high latitudes, these TCO
anomalies are the result of natural dynamical variability of the Antarctic polar vortex. Distinct differences in TCO anomalies
between the CCMs are also expressed by the relatively large fraction of the anomaly variability that can be explained by
differences between the CCMs. The usage of the SSI data set has the largest influence on the variability of the TCO solar

Qresponse in the tropics. The largest contribution to the annual mean TCO solar response is from the lower stratospheric layers
with pressures > 16 hPa which on average contributes 53%, or when analysed separately, 58% (WACCM) and 45% (EMAC).
Both CCMs underestimate the lower stratospheric contribution to the solar response in TCO, compared to the analysis of
SBUV-SBUV/2 data by Hood (1997) who found a 85% contribution of the lower stratosphere to the TCO solar response.

Note that the individual contributions of the SSI data sets and CCM configurations derived in our study are constrained by
the choice of the CCMs. While the possible spread of solar cycle SSI variation is very well captured in our study by considering
the five currently usable SSI data sets, a similar coverage of the CCM induced spread cannot be achieved, given the number and
diversity of available CCMs. Thus, the CCM contribution to the variance of the solar response are, to some extent, determined
by the specifics of the EMAC and WACCM models. For example, the CCM contribution to the solar SW heating rate signal
would increase in models applying SW radiation schemes with low spectral resolution or employing TSI scaling procedures.

The usage of an alternative SSI reference data set such as (Meftah et al., 2020, 2018), which is representative of the 2008

solar minimum, may have an influence on the climatological state of the CCMs, as higher or lower SSI values in certain
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spectral bands lead to higher or lower SW heating rates, thus affecting the temperature and potentially also the zonal wind of
the CCMs. As the reference SSI data set serves as a common base state for the solar minimum of all other SSI data sets, we
do not expect signiﬁcan?differences in the uncertainties of the solar responses when using a different SSI reference spectrum.
The quantification of the uncertainties of the solar responses in the CCMs is based on only one exemplary solar amplitude
(descending phase of solar cycle 22, November 1989 to November 1994). However, other solar cycles show different, spectrally
resolved characteristics in their amplitudes, which also differ among the individual SSI data sets. From comparison to other
solar cycle amplitudes we found the magnitude of the applied solar amplitude in this study to be representative for solar cycle
amplitudes in the satellite era.

Finally, as all simulations of this study were carried out under conditions of low auroral activity, only effects of 11-year

variations in solar electromagnetic radiation have been considered in this study. The impact of variations of energetic particle

precipitation for different levels of auroral activity will be subject of further studies.

8 Data availability

The data of the EMAC and CESM1(WACCM) simulations, which have been performed for this study, are available for down-

load on request.

Appendix A: Analysis of variance (ANOVA)

A two-way analysis of variance (ANOVA) (Fisher, 1925) is applied to the time series of anomaly data x;;;, i.e. a data set
consisting of the time series of the differences between the simulations performed by both CCMs (@ = 1,2) for solar maximum
conditions of five SSI data sets (j = 1,...,5) and the respective simulation of each CCM for solar minimum conditions. It is
created by using the five simulations of each CCM with solar maximum SSI data sets minus the simulations of each CCM with
the ATLAS-3 SSI data set at solar minimum. Thus, the complete time series consists of 450 annual mean anomalies (n;) from
10 simulations, each with a length of 45 years (n). The anomalies 7, are the individual solar responses, and their fluctuations

around the averaged solar response Z can be described as

Tijk =T+ (T —T) + (T —T) + (Tij — T = T; +T) + €

=§+ai+ﬁj + Yij + €ijk (A1)

with a; the deviations of the averages of the two CCMs from the overall average T; 3; the deviations of the averages of
simulations applying the five SSI data sets from T; 7;; the deviations of the averages of the individual simulations ;;, @;, and
7 from T; and €;;;, the random fluctuations that cannot be explained by a;, 3;, or 7;;. The null hypotheses (Hy) are that the
averaged solar response does not depend on the CCM (Hj ; : a;; = 0), the applied SSI data set (Hy,» : 8; = 0), or the interaction
of CCM with applied SSI data set (Ho_3 : 7;; = 0). We apply the two-way ANOVA to test the validity of these hypotheses. The
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total sum of squares (SS;) of the complete time series is calculated as

nt NA NB n
SS =Y (w—-7)*=) > > (win—7)° (A2)
=1 i=1j=1k=1

with the individual annual mean solar response ;3 and the overall mean . The SS; of the complete time series is further split

by applying two treatments as
S8y = SSya +SSus + SSpan + SSu. 3

One treatment (A) takes into consideration the applied CCM, building two groups (N 4 = 2), the WACCM and the EMAC solar
responses with n4 = 225 elements each. The second treatment (B) takes into consideration the applied SSI data set, building
five groups (Np =5) with np = 90 elements each. For each treatment (K = A, B) the sum of squares between the groups (SSpx)

are calculated as

Na

SSpa =na Z(x_z — %)% (A4)
=1
NpB

SSys=np Y _(T;— %)% (AS)
=i

with Z;, Z; the mean solar response of each group, N 4, N the number of groups within each treatment, and n4, ng the number

of elements within each group. The sum of squares emerging by the interaction of the treatments (SS; 4 ) is calculated as

QNA NB
SSbAB:nZZ(ij—E—:TjJrE)*? (A6)
i=1j=1
with 7;; the mean of the individual simulations and Z;, T; the mean solar responses of each group within the treatments. The

sum of squares within (SS,,), which accounts for the random, unexplained or error part of the variability, is calculated as

NA NB n

SSw=>_ 3> (wijk —75;)® (A7)

i=1j=1k=1

with x;;;, the individual solar responses. The degrees of freedom of the model are calculated as

dfa=mn¢—NaNp (A8)
dfnk = Nk —1 (A9)
dfnas = (Na—1)(Ng—1). (A10)

These are the degrees of freedom within the groups (df) which is the degrees of freedom of the denominators when calculating
the F-statistics (Equation A15), df,x the degrees of freedom between the groups, and df,, 4 p the degrees of freedom of the

interaction between the treatments which are the degrees of freedom of the nominators in Equation A15. Note that the CMIP6
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SSI data set depends on the SATIRE-S and NRLSSI2 data sets and therefore cannot be counted as an independent SSI data set.

For the calculations of the degrees of freedom we use Np = 4. By the ratios

, . S8k =42k SS,

dfa

m All
a, K SSt 9 ( )
SSpap — 4zA2 5SS,
R2 5= 20 SSdfd (A12)
t

5 the adapted coefficients of determination (von Storch and Zwiers, 1999) are calculated, which are a measure of the variance
explained by the treatment (K = A, B) or by the interaction between both treatments. R2 ,, R? ;, and R? ,; are shown in

Figure 4. The mean sum of squares within the groups MSS,, is calculated as

SSuy
MSS, = ; Al3)
u d fd ( /Q
Qand the mean sum of squares between the groups MSS; x and the MSS interacting between the groups MSS; 4 5 are calculated

10 as

MSSyx = %, MSSyap = *Zfbj]f

As MSS,,, MSS;x, and MSS; 45 are assumed to be unbiased estimators of the variance o we can use these estimators to

(Al4)

calculate the F-statistics as

_ MSSk _ MSSpap

F MSS,’ MSS.,

(A15)
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Annual mean zonally averaged 11-year solar cycle response in total column ozone (TCO) in % for WACCM
(long dashed) and EMAC (dotted) for prescribed SSI data sets NRLSSI1(CMIP5) (yellow), NRLSSI2 (red),
SATIRE-S (blue), SATIRE-T (light blue), and CMIP6 (black). The 95% uncertainty range is given for simula-
tions with the CMIP6 data set for WACCM (light grey shaded) and EMAC (dark grey shaded). . . . . . .. ..
Annual mean zonally averaged 11-year solar cycle response in layer thickness from 100 to 10 hPa in m
for WACCM (long dashed) and EMAC (dotted) with prescribed SSI data sets NRLSSI1(CMIPS) (yellow),
NRLSSI2 (red), SATIRE-S (blue), SATIRE-T (light blue), and CMIP6 (black). The 95% uncertainty range is

Top: Ensemble average, annual and zonal mean 11-year solar cycle response in partial column ozone in %
(solid black) and the 95% confidence interval as error bars; WACCM simulations only (solid red); EMAC
simulations only (solid blue); light grey shading denotes the standard deviation of the ensemble mean solar
response; hatched region denotes the part of the standard deviation explained by the models; dark shading
denotes the part of the standard deviation explained by the SSI data sets. Bottom: As top for annual, global
mean 11-year solar cycle response in TCO in DU (solid black) for pressure regions as indicated on the y-axis. .
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Figure 1. (a) Solar cycle SSI variations from Nov. 1989 to Nov. 1994 relative to Nov. 1994 (ASST) in % for wavelengths ranging from
FUYV to the VIS bands; (b) as in (a) for the Lyman-a (121.5 nm), Far-UV (121-200 nm), Herzberg continuum/Hartley bands (201-242 nm),
Hartley-/Huggings-bands (243—380 nm) (multiplied by a factor of 10) and visible (381780 nm) (multiplied by a factor of 100).
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Figure 2. (a) Averaged SSI variations for solar cycle amplitudes relative to ATLAS3 (ASST) in % for the Lyman-« (121.5 nm), Far-UV
(121-200 nm), Herzberg continuum/Hartley bands (201-242 nm), Hartley-/Huggings-bands (243—-380 nm) (multiplied by a factor of 10) and
visible (381-780 nm) (multiplied by a factor of 100) spectral ranges; with the 95% confidence interval given as error bar. (b) Anomaly of
SSI variations for solar cycle 22 (descent-2) with respect to the averaged solar cycle shown in (a).
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Figure 3. Annual mean 11-year solar cycle response (shaded) and signal variance (white contours) in terms of the solar response annual
standard deviation for SW heating-rates (a), temperature (b), and ozone mixing ratios (c). Solar response derived as ensemble mean over both
models and all SSI data sets; solar minimum SSI based on ATLAS3 reference state. The grey hatching masks areas where signal or ratio of
explained variance does not pass a test for statistical significance (p > 5 %).
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Figure 4. Left column: Percentage of signal variance (square of white contours of left figures) explained by systematic differences between
forcing SSI data sets (Rq, B Equation A11, blue shading). The white contours indicate levels of explained variance larger than the range of
shading. Middle column: as left column but for systematic differences between CCMs (R4, 4 Equation A11). Right column: as left column
but for signal variance explained by the interaction of the CCM and the SSI data set treatments (R,, 48 Equation A12). The grey hatching
masks areas where the ratio of explained variance does not pass a test for statistical significance (p > 5 %).
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Figure 5." Annual mean 11-year solar cycle response (60°S—60°N) in (a) SW heating rates, (b) temperature, (c) ozone concentrations, (d)
atomic oxygen (O(®P)), (e) atomic oxygen (O(* D)), (f) NOy, (2) HO,, and (h) H>O. Solar responses are derived for an average of WACCM
and EMAC simulations using five SSI data sets at solar maximum NRLSSI1(CMIP5) (yellow), NRLSSI2 (red), SATIRE-S (blue), SATIRE-T
(dark blue), and CMIP6 (black) relative to the average of the WACCM and EMAC reference solar minimum simulations. The shaded area
indicates the range of the WACCM (black long dash contour) and EMAC (black dotted contour) ensemble means. The 95% uncertainty error
bar is given for the averaged solar response over the complete ensemble, calculated with a Student’s t test.
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vapour (JH20), and (f) nitric oxide (JNO) for a single time step at 180°E averaged from 60°S to 60°N. Changes are derived for an average
of WACCM and EMAC simulations using five SSI data sets at solar maximum NRLSSI1(CMIPS5) (yellow), NRLSSI2 (red), SATIRE-S
(blue), SATIRE-T (dark blue), and CMIP6 (black) relative to the average of the WACCM and EMAC reference solar minimum simulations.
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41


Text eingefügt�
Text
"(d)"

Text gelöscht�
Text
"3"

Text eingefügt�
Text
"Figure 6."

Text gelöscht�
Text
"Figure 3."

Text ersetzt�
Text
[Alt]: "34" 
[Neu]: "41"


Temperature deviation
0.01
0.03

(a) EMAC — ERA-5
(b) WACCM — ERA-5

60S 305 EQ 30N 305 EQ 30N
latitudes latitudes

[ [ [ [ [ T ]

-18 -16 -14 -12 -10 -8 -6 -4 -2 O 2 4 [ 8 10 12 14 16 18

Figure 7QAnnua1 mean temperature deviation of EMAC and WACCM to ERA-5 climatology. (a) EMAC — ERA-5 and (b) WACCM - ERA-5
climatology. The ensemble mean for each CCM consists of the solar minimum reference simulation (included 5 times in the ensemble mean)
and the 5 simulations of the solar maximum. The ERA-5 data consists of annual mean data from 1982 to 2018. Grey hatching masks areas
where differences do not pass a test for statistical significance (p > 5 %), for differences relative to ERA-5.
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Figure 9. Annual mean zonally averaged 11-year solar cycle response in total column ozone (TCO) in % for WACCM (long dashed) and
EMAC (dotted) for prescribed SSI data sets NRLSSI1(CMIPS) (yellow), NRLSSI2 (red), SATIRE-S (blue), SATIRE-T (light blue), and
CMIP6 (black). The 95% uncertainty range is given for simulations with the CMIP6 data set for WACCM (light grey shaded) and EMAC
(dark grey shaded).
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Figure 10. Annual mean zonally averaged 11-year solar cycle response in layer thickness from 100 to 10 hPa in m for WACCM (long
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Figure 11. Top: Ensemble average, annual and zonal mean 11-year solar cycle response in partial column ozone in % (solid black) and
the 95% confidence interval as error bars; WACCM simulations only (solid red); EMAC simulations only (solid blue); light grey shading
denotes the standard deviation of the ensemble mean solar response; hatched region denotes the part of the standard deviation explained by
the models; dark shading denotes the part of the standard deviation explained by the SSI data sets. Bottom: As top for annual, global mean
11-year solar cycle response in TCO in DU (solid black) for pressure regions as indicated on the y-axis.
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Table 1. Solar cycle spectral solar irradiances changes from Nov. 1989 to Nov. 1994 relative to Nov. 1994 (ASST) in % and relative
contribution of SSI changes to the TSI change ( ﬁig ) in % for the Lyman-« (121.5 nm), Far-UV (121-200 nm), Herzberg continuum/Hartley
bands (201-242 nm), Hartley-/Huggings-bands (243-380 nm) and visible (381-780 nm) spectral ranges.

Herzberg cont. Hartley-

SST dataset Lyman-« Far-UV Hartley bands ~ Huggings-bands visible
121.5 nm 121-200 nm 201-242 nm 243-380 nm 381-780 nm

ASST 255 ASSI 2281 ASST 2850 ASST 253 ASST 253

ATSI ATSI ATSI ATSI

NRLSSI1 4429 027 | 11.07 1.14 | 348 5.32 | 0.27 2291 | 0.08 54.90
NRLSSI2 50.38 0.29 | 11.39  1.13 | 3.26 4.79 | 0.35 29.04 | 0.07 41.41
SATIRE-T | 35.57 0.30 | 7.58 1.08 | 2.58 549 | 041 48.55 | 0.05 42.79
SATIRE-S | 5748 0.33 | 12.09 1.19 | 3.60 5.30 | 0.55 4552 | 0.07 42.96
CMIP6 5394 031 | 11.74 1.15 | 343 5.00 | 0.45 36.86 | 0.07 41.86
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Table 2. Correlations of annual average polar region (70°N-90°N) anomalies (solar maximum — solar minimum) of total column ozone
(TCO) and the layer thickness from 100 to 10 hPa. TCO change in DU per 100 m geopotential height change and the 95% confidence
interval.

EMAC WACCM
Hemisphere | Correlation ATCO/100 m | Correlation ATCO/100 m
CMIP6
NH 0.82 6.08+0.37 0.68 6.11+0.57
SH 0.81 7.49+0.47 0.77 6.06+0.43
SATIRE-T
NH 0.81 5.91+0.37 0.69 6.03£0.55
SH 0.82 8.024+0.48 0.76 5.384+0.40
SATIRE-S
NH 0.83 6.20+0.36 0.71 5.91+0.51
SH 0.81 7.72+0.48 0.69 5.09+0.46
NRLSSI1
NH 0.84 5.95+0.34 0.70 6.251+0.55
SH 0.82 7.26+0.44 0.76 5.94+0.44
NRLSSI2
NH 0.82 6.394+0.38 0.66 5.8440.57
SH 0.83 7.81+£0.45 0.76 5.54+0.41
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Quantifying uncertainties of climate signalsrelated to the 11-year
solar cycle. Part I: Annual mean response in heating rates,
temperature and ozone
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Abstract. Variations of the solar spectral irradiance (SSI) with the 11-year sunspot cycle have been shown to have a significant
impact on temperatures and the mixing ratios of atmospheric constituents in the stratosphere and mesosphere. Uncertainties
in modelling the effects of SSI variations arise from uncertainties in the empirical models reconstructing the prescribed SSI
data set as well as from uncertainties in the chemistry-climate model (CCM) formulation. In this study CCM simulations with
the ECHAM MESSy Atmospheric Chemistry (EMAC) model and the Community Earth System Model 1 (CESM1)-Whole
Atmosphere Chemistry Climate Model (WACCM) have been performed to quantify the uncertainties of the solar responses in
chemistry and dynamics that are due to the usage of five different SSI data sets or the two CCMs. We apply a two-way analysis
of variance (ANOVA) to separate the influence of the SSI data sets and the CCMs on the variability of the solar response
in shortwave heating rates, temperature and ozone. The ANOVA identifies the SSI data set with the strongest influence on
the variability of the solar signal in shortwave heating rates in the upper mesosphere and in the upper stratosphere/lower
mesosphere. The'strongest influence on the variability of the solar signal in ozone and temperature is identified in the upper
stratosphere/lower mesosphere The largest influence of the CCMs on variability of the solar responses can be identified i 1n the
upper mesosphere. The solar response in the lower stratosphere also depends on the CCM used, especially in the troplcs and

northern hemispheric subtropics and mid latitudes, where the model dynamics modulate the solar responses.

1 Introduction

Solar ultraviolet (UV) radiation is largely absorbed in the stratosphere and mesosphere, thereby heating the middle atmosphere
and forming the ozone layer, filtering the most harmful part out of the solar spectrum and protecting life on Earth. Especially
the UV wavelengths from 120 to 380 nm are subject to variations with the 11-year solar cycle ranging between 50 and 0.5%,
whereas the respective total solar irradiance (TSI) variation is only about 0.07%. The response of the middle atmosphere to

the 11-year variations of solar activity has been addressed in numerous studies over the recent decades. Early studies were
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confined to the lower stratosphere, using stratospheric analyses based on radiosondes (Labitzke, 1987; Labitzke and van Loon,
1988). Enhanced evidence for an effect of solar variability on middle atmospheric temperatures and constituents has been
achieved since satellite observations are available (e.g., McCormack and Hood, 1996). Modelling studies range from early
investigations with 2-dimensional atmospheric and chemistry models (Garcia et al., 1984; Haigh, 1994) and 3-dimensional
general circulation models (GCMs) (e.g., Matthes et al., 2004) to studies with advanced chemistry-climate models (CCMs)
(SPARC CCMVal, 2010) and CCMs coupled to an ocean model, as partly used within the 5th Coupled Model Intercomparison
Prf)ject (CMIP5) (Mitchell et al., 2015; Misios et al., 2015; Hood et al., 2015).

SWhile a good understanding of the chemical and dynamical implications of the 11—year solar cycle on the middle atmosphere
has been achieved (e.g., Gray et al., 2010, 2013; Ermolli et al., 2013), there are still discrepancies between observed responses
to the solar cycle and modelling studies, as well as between different models. As explained in the following, there are two
major sources for the uncertainty in the modelled solar signals: differences in the model formulation such as for example
the implemented UV radiation parameterisations, photolysis schemes and dynamical characteristics of the models, and the
prescribed solar irradiance data set. The impact of the 11—year solar cycle on the atmosphere can be separated into two parts:
a) an influence via the absorptiori;of UV-radiation by ozone and oxygen in the middle atmosphere, with the direct solar heating
response inducing a dynamical signal that propagates downward through the so-called “top-down” mechanism (Kodera and
Kuroda, 2002), and b) an influence based on the absorption of the visible and infrared parts of the solar spectrum at the surface
(often expressed by variations in TSI), which is amplified by the so-called “bottom-up” mechanism (van Loon et al., 2007;
Meehl et al., 2009). A realistic modelling of the “top-down” effect therefore relies on prescribing spectrally resolved solar
irradiances (SSI) for the radiatioriiemd photolysis parameterisations of the applied CCMs. The SSI variation over the 11-year
solar cycle leads to a modulation of stratospheric ozone through photochemistry (e.g., Haigh, 1994; Ball et al., 2014), as well
as variations of the heating rates in the middle atmosphere through absorption of UV-radiation (e.g., Garcia et al., 1984). It
has been shown that the spectral resolution of the radiation parameterisation has a large impact on the 11-year solar response
of the short-wave (SW) heating ratesgNissen et al., 2007 Forster et al., 2011). Both SSI dependent changes, in ozone and
in SW heating rates over the 11-year solar cycle, determing the resulting solar induced temperature signal. SPARC CCM Val
(2010) identified a large model spread in solar responses for ozone and temperature of 18 CCMVal-2 CCMs, mainly caused by
differences in the spectral resolutions of the shortwave radiation parameterisation or the treatment of photolysis in the CCMs.

Besides their solar cycle response on the thermal structure and dynamics of the middle atmosphere, the different spectral
distribution of a SSI data set can also have an impact on the averaged middle atmospheric temperature, as was found in studies
comparing different SSI data sets. It was shown that differences in the energy distribution during the solar minimum phases of
individual SSI data sets may cause significant differences in the simulated temperatures in the middle atmosphere (e.g., Zhong
et al., 2008; Oberlédnder et al., 2012). Even when scaled to the same TSI, the variable spectral distribution of energy within the
SSI data sets can cause significant changes of the simulated climatological temperatures in the middle atmosphere. As shown
in Matthes et al. (2017), climatological annual mean middle atmospheric temperatures in the tropics can be up to 1.6 K lower
when using the CMIP6 recommended SSI data set instead of NRLSSI1. Therefore, to exclude the effect of different spectral

distributions and to isolate the pure effect of the amplitude of SSI changes over the solar cycle, it is necessary to use a common
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SSI data set for solar minimum conditions that serves as a baseline for adding the solar amplitude of the different TSI/SSI data
sets. By adding the solar amplitude, i.e. the differences of the TSI/SSI between the solar maximum and solar minimum state of
the different SSI data sets, to the reference state, the effects of the 11-year solar cycle differences in spectral distribution and
amplitude of the individual SSI data sets can be quantified in a more appropriate way than in previous work.

The aim of this study is to estimate the uncertainty of the solar cycle signal resulting from the two above described sources
of uncertainty: the specification of the 11-year solar cycle SSI amplitude and the models’ shortwave radiation and photolysis
schemes and their dynamical characteristics%We apply different SSI data sets in two CCMs, EMAC and CESM(WACCM), as
described in Section 3 to identify regions where significant differences in the solar responses can be attributed to differences
in either the SSI data sets or the CCMs. Both CCMs have participated and their solar responses have been evaluated in the
CCMVal-2 activity (SPARC CCMVal, 2010). Here, we use five different SSI data sets that are all based on empirical or
semi-empirical models of SSI and TSI (see Section 2 for more details). In contrast to previous studies, we use a common
observation based reference SSI spectrum for'solar minimum conditions where the five SSI amplitudes are added to create the
solar maximum forcings (s. Section 3.1). After analysing the solar response of the ensemble mean and its variance in Section
4, the individual solar responses are discussed in Section 5. To separate the influence of the SSI data sets and the CCMs on the
solar responses in shortwave heating rates, temperature and ozone, a two-way analysis of variance (ANOVA) methodthas been
applied. While the ANOVA is a well established method in many scientific fields, it is used here for the first time to quantify
the uncertainty of the atmospheric response to decadal solar variability. The climatological differences between both CCMs,
that are partially responsible for differences in the solar responses, are discussed in Section 5.2. In Section 6 the solar response

in total column ozone and its variability are analysed, followed by a summary and conclusions in Section 7.

2 Spectral solar irradiance data sets

The record of observed TSI covers a relatively short period of time, since the first satellite mission to monitor TSI was launched
in 1978. The record of SSI observations is even shorter and does not cover the solar spectrum continuously, as required for
climate modelling studies. The construction of a continuous SSI data set exploiting all available space-borne measurements
was only recently addressed by the “First European Comprehensive Solar Irradiance Data Exploitation project” (SOLID)
(Haberreiter et al., 2017). In order to perform multi-decadal simulations with GCMs and CCMs covering the recent past and
the near future, as done within CMIP5 and the Chemistry-Climate Model Initiative (CCMI), SSI and TSI data sets are needed

that are based on reconstructions with empirical models. Such models rely on SSI and TSI proxy data, which are available for

O

¥ ;/The standard data set for TSI and SSI in recent model intercomparison studies like CMIP5, CCMVal-2, and CCMI was the

NRLSSI1 data set (Lean, 2000; Wang et al., 2005). This data set is known to have the lowest solar cycle variability in the

_spectral range from 200400 nm, compared to other SSI reconstructions and measurements (Ermolli et al., 2013). This is of

Y /particular importance for the formation of ozone and the related heating rates in the middle atmosphere (Ermolli et al., 2013).

The low variability of the NRLSSI1 data set might lead to an underestimation of simulated 11-year solar cycle effects in global
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models (Ermolli et al., 2013) and motivated the compilation of a new TSI/SSI data set to be used for CMIP6 (Matthes et al.,
2017) which is a combination of two data sets: NRLSSI2 (Coddington et al., 2016) and SATIRE (Krivova et al., 2009; Yeo
et al., 2014). In the following subsection we give a brief introduction of the SSI/TSI data sets applied in this study.

ATLAS3 based reference spectrum

The SSI data set used in this study for the solar minimum reference state between 0.1-2,395 nm is the Atmospheric Laboratory
of Applications and Science-3 (ATLAS-3) SSI reference spectrum (Thuillier et al., 2004), obtained during the third ATLAS

mission in November 1994 near the minimum of solar cycle 22. It is a composite spectrum that comprises SSI measurements

from instruments on three space platforms, including measurements with the SOLar SPECtrum instrument (SOLSPEC) and

O
'the Solar Ultraviolet Spectral Irradiance Monitor (SUSIM) experiment on board of the space shuttle (see Thuillier et al., 2004,

for more details). The ATLAS-3 SSI data set covers wavelengths up to 2,395 nm only. We use the NRLSSI1 data set for
wavelengths between 2,395-99,975 nm and the SATIRE-S data set from 99,975-165,000 nm to extend the spectrum to the
infrared and to derive the TSI for the ATLAS-3 spectrum. The extended ATLAS-3 @pectrum was then scaled to obtain the
integrated TSI of 1361.05 W m~2 for November 1994, derived from Total Irradiance Monitor (TIM) TSI measurements on
NASA'’s Solar Radiation and Climate Experiment (SORCE) (Kopp and Lean, 2011). The resulting compiled and scaled SSI
data set serves as a reference state for solar minimum conditions to which the solar amplitudes of all other SSI data sets have

been added to get the respective SSI data sets for solar maximum condition.

NRLSSI

Q"‘Ll"he Naval Research Laboratory (NRL) SSI models (Lean et al., 1997; Lean, 2000; Coddington et al., 2016) are based on the

empirical, wavelength-dependent relationship between sunspot darkening and facular brightening on the solar disk with SSI
changes. This relationship is decribed by indices, which are used in regression models to determine the coefficients required to
estimate the time-varying SSI changes. The SSI changes of the empirical model are added to a quiet sun reference state, based
on the WHI (whole heliosphere interval) SSI reference spectrum and the ATLAS-1 measurements (Thuillier et al., 1998). The
TSI changes are added to a quiet Sun reference state of 1365.5 W m~2 (NRLSSI1) and 1360.45 W m~2 (NRLSSI2), based
on SORCE/TIM measurements (Kopp and Lean, 2011). The required model coefficients are determined from a multiple linear
regression of the proxy time series on the observed TSI from SORCE/TIM and observed SSI from SORCE/SOLSTICE and
SORCE/SIM for NRLSSI2 and UARS/SOLSTICE for NRLSSI1. For facular brightening the composite MG II index of the
University of Bremen (Viereck et al., 2001) and as index for sunspot darkening the sunspot area as recorded by ground-based

observatories are used (Lean et al., 1998).
SATIRE

The SATIRE (Spectral And Total Irradiance REconstructions) model (Krivova et al., 2009; Yeo et al., 2014) for the recon-

struction of SSI and TSI is a semi-empirical model that is based on variations of the solar surface magnetic field. The intensity
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spectra of the quiet Sun reference state, faculae, network, sunspot umbrae, and sunspot penumbrae are derived by applying a
radiative transfer code (Unruh et al., 1999; Yeo et al., 2014). The resultant SSI is given as a weighted sum of these five contri-
butions, where the weights (filling factors) are retrieved from magnetograms and continuum images that allow to estimate the
fractional solar surface that is covered by the brightening (faculae and network) and darkening (sunspot umbrae and penum-
brae) features. Two different data sets from the SATIRE model that both span a wavelength range from 115 — 160000 nm,
SATIRE-T (telescope era) and SATIRE-S (satellite era), are used in this study. Differences between SATIRE-T and SATIRE-S
arise from the estimation of the filling factor that describes the fractional surface coverage of the quiet Sun and the brightening
and darkening features. SATIRE-S relies on full-disc magnetograms and intensity images, which allow to reconstruct TSI and
SSI back to 1974. Satire-T (Krivova et al., 2010) is intended to reconstruct the SSI/TSI in the pre-satellite era when only lower
quality data for the estimation of the state of the photosphere are available. Whereas for SATIRE-S detailed information of the
photospheric structure can be used, it is assumed to be homogeneous for SATIRE-T. The SATIRE-T filling factors for sunspot
umbrae and penumbrae are calculated from the observed sunspot areas. The filling factors for faculae and network are derived
from the evolution of the solar photospheric magnetic flux estimated by a coarse physical model (Solanki et al., 2000). As our
study is based on the SSI/TSI data of November 1994, the most reliable reconstruction of the SATIRE model is given by the
SATIRE-S data set, however SATIRE-T is also included for comparison. The direct comparison of SATIRE-T and SATIRE-S
for the same time frame can be beneficial for modelling studies using SATIRE-T in the pre-satellite era (e.g., the Maunder

Minimum) and comparing to simulations for present-day conditions, which also use SATIRE-T SSI.
CMIP6 data set

The SSI and TSI data sets of the NRLSSI2 and SATIRE-S/T models, introduced in the previous sections, both cover the
required time span (1850-2300) for CMIP6 simulations, and have been widely tested in modelling studies. The new recom-
mended SSI/TSI data set for CMIP6 has been derived by averaging the NRLSSI2 reconstructions with the SSI and TSI of
SATIRE-S/T as described in detail in Matthes et al. (2017). As we only use data for November 1989 and November 1994, the
CMIP6 SSI and TSI data consists of an average of output from NRLSSI2 and SATIRE-S.

v

[Table f@:}tbout here.]

Table 1 gives an overview of the applied SSI data sets with*d@%ails of their percentage solar cycle amplitude in the Lyman-c,
far-UV (FUV, 121-200 nm), UV in the Herzberg continuum (partly overlapping with the Hartley-bands) (201-242 nm), UV in
the Hartley-/Huggins-bands (243-380 nm), and the visible (381-780 nm) spectral regions. The first value (ASSI) represents the

percentage SSI change from solar minimum to maximum relative to thé#olar minimunfin November 1994. The second value

ASST
ATSI

represents ASSI relative to the TSI change from solar minimum to maximum ( )in %. Whereas ASSI emphasises the large
variability of the solar irradiance at Lyman-a and in the Schumann-Runge-continuum/-bands over the'l 1-year solar cycle, the
ASSI weighted by ATSI emphasises the large solar cycle variation of absolute energy in the UV and visible wavelengths. High

ASSI variability in the FUV is leading to large increases in the photolysis of oxygen and water vapour in the upper mesosphere
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during solar maximum. More important for the solar response of stratospheric ozone mixing ratios are the two UV spectral
regions. While the irradiance increases in the 201-242 nm spectral region lead to more oxygen photolys1s and subsequent ozone
production in the stratosphere during solar maximum, the irradiance increases between about'243-380 nm lead to more ozone
destruction through photolysis during solar maximum, further discussed in section 5.1. The NRLSSI1 and NRLSSI2 data sets

have the lowest 232% ratio in the Hartley-/Huggins-UV-band among the SSI models used here, whereas the SATIRE-S data set
ASST

ATSI

shows the highest and has also the highest

ratio in the Lyman-«, FUV, and Herzberg continuum/Hartley bands spectral
regions. Coddington et al. (2019) compare solar amplitudes of 11-—year solar cycles in the satellite period produced with the
NRLSSI2 and SATIRE-S for a number of broad wavelengths bands to SSI amplitudes derived from the SOLID composite. In
the FUV spectral region they report the highest SSI amplitude for the SATIRE-S data set. Yeo et al. (2015) compare the SSI
variability of NRLSSI1 and SATIRE-S with SSI obeservations over the satellite period and report the low UV variability of
NRLSSI compared to the SATIRE-S data set.

3 Chemistry-climate models and simulations

Two state-of-the-art CCMs have been used in this study to quantify the uncertainty of the modelled solar response related to the
11-year solar cycle. These are EMAC (ECHAM/MESSy Atmospheric Chemistry) (Jockel et al., 2016) and CESM1(WACCM)
(Community Earth System Model 1-Whole Atmosphere Chemistry Climate Model) (Marsh et al., 2013)$

EMAC

K"/EMAC is a CCM that includes sub-models describing tropospheric and middle atmospheric processes and their interaction with

oceans, land and human influences (Jockel et al., 2010). It uses the second version of the Modular Earth Sub-model System
(MESSy2) to link multi-institutional computer codes. The core atmospheric model is the 5th generation European Centre
Hamburg general circulation model (ECHAMS, Roeckner et al., 2006). For the present study we applied EMAC (ECHAMS
version 5.3.02, MESSy version 2.52; Jockel et al., 2016) in T42L47MA-resolution, i.e. with a spherical truncation of T42
(corresponding to a quadratic Gaussian grid of approx. 2.8°latitude by 2.8°longitude) with 47 hybrid pressure levels up to 0.01
hPa (~80 km). The model setup comprises, among others, the sub-models: MECCA, JVAL, RAD/RAD-FUBRAD, QBO,
and UBCNOX. MECCA (Module Efficiently Calculating the Chemistry of the Atmosphere) (Sander et al., 2011a) provides
the atmospheric chemistry model. The chemical mechanism contains 155 species with 224 gas phase, 12 heterogeneous,
and 74 photolytic reactions. JVAL (Sander et al., 2014) provides photolysis rate coefficients using updated rate coefficients
recommended by JPL (Sander et al., 2011b) and resolves the solar Lyman-« line and 8 spectral bands in the UV and VIS
range (178~ 683 nm). RAD/RAD-FUBRAD (Dietmiiller et al., 2016) provides the parameterisation of radiative transfer based
in the SW on Fouquart and Bonnel (1980) and Roeckner et al. (2003) (RAD) with 4 bands from 250 to 4,000 nm. For a
better resolution of the UV-VIS spectral band RAD-FUBRAD is used for pressures lower than 70 hPa, increasing the spectral
resolution in the UV-VIS from one band to 81 bands (Nissen et al., 2007; Kunze et al., 2014). With this updated version of
RAD-FUBRAD the single band parameterisation for the heating rates of FUV in the Schumann-Runge bands (Strobel, 1978)
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is replaced by the parameterisation based on 19 bands, as given in Strobel (1978). A further update is introduced by using 14
bands for the Chappuis bands (407.5-690 nm). The submodel QBO is used to relax the zonal wind near the equator towards
the observed zonal yvind in the lower stratosphere (Giorgetta and Bengtsson, 1999). As EMAC, with an upper boundary in the
upper mesospheref;is not able to capture the thermospheric influx of NOy, the simulations presented in this study employ the
UBCNOX parameterisation (Sinnhuber et al., 2018; Funke et al., 2016) in the upper mesosphere to include NO, produced in

the thermosphere by auroral and medium-energy electrons.

WACCM

¥The Whole Atmosphere Community Climate Model (version 4; Marsh et al., 2013) is an integrative part of the Community

Earth System Model suite (version 1.0.6; Hurrell et al., 2013). CESM1(WACCM) is a “high-top” CCM covering an altitude
range from the surface to the lower thermosphere, i.e. up to 5x 10 hPa, equivalent to approx. 140 km. It is an extension of the

Community Atmospheric Model (CAM4; Neale et al., 2013) with all its physical parameterisations. For this study the model has

’ been integrated with a horizontal resolution of 1.9°latitude by 2.5°longitude and 66 levels in the vertical. CESM1(WACCM)
contams a middle atmosphere chemistry module based on the Model for Ozone and Related Chemical Tracers (MOZARTS3;

Kinnison et al., 2007) which includes a total of 52 species with 127 gas-phase, 17 heterogeneous, and 48 photolytic reactions.
A six constituent ion chemistry model is included with 13 ionization reactions and 14 ion-neutral and recombination reactions.

Its photolysis scheme resolves 100 spectral bands in the UV and VIS range (121-750 nm). The SW radiation module is a

combination of different parameterisations. Above approx. 70 km the spectral resolution is identical to the photolysis scheme

’(plus the parameterisation of Solomon and Qian, 2005, based on the F10.7 cm solar radio flux to account for EUV irradiances).

Below approx. 60 km the SW radiation of CAM4 is retained, employing 19 spectral bands between 200 and 5,000 nm (Collins,
1998). For the transition zone (60-70 km), SW heating rates are calculated as weighted averages of the two approaches.
CESM1(WACCM) features relaxation of stratospheric equatorial winds to an observed or idealised Quasi-Biennial Oscillation
(QBO; Matthes et al 2010). The ionisation in the auroral regions by energetic particles is parameterised according to Roble
and Ridley (1987) usmg the Kp index as input parameter. To achieve a setup for low auroral activity, for WACCM the Kp index
is set to a constant value of Kp = 0.67, as this corresponds to a geomagnetic index of Ap = 3, which is used in the EMAC

submodel UBCNOX.
3.1 CCM simulations

For both CCMs (EMAC and WACCM) time slice simulations have been performed with the same basic scenario for both
models in all simulations, except only for the prescribed SSI data set. The basic scenario consists of year 2000 conditions for
prescribed greenhouse gas mixing ratios (GHGs), ozone depleting substances (ODSs), and monthly climatological sea surface
temperatures (SSTs) and sea ice concentrations (SICs) (average from 1995 to 2004). After dismissing five or three years of
spinup for EMAC and WACCM, respectively, 45 years of data are available from each simulation for analyses. The QBO is
included in'all simulations by relaxation of the zonal wind in the tropical lower stratosphere between 90 and 10 hPa with the

strongest nudging applied from 50 to 15 hPa in EMAC. Whereas EMAC uses the time series of the observed zonal winds
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(Naujokat, 1986), an idealized 28-months varying QBO is used for WACCM. The reference simulation with perpetual solar
minimum conditions, performed by each CCM, uses the ATLAS-3 based SSI reference spectrum (Thuillier et al., 2004, s.
Section 2). To our knowledge, this is the first time that this observational SSI dataset has been used to force CCM simulations.
In addition, five sensitivity simulations with perpetual solar maximum conditions of the solar cycle 22 maximum in November
1989 from five different SSI data sets have been performed by each CCM. The five spectra for solar maximum conditions are
constructeg by adding the difference of the SSI between the solar maximum in November 1989 and the near solar minimum in
N ovembefil 994 of NRLSSI1 (Lean, 2000), NRLSSI2 (Coddington et al., 2016), SATIRE-T (Krivova et al., 2010), SATIRE-S
(Yeo et al., 2015), and CMIP6-SSI (Matthes et al., 2017) to the common ATLAS-3 based observational reference SSI data
set which is defined for the solar minimum state. By this procedure we ensure that we use a common spectral distribution of
energy that only varies in the solar maximum sensitivity simulations by the genuine difference from solar minimum to solar
maximum of each SSI data set. Table 1 summarises the resulting percentage changes for five spectral regions, and also gives
an overview of the five sensitivity simulations for solar maximum, which have been performed by WACCM and EMAC.

The solar minimum reference simulation as well as the solar maximum sensitivity simulations are performed for low auroral
activity. Due to these model configurations, the NO,, changes are expected to be caused by the SSI changes from solar minimum

to solar maximum and not by variations in auroral activity.

4 Annual mean solar response of heating rates, temperature, and ozone

To analyse the solar signal, time series of anomalies have been calculated for each simulation performed by EMAC and
WACCM using one of the five SSI data sets constructed for solar maximum conditions with respect to the time series of the
reference simulations of both models using the ATLAS-3 based SSI near solar minimum. These five anomaly fields for each
CCM can be interpreted as solar response of the model variables to SSI and TSI changes over the 11—year solar cycle. Figure 1
(left) shows the solar response of the ensemble mean, i.e. averaged over the simulations of both CCMs applying five different
SSI data sets each, in (a) shortwave heating rate (HR), (b) temperature, and (c) ozone mixing ratio. The averaged solar response
is significant at the 95% level in regions that are not masked by grey hatching. A t-test is applied to the complete concatenated
ensemble (10 simulations in each group without performing an ensemble mean of the simulations at solar maximum and min-
imum in advance). By this procedure the variability of the solar response is maintained and the regions where the significance

reaches the 95% level are smaller compared to the results of a t-test for an ensemble average.
[Figure 1 about here.]

The solar SW heating rate response is significant throughout the middle atmosphere at pressures lower than 30 hPa with
peaks in the tropics near the stratopause (~0.2 K day ') and in the upper mesosphere (~0.38 K day~!) (Figure 1a). Whereas
the solar response in the upper mesosphere is due to enhanced solar radiation in the spectral range from Lyman-a to the
’ SChumann-Runge bands (absorbed by oxygen), the solar signal near the stratopause is mainly due to an increase over the
¢ solar cycle in the Hartley and Huggins bands (absorbed by ozone). The very low standard deviation of the solar signal of

the ensemble mean throughout the stratosphere and mesosphere (except for the upper mesospheric polar regions) provides
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evidence that the primary annual mean radiative response of the middle atmosphere is a robust feature and not particularly
sensitive to the specified SSI data set or the CCM configuration.

A direct consequence of the stronger SW heating during solar maximum is a solar signal in temperature, which also peaks in
the upper mesosphere with up to 2 K and near the stratopause in the subtropics with more than 0.8 K (Figure 1b, left). This is
weaker than the more than 1 K solar temperature response derived from combined SSU/MSU4 satellite data reported by Randel
et al. (2009), but in the same order of magnitude as reported by SPARC CCMVal (2010) for CCMs and slightly larger than
analysed by Mitchell et al. (2015) for an ensemble of CMIP5 high-top models. The secondary lower stratospheric maximum
in the solar temperature response in the tropics, which has been identified in reanalyses (e.g., Frame and Gray, 2010), is not
present in the ensemble mean. At high latitudes, the solar signal in temperature shows generally an enhanced spread between
the ensemble members which is due to the high internal dynamical variability of the polar winter atmosphere.

The solar response in ozone mixing ratio has a first peak in the stratosphere near 7 hPa with two regions exceeding 2%,

Sone in the southern hemisphere (SH) extending from mid-latitudes to the subtropics and one in the northern hemisphere (NH)

extending from the subtropics to polar latitudes. The solar ozone response decreases in the upper stratosphere and lower
mesosphere, turns to negative values of up to -1.5% in the mesosphere and again to large positive values of more than 4.5% in
the upper mesosphere (Figure lc, left). Previous studies analysing the stratospheric solar ozone response in CCMs have found
a comparable magnitude. E.g., Hood et al. (2015) found a significant 2-3% ozone response to the solar cycle between 1979
and 2005 at a slightly higher altitude near 3—4 hPa in three out of six CCMs within CMIP5. In the upper mesosphere, the solar
ozone signal differs between the two CCMs: the negative response in EMAC appears only in a narrow layer from 0.1-0.03 hPa
in WACCM, where it strongly increases above, dominating the ensemble mean ozone response (s. Figure 2¢). The negative
solar ozone signal in EMAC is due to a strong enhancement of HO photolysis during solar maximum leading to an increase in
HO, and enhanced catalytic ozone depletion. The divergent solar responses in ozone in the upper mesosphere between EMAC

and WACCM (Figure 2c¢) are further discussed in Section 5.1.

5 Uncertainty in solar response due to SSI data sets and CCMs

To quantify the uncertainty of the mean solar response emerging from the usage of different SSI data sets on the one hand
and different CCMs on the other, we apply a two-way analysis of variance (ANOVA) approach in this study (s. Appendix A
for details)¥The data set to analyse consists of the annual mean solar responses from simulations using the five SSI data sets
in both CCMs, i.e. a time series with 450 years from 10 simulations with 45 years each, as shown for the ensemble average
in Figure 1 (left). The overall variance of the solar response, as expressed by its annual standard deviation (Figure 1, left,
white contours), is partitionedfnto a contribution arising from the applied SSI data sets and a contribution arising from the
applied CCMs. The results of the ANOVA for the solar response are shown in the middle and right columns of Figure 1. The
coefficients of determination (Equation A6) are coloured and additional white contours are included when the values reach
or exceed the limits of the colour coding. They indicate the percentage of the solar signal variance that can be explained by

the differences between the SSI data sets or the CCMs, respectively. Superimposed grey hatching masks areas where the solar
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minor CCM contribution to the SW heating rate solar signal in the lower stratosphere (p > 10 hPa) is consistent with the CCM

responses are not significantly different when grouped according to the SSI data sets or the CCMs. Note that the contributions
of the variances explained by the SSI data set and the CCM in the middle and right columns of Figure 1 do not add up to 100%,
as often the random contribution to the total variance is largest.

\:‘:/Signiﬁcant differences in the solar signal can be identified when the simulations of the ensemble mean are grouped according
to the SSI data sets (Figure 1, middle) and the CCMs (Figure 1, right). In the upper mesosphere, differences between the CCMs
explain more than 80% of the spread in the solar ozone signal — due to the change of sign in the ozone response between
WACCM and EMAC —, more than 25% of the spread of the solar temperature signal, and up to 50% of the spread of the SW
heating rate signal at high latitudes. In contrast, between 60°S and 60°N up to 70% of the spread of the solar signal in SW
heating rates is explained by the different SSI data sets, due to large solar amplitude variations in the FUV between the SSI
data sets. As a result, the SSI data sets also induce a significant fraction of the variability of the solar signal in temperature
(9%) at the mesopause.

In the upper stratosphere and lower mesosphere, the SSI data sets are responsible for a relatively large part of the variance of
the solar responses, while the CCMs explain much less variance as the radiation schemes of both models possess a sufficient
spectral resolution to capture the SW heating rate peak. The largest fractions of the SSI induced variance of the solar response
in SW heating rates (30%) and ozone (30%) peak in the subtropics, while the SSI induced variance of the temperature solar
signal (10%) maximizes in the tropics.

In the lower stratosphere and troposphere, the SSI data sets do not contribute significantly to the variability of the solar
signal in annual mean SW heating rates, temperature, and ozone. But some significant contributions of the applied CCMs
to the variance of the solar response are found, which have similar vertical and latitudinal structures for all three variables,

peaking in the tropics between 30 and 10 hPa and in the northern subtropics to mid-latitudes between 100 and 10 hPa. The

induced variance contribution of ozone and seems to be related to differences in ozone transport affecting shortwave ozone
absorption.

The simulations performed with the SATIRE-T data set show considerable deviations in the solar response compared to
simulations using the other data sets, as further discussed in Section 5.1. When omitting the simulations with the SATIRE-T
data set in the ANOVA (see Figure S1 in the supplement), less variability is explained by the SSI data set, revealing that a large
fraction of the variability attributed to the SSI data set is caused by the specific behaviour of SATIRE-T.

[Figure 2 about here.]
5.1 Differences resolved by SSI data set
The ANOVA of the ensemble mean in the previous section has shown that significant differences in the solar responses can
be attributed to the SSI data sets mainly in the region of the most active ozone production in the upper stratosphere to lower
mesosphere, whereas significant differences attributed to the CCMs are mainly located in the upper mesosphere and lower

stratosphere, further discussed in Section 5.2. In this section, we examine the differences in the solar responses of EMAC

and WACCM arising from the use of the different SSI data sets. The atmospheric response to solar irradiance variationss

10
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is primarily determined by radiative and photochemical processes that are represented by a variety of parameterisations in
climate models or CCMs. To separate the effects of differences in the input SSI data sets on the respective SW radiation and
photolysis schemes of EMAC and WACCM, we first present profiles for simulations applying the five individual SSI datasets,
averaged over both CCMs. Figure 2 shows vertical profiles of the solar cycle amplitude in SW heating rates, temperature,
ozone, atomic oxygen (O(3P) and O(1D)), NOy, HOx, and water vapour (H0O), averaged from 60°S to 60°N between 100
hPa close to the tropopause and 0.01 hPa in the upper mesosphere. For each sub-figure, the 11-year solar response is at first
calculated as the difference between the individual solar maximum simulations and the ATLAS3 solar minimum reference
simulation for EMAC and WACCM, respectively. The differences are then grouped according to the SSI data set and averaged
over EMAC and WACCM. As in Figure 1 (left), a t-test is applied to the solar response of the complete ensemble. The 95%
confidence interval from this test is included as error bars in each panel of Figure 2. To better assess the solar responses of the
photochemically influenced quantities shown in Figure 2, the solar responses of the photolysis rates of EMAC and WACCM
(averaged over both CCMs as for Fig. 2) are shown in Figure 3 for a single simulation time step in January at 180°E, averaged
from 60°S to 60°N. The shaded areas in Figures 2 and 3 indicate the range of the solar responses between the EMAC and
WACCM ensemble means, enframed by the dotted and dashed black contours for the EMAC and WACCM ensemble means,

’ respectlvely By comparing the CCM averaged profiles for individual SSI datasets with the SSI averaged ensemble mean for

[+]
‘each CCM (shading) the relative roles of the SSI datasets and the CCMs can directly be inferred for the different quantities and

altitude regions.
The average over both CCMs shows the strongest stratospheric solar response in SW heating rates and temperatures when
using the SATIRE-S data set, whereas SATIRE-T leads to the weakest solar response throughout the middle atmosphere

(Figure 2a,b). In the upper mesosphere, these differences are a direct consequence of the magnitude of the FUV-amplitude

Sover the solar cycle (s. Table 1) with SATIRE-S showing the largest and SATIRE-T showing the smallest solar signal in FUV-

heating by oxygen absorption/photolysis and subsequent temperature increase. In the stratosphere, the photochemical Chapman
cycle is more effective during solar maximum, as shown with the positive solar responses of atomic oxygen (O('D), O(®P),
Figure 2d,e) and the photolysis rates of oxygen and ozone (JO,, JO3 — O(!D), JO3 — O(®P), Figure 3a,c,d). This results
in a positive solar signal in ozone, peaking in the upper stratosphere near 7 hPa (Figure 2c). The SATIRE-T solar signal in
ozone is the weakest in this comparison, as its SSI amplitude in the FUV and 201-242 nm spectral range, important for the
photochemical ozone production, is considerably weaker (7.6% and 2.6%) than in the other SSI data sets (11.1-12.1% and
3.3-3.6%) (Table 1), whereas its SSI amplitude in the ozone-destroying UV-band (243-380 nm) is comparable to the other
SSI data sets. The two competing, wavelength dependent effects of ozone production and ozone loss in the Chapman cycle
lead to the relative weak solar ozone response in simulations using the SATIRE-T data set. Compared to the SATIRE-T-based
simulations, the simulations using the remaining SSI data sets show solar signals in SW heating rates, temperature, and ozone,

that are relatively close to each other.

[Figure 3 about here.]
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Besides the oxygen chemistry of the Chapman cycle, ozone depleting catalytic cycles, e.g. the HOyx and NOy cycles,
are involved in contributing to the solar response in ozone. Whereas the HO, catalytic cycle is the most important one
in the upper mesosphere, the NOy catalytic cycle dominates in the middle and upper stratosphere. NO,, is specified as
NOy=N+NO +NO3 +NO3+ 2 N3O5 +HNO3+ HNO4 + CINO; + BrNOg, but in the mesosphere NOy, is very close
to the active nitrogen defined as NO, = NO + NOs. For all SSI-based averages, the solar response of NO,, is negative in the

stratosphere and lower mesosphere but positive in the uppermost mesosphere above 0.03 hPa (Figure 2f). The stratospheric and

Fower mesospheric decrease is consistent with Hood and Soukharev (2006) who attributed the negative solar response of NO,,

in the stratosphere at low latitudes to enhanced photolysis of nitric oxide (NO) by solar FUV irradiance during solar maximum.
The major source of NO is the oxidation of nitrous oxide (N2O + O(*D) — 2NO) in the middle stratosphere at low latitudes
where the abundance of O(!D) is sufficiently high due to the photolysis of ozone at wavelengths < 310 nm (e.g., Seinfeld and
Pandis, 2006). The major sinks of NO are photolysis (NO + hr(183nm < A < 193nm) — N 4 O) and the subsequent reac-
tion of NO with atomic nitrogen (N +NO — N3 + O) in the upper stratosphere, mesosphere and lower thermosphere (e.g.,
Minschwaner and Siskind, 1993). During solar maximum, O(*D) increases (Figure 2¢) implying enhanced NO production
from N> O. However, at the same time a clear increase of the NO photolysis rates by 8 to 9% is found in the stratosphere and
mesosphere at solar maximum (Figure 3f). This increase is the result of the larger solar irradiance amplitude in the FUV in all
applied SSI data sets (see Table 1). With enhanced photolysis at solar maximum, the NO, abundances decrease (Figure 2f).
The NOy, solar response is of the same magnitude up to the lower mesosphere for all SSI data sets, except for SATIRE-T,
which due to its weaker FUV solar amplitude produces a weaker increase of the NO photolysis rates and a weaker negative
NOy, solar response, respectively. The negative NOy solar response results in a slowdown of the catalytic NOy cycle of ozone
destruction, which indirectly enhances the positive solar response in ozone (Sukhodolov et al., 2016).

There are two possible reasons for the increase of NO,, in the uppermost mesosphere above 0.03 hPa during solar maximum
compared to solar minimum. EUV photoionization of neutrals increases during solar maximum, leading to an increase of elec-
tron, ion and excited species production and subsequently, NO, above about 80 km. On the other hand, the response of NOy, in
the uppermost mesosphere could also reflect changes in the auroral NO production in the lower thermosphere. NO in the lower
thermosphere is mainly produced by the reaction of an excited nitrogen atom with molecular oxygen (N(2D) 4+ Oz — NO + O)
(Marsh et al., 2004). As low auroral activity is prescribed for both the solar minimum reference and the solar maximum simu-
lations/f‘f;)no solar response of thermospheric NO is expected from this reaction. However, NO in the lower thermosphere is also
formed by the reaction of the ground-state of N with molecular oxygen (N(4S) + Oy — NO + O). This reaction is strongly
temperature dependent and thus more effective in the warmer lower thermosphere during the solar maximum (e.g., Sinnhuber
an\d Funke, 2020).

\iThe solar response in HOy (defined as OH 4+ HO») (Figure 2g) is positive throughout the middle atmosphere in all CCM-
averaged SSI-simulations. In the stratosphere, HO, is mainly produced by reactions of O(*D) with HoO,CH, or Hy (e.g.,
H50 + O(*D) — 20H). Increasing abundance of O(*D) (Figure 2€) during solar maximum conditions is leading to a positive
solar response in HO, mixing ratios (Figure 2g). A clear dependence of the O(*D) and HO, solar responses on the UV-
SSI amplitude is found with the largest solar signal in the simulations using the SATIRE-S SSI data set. This SSI-amplitude}ﬁ\‘
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dependence of the HOy solar signal continues in the upper mesosphere where it is mainly produced by photolysis of water
vapour at wavelengths in the Schumann-Runge bands and Lyman-c.

Despite the loss of HoO through reaction with the more abundant O(!D) during solar maximum, the HoO mixing ratios
increase during solar maximum in the stratosphere which is most pronounced when the SATIRE-S SSI data set is used (Figure
2h). While this signal is not statistically significant for the complete CCM ensemble, there is a significant solar response in the
stratosphere for the individual simulations of WACCM. This positive solar response of HO in the upper stratosphere and lower
mesosphere has also been identified in HALOE satellite data by Remsberg et al. (2018). It is explained by chemical reaction
of CH4 and Hs with OH, producing finally, after a reaction chain including photolytic reactions, HoO (Remsberg et al., 1984).
The positive solar signal of HyO in the lower stratosphere corresponds to the positive solar response of temperature in the TTL
region, which increases the saturation vapour pressure during solar maximum and thus counteracts the water vapour limiting
freeze drying mechanism. This is in contrast to the results of Schieferdecker et al. (2015) who analysed water vapour from
MIPAS and HALOE satellite instruments and found an anti-correlation of a slightly time shifted 11-year solar cycle proxy
with lower stratospheric water vapour. In the upper mesosphere, the solar response in HyO is negative as a direct consequence
of the stronger water vapour photolysis during solar maximum (Figure 2h). ’

In summary, the analysis of CCM-averaged quantities has revealed a dependence of the solar responses on the SSI datgpsets,
with solar signals for most quantities showing a clear relation to the SSI amplitude. Whereas the solar responses are relatively
close to each other in the stratosphere and lower mesosphere when using NRLSSI1, NRLSSI2, and CMIP6, clear differences
appear for SATIRE-T, which shows the smallest solar responses for all analyzed variables. SATIRE-S produces an enhanced
solar signal for HO, and H2O but agrees well with NRLSSI1, NRLSSI2, and CMIP6 for the other variables. The differences in
the SSI amplitude are responsible for 10 to 40% of the variability of the solar signal in the stratosphere and lower mesosphere.
An even larger part of the variability of the solar signal in the stratosphere can be attributed to the SSI data set for O(*P) (60%)
and O(*D) (70%) (see Figure S2 in the supplement). In the upper mesosphere, the choice of the SSI data set has the largest
influence on the solar signal variability of the SW heating rates (70%) for which the solar amplitude of the SSI data set in the

FUYV is the main driver.
[Figure 4 about here.]
5.2 Differences resolved by CCM

Large differences in the solar signal variability explained by CCM differences have been identified by the ANOVA (Figure 1,
right) in the upper mesosphere. The range of the solar responses between the EMAC and WACCM ensemble means over the

SSI data sets, indicated by the shaded areas in Figures 2 and 3, also identifies the largest differences in the upper mesosphere.
[Figure 5 about here.]

The changes in the chemistry and dynamics over the 11-year solar cycle are superimposed on the climatological reference

states of the CCMs, and are influenced by the climatological temperatures and abundances of photochemically active species.
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In particular the climatological temperature has a large effect on the chemistry in the middle atmosphere and lower thermo-
sphere either directly on the chemical gas phase reaction rates or indirectly, as the temperature in the tropical lower stratosphere
determines the abundance of HyO in the middle atmosphere and thereby also affects many chemical reactions. The climato-
logical background state of a CCM is determined by a number of factors, ranging from the horizontal and vertical resolutions

and the vertical model domain to the physical and chemical processes either resolved or parameterized by the models. In this

“section, we examine the uncertainty in the atmospheric solar response arising from the model specifications of the EMAC and

‘Q"r/‘WACCM models, regarded here as representatives for typical state-of-the-art CCMs. For this purpose, two ensembles of five

simulations each for EMAC and WACCM have been constructed by averaging the simulations with different SSI data sets of
each model to the respective model ensemble. To achieve an overall ensemble mean representative for a mean solar state, the
reference solar minimum simulation in each model ensemble is weighted by a factor of five, to balance the five simulations
with the SSI data sets at solar maximum in each model ensemble.

Figure 4 shows the deviations of the climatological annual mean temperature of EMAC and WACCM from the climatological
temperatures of the ERA-5 reanalysis (Hersbach et al., 2018). The ERA-5 climatology includes 37 years from 1982 to 2018
centered around the year 2000. The temperature deviations of both CCMs relative to ERA-5 are largely statistically significant
on the 95% level (all regions not masked by hatching), as estimated by a Student’s t-test.

EMAC has a pronounced cold bias in the tropical upper troposphere/lower stratosphere region (UTLS), where WACCM
simulates slightly higher temperatures than the ERA-5 climatology. In the upper stratosphere and upper mesosphere, both
models show a cold bias over large regions, which is more pronounced in the mesosphere of EMAC. In the lower mesosphere
both CCMs show higher temperatures compared to ERA-5. At SH high latitudes, temperatures in WACCM are too low in the
stratosphere and too high in the mesosphere compared to the ERA-5 climatology (Figure 4).

Figure 5 presents a direct comparison between the annual mean climatologies of the EMAC and WACCM ensemble means
in the middle atmosphere in terms of zonal mean differences in shortwave heating rates, temperature, ozone, atomic oxygen
(O(®P), O(*D)), NOy, HOx, and H2O. Substantially lower (by up to 1.2 K day~!) shortwave heating rates are found in the
upper mesosphere of EMAC. This bias is indicative of less effective FUV-heating from oxygen absorption in the Schumann-
Runge bands, presumably due to differences in the O5 absorption parameterisation of Strobel (1978) with 19 bands (used in
EMAC) and the l}gating rates from the photolysis parameterisation based on Koppers and Murtagh (1996) (used in WACCM).
These differenceg"‘an SW parameterisations between the CCMs also affect the solar response in the upper mesosphere which is
smaller in EMAC for the SW heating rates and temperatures (Figure 2a,b). They lead to the patterns of solar signal variance
explained by CCMs in Figure 1a,b (right) which resemble the structure of the anomaly pattern in SW heating rates in the
upper mesosphere (Figure 5a). By contrast, in the lower mesosphere and large areas of the stratosphere, EMAC shows higher
shortwave heating rates, possibly an effect of the degraded spectral resolution of the SW radiation scheme in WACCM below
60 km or of the higher ozone mixing ratios in EMAC (Figure 5¢). However, WACCM shows larger solar responses in ozone
mixing ratios and JO3 — O(3P) photolysis rates in the lower and middle stratosphere, possibly related to the finer spectral

resolution of the photolysis scheme used in WACCM.
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The temperature deviations in the mesosphere between EMAC and WACCM (Figure 5b) are not congruent with those in
shortwave heating rates and, therefore, most likely have to be attributed to differences in dynamical heating by dissipating
planetary or gravity waves. The largest temperature differences between EMAC and WACCM are located in high southern
latitudes. The southern polar vortex is much colder in WACCM than in EMAC and the ERA-Interim reanalyses. This shows
that with the implementation of the modified gravity wave parameterisation of Garcia et al. (2017) in our WACCM simulations,
the low temperature bias has been alleviated but still exists. Interaction between dynamics and chemistry in EMAC is leading
to highegg)zone mixing ratios in the lower stratosphere over the south pole, where a less intense and warm biased south polar
vortex is avoiding more severe heterogeneous ozone depletion, compared to WACCM.

Besides the differences in the average mesospheric shortwave heating rates and temperatures between EMAC and WACCM,
there are also large differences in the chemical composition (and the associated solar signals) in this region. The odd oxy-
gen mixing ratios in the upper mesosphere are lower in EMAC by 50% for ozone, 80% for O(3P), and more than 50%
for O(*D) (Figure 5c-e). This is partly explained by the fact that oxygen photolysis in the Schumann-Runge continuum
(O2 +hr(A < 175.9nm) — O(!D) + O(3P)) is neglected in EMAC, because it becomes important only in the lower ther-
mosphere, which is above the upper lid of EMAC. The larger abundances of O(*D) and O(*P) in WACCM, which has a
higher upper lid than EMAC, are the result of photochemical production in the lower thermosphere and downward transport
into the mesosphere by the residual circulation during the winter seasons, where they affect the climatological averages as well
as the solar responses of atomic oxygen, O3, and HO,. The model differences in January and July exhibit a clear enhancement
of O(*D) and O(3P) in the respective winter hemisphere of WACCM indicative for strong downward transport from the lower
thermosphere (see Figure S3 and S4 in the supplement). As a result of the larger O(*D) and O(3P) mixing ratios, the equilib-
rium of ozone producing and destroying processes leads to higher ozone mixing ratios in WACCM, apparent in the climatology
(Figure 5c) as well as in the solar response (Figure 2¢) in the upper mesosphere. Due to the larger solar responses in the mixing
ratios of O(*D) and O(3P) (Figure 2d,e), WACCM produces a strong ozone increase from solar minimum to maximum, in
contrast to EMAC, where the more intense HOy cycle at solar maximum (Figure 2g) dominates and leads to a negative solar
response. Noticeable are the higher ozone mixing ratios in the upper mesospheric high latitudes of EMAC (Figure 5c) com-
pared to WACCM which result from a less effective catalytic HO, cycle of ozone destruction during the winter seasons, due
to much lower HO, mixing ratios in EMAC in these regions.

As already discussed for atomic oxygen in the previous paragraph, the climatologies and solar responses of chemcial species
in the upper mesosphere are strongly affected by differences in the vertical transport between WACCM and EMAC. With
an upper boundary in the lower thermosphere, WACCM is capable to simulate the downward transport of NO,, by the gravity
wave driven, residual circulation from the thermosphere down to the lower mesosphere at high latitudes in the respective winter
seasons (Figures S3 and S4 in the supplement). In EMAC we use the UBCNOX parameterisation to include NO,, produced in
the thermosphere by auroral and medium-energy electrons. Nevertheless, the NO,, mixing ratios are up to 60% lower in EMAC
than in WACCM in large parts of the upper mesosphere, except for northern polar latitudes where the WACCM NO,, mixing
ratios are exceeded by 100% (Figure 5f). The solar response of NO, in the upper mesosphere discussed in Sec. 5.1 is much

stronger in WACCM than in EMAC, as obvious from the shaded area in Figure 2f. In WACCM, the increased NO production,,
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during solar-maximum in the uppermost mesosphere and lower thermosphere is driven by the increase in EUV photoionization
and lower thermospheric temperatures as discussed in Sec. 5.1. In EMAC, the NO,, mixing ratios in the uppermost four model
levels are determined by the UBCNOX parameterisation, which depends on the prescribed, constantly low Ap index, but not
on the solar UV/EUYV radiation, and thus suppresses a solar signal in NO,.

Differences between EMAC and WACCM are also found in the climatological distribution of water vapour and the related
HOy mixing ratio. In the annual mean, EMAC has less HoO than WACCM in the stratosphere and lower mesosphere — except
for the upper mesosphere, where EMAC exceeds the WACCM values (Figure 5h). The lower HoO abundance of EMAC in
the middle atmosphere is the consequence of a cold bias in the tropical UTLS region (Figure 5b), a feature of EMAC also
discussed in Jockel et al. (2016). As a result, also HO,, which is produced by photolysis of H2O, is lower in EMAC (Figure
5g). From solar minimum to solar maximum, the abundances of HoO (Figure 2h) and the photolysis rates of H,O (Figure 3e)
increase in the stratosphere and lower mesosphere, leading to a HO, increase by about 2-3% in both models (see also Section
5.1). The smaller solar signal of HO, in EMAC in this height region can be attributed to differences in the model climatologies
because of the lower HO, and HoO mixing ratios in EMAC. In the mesosphere, the magnitude of the solar responses of
H>O (negative) and HO (positive) grow fast with altitude. At solar maximum, strongly enhanced H2O photolysis (Figure
3e) induces a decrease in HoO (Figure 2h) and an increase in HOy by about 11% (Figure 2g). The HO, production in the
upper mesosphere is dominated by H,O photolysis at wavelengths in the Schumann-Runge bands and Lyman-« with the
major reaction HyO + hr (A < 200) — H+ OH (70%, J§_ ) and two minor reactions, producing O + 2H (12%, J§_) and
Hs + O(lD) (10%, J %20) (Nicolet, 1984). However, while the solar responses in HoO photolysis (positive) and HyO mixing
ratio (negative) further increase towards the upper mesosphere, the positive solar signal in HO peaks near 70 km and declines
above, implying the existence of a HO, depleting process that increases with solar activity in the upper mesospherél"mand
counteracts HO, production by HoO photolysis. In addition HoO declines in the upper mesosphere, limiting the potential
for HO4 production. The CCMs start to deviate more strongly in the upper mesosphere, with EMAC showing a less intense
decrease of the solar signal in HO, than WACCM. This cannot be attributed to the HoO photolysis as EMAC has a larger
solar signal in Hy O photolysis. The reason might be the combination of the up to 50% larger upper mesospheric HoO mixing
ratio in EMAC (Figure 5h) and the stronger solar response of WACCM in O(®P) (Figure 2d) which acts in WACCM%s a
more effective sink of HO, through reaction OH + O(3P) — H + O5. The smaller HoO mixing ratio of WACCM in the upper
mesosphere is a consequence of the larger O(!D) mixing ratios in WACCM, leading to a more effective decomposition of
water vapour through HoO + O(!D) — 2 OH. During solar maximum this HoO decomposition is even enhanced, due to more
abundant O(*D) mixing ratios in the upper mesosphere (Fig. 2e), leading to a more pronounced negative H,O solar signal in
WACCM (Figure 2h).

In summary, both models show for all quantities comparable solar responses to the different SSI data sets up to the lower
mesosphere near 0.1 hPa. Above, the solar signals deviate substantially, as shown for ozone, oxygen, HOy, and NO,. The
comparison of the upper mesospheric solar signals in EMAC and WACCM, as well as the differences in the climatologies in
the upper mesosphere, shows that a realistic simulation of solar cycle effects might better achieved when the residual downward

transport of thermospheric photolysis reactants is taken into accountg
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6 Solar response in total ozone

In this section we focus on the solar response in total column ozone (TCO) in our simulations and investigate to what extent

it is influenced by the applied SSI data set and by the CCM. The solar signal in TCO is the vertically integrated solar signal

in ozone mixing ratios. In the previous sections, we have identified differences in the solar signal in ozone mixing ratios
/”\depending on the applied SSI data set (Section 5.1) as well as on the applied CCM (Section 5.2), especially in the middle to
G’}/I‘ower stratosphere which contributes most to the solar signal in TCO.

Hood (1997) who analysed SBUV&tlata for a relatively short period from 1979-1993, found an annual mean solar response
of TCO in the tropics of 1-2%. For the same time period, Zerefos et al. (1997) detected a significant correlation of the solar
activity with annual mean TCO from TOMS between 40°S and 40°N, whereas no significant correlation was found at higher
latitudes, due to the large dynamically induced variability. Soukharev and Hoo&”;/t2006) suggested that the solar response of
TCO is mainly caused by ozone abundances in the tropical lower stratosphere. A study of Randel and Wu (2007) identified a
significant annual mean solar response in TCO between 40°S and 60°N in TOMS/SBUYV data from 1979-2005.

[Figure 6 about here.]
[Figure 7 about here.]

The latitudinal distribution of the solar response in TCO for the 10 simulations performed for this study is shown in Figure
6. Clear differences occur between both CCMs, with WACCM showing in general a larger solar signal in TCO at all latitudes
(Figures 6, 8). Between 40°S and 40°N significant solar TCO responses are simulated in both models, reaching 1.5% (3.9 DU)
for WACCM and 1.1% (3.0 DU) for EMAC in the tropics (20°S—20°N). The chosen SSI data set has only a very minor impact
on the solar TCO signal in both models, except for SATIRE-T. The WACCM and EMAC simulations using SATIRE-T show
the smallest'solar responses in the tropics, which reflects the small solar amplitude in the UV spectral region of this SSI data
set. At mid and high latitudes, differences in the solar TCO signals between the SSI data sets become larger, however remain

generally smaller than the differences between the models, as particular evident for high southern latitudes.
[Table 2 about here.]

The solar response in TCO at high latitudes is strongly influenced by stratospheric dynamic variability during the respective
winter seasons in both hemispheres. As a measure of this dynamic variability, we introduce in (Figure 7) the thickness of the
stratospheric layer between the 100 and 10 hPa pressure levels. High values of the 100-10 hPa layer thickness correspond to a
warm layer and a weak polar vortex occurring in dynamically disturbed periods, such as minor or major sudden stratospheric
warmings (SSWs). The associated downward transport of air in high latitudes leads to an increase in TCO. On the other hand,
cold conditions in polar regions, represented by low values of 100-10 hPa layer thickness, can lead to enhanced chemical
ozone depletion and low TCO values (Farman et al., 1985; Rex et al., 2002; Manney et al., 2011). While the 100—10 hPa layer
thicknesses for all 10 simulations show comparable and significantly increased values at solar maximum between 40°S and

[+ )
"40°N — consistent with the warming in Figure 2b —, systematic differences occur between the two models at southern high
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latitudes where EMAC simulates a colder and stronger polar vortex during solar maximum and WACCM shows a warmer and
weaker polar vortex (Figure 7). At northern polar latitudes, both models simulate warmer and weaker polar vortices at solar
maximum - except for the SATIRE-S WACCM simulation.

The high correlation between the solar responses in TCO and 100-10 hPa layer thickness at high latitudes is reflected in
Table 2 which gives the correlation coefficients between the solar maximum anomalies of the annual average 100—10 hPa layer
thickness in the polar region (70°-90°) and the respective TCO anomalies for both hemispheres. The annual mean correlation
at high latitudes is mainly a result of the high correlation during the winter/spring seasons of both hemispheres, with the highest
correlation occurring in January/February/March (JFM) for the NH and in September/October/November (SON) for the SH
(for seasonal correlation coefficients see Table S1 in the supplement). More intense downwelling of ozone during episodes
of stratospheric warming events, or less intense downwelling during cold conditions in combination with a more effective
chemical ozone depletion, are the main driver of the TCO anomalies in high latitudes in both hemispheres. Although all
anomalies shown in Figure 6 and 7 are derived for simulations during solar maximum conditions with respect to the simulation
during solar minimum conditions, a consistent, significant solar response for TCO and lower stratospheri/g\ layer thickness in
polar latitudes can not be found, implying that the derived changes at high latitudes are rather due to randon‘i"‘;/i‘nternal dynamical
variability in the models than to the external solar forcing.

In Figure 8 (top) we show the zonally averaged differences in TCO between the simulations for solar maximum and solar
minimum conditions for the average of all simulations (black contour), the EMAC- (blue contour) and WACCM-simulations
(red contour), the standard deviation (light grey shading), and the two-way ANOVA with SSI- (dark grey shading) and CCM-
treatment (hatches). The range of the standard deviation shows the largest variability of the TCO anomaly in polar regions.
As discussed above, the high latitude TCO anomaly is mainly a result of the internal, dynamic variability of the CCMs.
Consequently in the north polar region, there is only a relatively small part of the TCO anomaly variability that can be explained
by the SSI data set (1%) or the CCM (0.6%). Only in the southern polar region, a larger but still only small fraction of the
variability can be explained by differences in the CCMs (1.4%), as there are systematic differences in the anomalies of the

lower stratospheric layer thickness and TCO between WACCM and EMAC (Figures 6, 7). As in the northern polar region, the

SSI data set can only explain a small fraction of the variability of the TCO anomaly in the southern polar region (0.8%). The

Ystandard deviation of the solar TCO response is considerably smaller in the tropics, where also the fraction of the standard

deviation that can be explained by either the choice of the SSI data set (22%) or the CCM (13%) is much larger, with a larger
contribution of the SSI data sets. When approaching the northern mid-latitudes the influence of the CCMs on the variability of
the solar response grows, whereas the influence of the SSI data set gets smaller. This is reflected by the pronounced minimum
of the solar TCO response in the mid-latitudes of the EMAC simulations, whereas three out of five WACCM simulations show
a relatively large positive anomaly in this region.

The annual, global mean solar response of partial column ozone integrated for different pressure regions is shown in Figure
8 (bottom) with the same type of contour lines/shading as in Figure 8 (top). Averaged over all simulations, the largest solar
response in ozone is in the lower stratosphere. In this region, simulations performed by WACCM show a much larger solar

signal than the averaged EMAC simulations, with largest differences occurring in the lowest region with pressures higher than
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32 hPa. In the WACCM simulations, this layer contributes 32.5% to the solar signal in TCO, whereas it is only 16.7% in the
EMAC simulations. The analysis of SBUV-SBUV/2 (Solar Backscatter Ultraviolet Radiometer) data by Hood (1997) shows
that 85% of the solar signal in TCO is from the contribution of the lower stratospheric layer (pressure > 16 hPa). The same
analysis for the CCMs gives smaller contnbutlons from the lower stratosphere with 52.8% on average, 57.8% for WACCM,
and 45.3% for EMAC. This dlfferent behav1our of the CCMs in the lower stratosphere is also reflected in the relatively large
fraction of the standard deviation of the solar signal that can be explained by differences between the CCMs. A larger part
of the standard deviation can be explained by differences between the SSI data sets in the middle stratosphere (16—4 hPa),
although still the largest part of the standard deviation can not be attributed to either differences between the CCMs or the SSI

data sets.

[Figure 8 about here.]

7 Summary and conclusions

This study aimed at investigating the uncertainty in simulations of the atmospheric solar response to 11-year solar cycle vari-
ability. In particular, the effects of two sources for uncertainty, i.e. the prescribed spectral solar irradiance (SSI) data set and
potential differences in the CCM background state and configuration, were examined. For this purpose, simulations with two
CCMs, each forced with five different SSI data sets, were performed. The CCMs EMAC and WACCM are representative
of 'state-of-the-art CCMs, including the prerequisites for simulating solar cycle variability, i.e. spectrally resolved shortwave
radiation and photolysis schemes. Both models contributed to the evaluation of the simulated solar signature in the SPARC
CCMVal-2 initiative (SPARC CCMVal, 2010). The SSI data sets represent the best available estimates of 11-year solar vari-
ability in electromagnetic radiation, and either have been used in previous model studies (i.e., CMIP5 or CCMVal-2) or are
recommended for current model intercomparions (i.e., CMIP6). We apply a novel approach to extract the effects of the pure
SSI solar cycle amplitudes, as a common reference SSI distribution for solar minimum conditions was defined, based on AT-
LAS3 measurements in November 1994, and SSI data sets for solar maximum were constructed by adding the solar amplitude
of the five SSI data sets to the solar minimum reference distribution. To separate the influences of the SSI data sets and the
CCMs, respectively, on the solar responses in shortwave heating rates, temperature and ozone, a two-way analysis of variance
(ANOVA) was applied here for the first time in this context.

Our study revealed that differences in SSI data sets provide the largest fraction of solar cycle variance in the upper strato-
sphere/lower mesosphere, contributing 30% to the SW heating rate, 30% to the ozone and 10% to the temperature solar cycle
variance. A second region with a considerable SSI induced spread in the SW heating rate solar signal up to 70% is the upper
mesosphere (except for polar latitudes), affecting also the ozone solar signal in this height region. Differences between CCMs
have a major effect in the upper mesosphere, where they explain more than 80% of the ozone, 25% of the temperature and 50%
of the SW heating rate variability of the solar signals. CCMs add a minor contribution to the SW heating rate and ozone solar

cycle variance in the lower stratosphere.
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To isolate the causes for the contributions to the solar signal spread, a detailed analysis was performed of the solar signal
profiles of SW heating rate, temperature, ozone, different chemical compounds and photolysis rates for the five SSI-simulation
ensemble means (each including 2 CCMs) on the one hand and for the two CCM ensemble means (each including 5 SSI
data sets) on the other. The analysis of CCM-averaged quantities, involved in the radiative and photochemical processes, has
revealed a dependence of the solar responses on the SSI data sets, with solar signals for most quantities showing a clear relation
to the SSI amplitude. Whereas the solar responses are relatively close to each other in the stratosphere and lower mesosphere
when using NRLSSI1, NRLSSI2, and CMIP6, distinct differences appear for SATIRE-T, which shows the smallest ‘solar
responses for all analyzed variables. Weaker solar signals in temperature can be explained by a reduced solar cycle amplitude
in the 201-242 nm spectral irradiance range, mainly responsible for solar radiative heating in this height range. The ozone
increase at solar maximum in the middle and upper stratosphere is the combined result of enhanced oxygen chemistry in
the photochemical Chapman cycle and reduced ozone destruction in the NO,, catalytic cycle. The NRLSSI1, N RLSSIZ and
CMIP6 data sets produce similar solar responses in O(*D), O(3P) as well NOy at solar maximum in the stratosphere The
solar ozone signal is considerably weaker in the SATIRE-T data set, as its SSI amplitude in the FUV and 201-242 nm spectral
ranges, important for photochemical ozone production, is considerably weaker than in the other SSI data sets, whereas its
SSI amplitude in the ozone-destroying UV-band (243-380 nm) is comparable. Positive solar responses were also derived for

HOy and H5O throughout the middle atmosphere for all SSI data sets. In the stratosphere, where HOy is mainly produced by

reactions of O(!D) with HyO, CHy or Hy, the increasing abundance of O(!D) during solar maximum conditions is leading

Yo a positive solar response in HO,, mixing ratios. A clear dependence of the O(!D) and HO, solar responses on the UV-SSI

amplitude was found with the largest solar signal in the simulations using the SATIRE-S SSI data set. The increase in HoO
mixing ratios with the solar cycle throughout the stratosphere, emerging for all SSI data sets, can be explained by chemical
production in the upper stratosphere and enhanced H, O transport from the troposphere into the lower stratosphere in a warmer
UTLS at solar maximum. In the upper mesosphere, the choice of the SSI data set has the largest influence on the solar signal
variability of the SW heating rates (70%) for which the solar amplitude of the SSI data set in the FUV is the main driver.

In addition to the SSI induced spread in the solar signal, differences between the CCMs turned out to have their strongest
impact on the solar signals in shortwave heating rates, temperature and ozone in the upper mesosphere at altitudes above about
60 km. The two CCMs used for this study are representative for the current CCM generation which consists primarily of
models with a top level in the upper mesosphere around 0.01 hPa (or 80 km altitude), as the EMAC version used in this study,
plus a few CCMs that also include the thermosphere, as WACCM with a top level at about 140 km. Resulting differences in
the radiation parameterisations and the vertical transport of substances have been identified to cause the spread in the upper
mesosphere solar signals. For example, the spread in the solar response of the upper mesosphere shortwave heating rates arises
from an underestimation of oxygen absorption in the FUV by the parameterisation of Strobel (1978) in EMAC, reaching up

to -1.2 K day~! compared to WACCM in the climatological annual mean. Moreover, the odd oxygen mixing ratios in the

\i}upper mesosphere are substantially lower in EMAC than in WACCM, as EMAC — due to its lower lid — does not capture the

photochemical production of O(*D) and O(®P) in the lower thermosphere of WACCM nor their downward transport into

the mesosphere by the residual circulation during the winter seasons. As a result, solar ozone responses of opposite sign are
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produced in the upper stratosphere where WACCM exhibits more ozone at solar maximum due to its enhanced odd oxygen

“abundances, while EMAC exhibits less ozone due to its more intense HOy cycle. This shows that a realistic simulation of

Ysolar cycle effects is better achieved when the residual downward transport of thermospheric photolysis reactants is taken into

account.

For annual mean total column ozone (TCO) a significant solar response could be identified from the southern midlatitudes
to the northern polar region when all simulations from both CCMs are considered. In the southern high latitudes, these TCO
anomalies are the result of natural dynamical variability of the Antarctic polar vortex. Distinct differences in TCO anomalies
between the CCMs are also reflected by the relatively large fraction of the anomaly variability that can be explained by

differences between the CCMs. The usage of the SSI data set has the largest influence on the variability of the TCO solar

response in the tropics. The largest contribution to the annual mean TCO solar response is from the lower stratospheric layers
Ywith pressures > 16 hPa which on average contributes 53%, or when analysed separately, 58% (WACCM) and 45% (EMAC).

Both CCMs underestimate the lower stratospheric contribution to the solar response in TCO, compared to the analysis of
SBUV-SBUV/2 data by Hood (1997) who found a 85% contribution of the lower stratosphere to the TCO solar signal.

Note that the individual contributions of the SSI data sets and CCM configurations derived in our study are constrained by
the choice of the CCMs. While the possible spread of solar cycle SSI variation is very well captured in our study by considering
the five currently usable SSI data sets, a similar coverage of the CCM induced spread cannot be achieved, given the number
and diversity of available CCMs. Thus, the CCM contribution to the variance of the solar signal are, to some extent, determined
by the specifics of the EMAC and WACCM models. For example, the CCM contribution to the solar SW heating rate signal
would increase in models applying SW radiation schemes with low spectral resolution or employing TSI scaling procedures.

Besides the ATLAS3 reference SSI dataset more recent SSI reference datasets are available such as SOLAR-ISS (Meftah
et al., 2020, 2018), which is representative of the 2008 solar minimum. The usage of an alternative SSI reference dataset may
have an influence on the climatological state of the CCMs, as higher or lower SSI values in certain spectral bands lead to
higher or lower shortwave heating rates, thus affecting the temperature and potentially also the zonal wind of the CCMs. As the
reference SSI dataset serves as a common base state for the solar minimum of all other SSI datasets, we do not expect significant
differences in the uncertainties of the solar signals when using a different SSI reference spectrum. The quantification of the
uncertainties of the solar responses in the CCMs is based on an exemplary solar amplitude with decreasing solar irradiances
from the maximum of solar cycle 22 in November 1989 to a state near the solar minimum in November 1994, which is
motivated by the timing of the ATLAS3 measurements. The magnitude of the applied solar amplitude in this study can be
regarded as representative for the second half of the 21%% century where the solar cycles 19 to 23 showed relatively large
11—year solar cycle amplitudes. However, the individual solar cycles show different, spectrally resolved characteristics in their
amplitudes, which also differ among the individual SSI datasets. Compared to other 11-year solar cycles, the magnitudes of
the NRLSSI1 and NRLSSI2 SST amplitudes scale with an approximately constant factor for wavelengths from 121.5-250 nm,
and from 121.5-380 nm for SATIRE-S and SATIRE-T. An important part of the solar response in the CCMs is produced within

this spectral region and the results should be reproducible to a large degree for different 11—year solar cycles.
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Finally, as all simulations of this study were carried out under conditions of low auroral activity, only effects of 11-year
variations in solar electromagnetic radiation have been considered in this study. The impact of variations of energetic particle

precipitation for different levels of auroral activity will be subject of further studies.

8 Data availability

The data of the EMAC and CESM1(WACCM) simulations, which have been performed for this study, are available for down-

load on request.

‘Q"F/Appendix A: Analysis of variance (ANOVA)

A two-way analysis of variance (ANOVA) (Fisher, 1925) is applied tdytime series of anomaly data, i.e. a data set consisting
of the time series of the differences between the simulations performed by both CCM§Zor solar maximum conditions and the
respective simulation of each CCM for solar minimum conditions. It i is created by using the five simulations of each CCM with
solar maximum SSI data sets minus the simulations of each CCM Wlth the ATLAS-3 SSI data set at solar minimum. Thus, the
complete time series consists of 450 annual mean anomalies (¢) from 10 simulations, each with a length of 45 years (n). Ty
total sum of squares (SS;) of this time series is calculated as

n€y

1= (ax—2)% (AD)

k=1
with the individual annual mean solar response xj and the overall mean Z. The SS; of the complete time series is further split

by applying two treatments as
SS; = SSpa+ SSpn + SSpan + S, (A2)

One treatment (A) takes into consideration the applied CCM, building two groups (N4 = 2), the WACCM and the EMAC solar
responses with ng = 225 elements each. The second treatment (B) takes into consideration the applied SSI data set, building
five groups (N =5) with ng = 90 elements each. For each treatment (K = A, B) the sum of squares between the groups (SSy k)

are calculated as

SSex = mfZ { K=A,B, (A3)

=
with 7 the mean solar response of each group, N the number of groups within each treatment, and nx the number of elements
within each group. The sum of squares emerging by the interaction of the treatments (SS; AB) is calculated as

Na N

SSpap=m) > (T T —T;-1)] (A4)

i=1 j=1m
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with 7;; the mean of the individual simulations and ;, Z; the mean solar responses of each group within the treatments. The
sum of squares within (SS,,) is calculated as
Na Np n o
SSuw =3 3> (win—Ti) (A5)
i=1j=1k=1 7
with z; ;. the individual solar response By the ratios
SShic SSpaB

_ P2
S8, S5, ~ fas (A6)

_ p2
_RKa

the coefficients of determination are calculated, which are a measure of the variance explained by the treatment (K = A, B) or
by the interaction between both treatments. R% and R% are shown in Figure 1. The mean sum of squares within the groups
MSS,, is calculated as

SSw

MSSy=————
nt—NANB

(A7)
10 and the mean sum of squares between the groups MSS; i and the MSS interacting between the groups MSSy, 4 p are calculated
Ps
SSbK SSbAB

MSSyk = Ne -1’ MSSyap = Na—)(Np=1)’

(A8)

with n; — Ny Np the degree of freedom within the groups, Nx — 1 the degree of freedom between the groups, and (N4 —
1)(INp —1) the degree of freedom of the interaction between the treatments. As MSS,, and MSS, i are assumed to be unbiased
15 estimators of the variance o2 we can use these estimators to calculate the F-statistics as

_ MSSk _ MSSpas

F MSS,’ MSS.,

(A9)

”~
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Top: Ensemble average, annual and zonal mean 11-year solar cycle response in partial column ozone in %
(solid black) and the 95% confidence interval as error bars; WACCM simulations only (solid red); EMAC
simulations only (solid blue); light grey shading denotes the standard deviation of the ensemble mean solar
response; hatched region denotes the part of the standard deviation explained by the models; dark shading
denotes the part of the standard deviation explained by the SSI data sets. Bottom: As top for annual, global

mean 11-year solar cycle response in TCO in DU (solid black) for pressure regions as indicated on the y-axis. .
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response annual standar‘g deviation for shortwave heating-rates (top), temperature (middle), and ozone mixing ratios (bottom). § signal
derived as ensemble mean over both models and all SSI data sets; solar minimum SSI based on ATLAS3 reference state. Mid olumn:
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Figure Z?Annual mean 11-year solar cycle response (60°S—60°N) in (a) shortwave heating rates, (b) temperature, (¢c) ozone concentrations,
(d) atomic oxygen (O(3P)), (e) atomic oxygen (O(lD)), (f) NOy, (g) HOy, and (h) H>O. Solar responses are derived for an average 09
WACCM and EMAC simulations using five SSI data sets at solar maximum NRLSSI1(CMIP5) (yellow), NRLSSI2 (red), SATIRE-S (blue),
SATIRE-T (dark blue), and CMIP6 (black) relative to the average of the WACCM and EMAC reference solar minimum simulations. The
shaded area indicates the range of the WACCM (black long dash contour) and EMAC (black dotted contour) ensemble means. The 95%
uncertainty error bar is given for the model average using the CMIP6 data set, calculated with a Student’s t test.
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Figure éﬂAnnual mean temperature deviation of EMAC and WACCM to ERA-5 climatology. (a) EMAC — ERA-5 and (b) WACCM - ERA-5
climatology. The ensemble mean for each CCM consists of the solar minimum reference simulation (included 5 times in the ensemble mean)
and the 5 simulations of the solar maximum. The ERA-5 data consists of annual mean data from 1982 to 2018. Grey hatching masks areas
where differences does not pass a test for statistical significance (p > 5 %), for differences relative to ERA-5.
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(b) temperature, (c) ozone mixing ratios, (d) atomic oxygen (O(3P)), (e) HOy, and (f) NOy. The ensemble mean for both CCMs consists
of the solar minimum reference simulation (included 5 times in the ensemble mean) and the 5 simulations for the solar maximum. Grey
hatching masks areas where differences do not pass a test for statistiggg significance (p > 5 %).Q
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Figure 6. Annual mean zonally averaged 11-year solar cycle response in total column ozone (TCO) in % for WACCM (long dashed) and
EMAC (dotted) for prescribed SSI data sets NRLSSI1(CMIPS) (yellow), NRLSSI2 (red), SATIRE-S (blue), SATIRE-T (light blue), and
CMIP6 (black). The 95% uncertainty range is given for simulations with the CMIP6 data set for WACCM (light grey shaded) and EMAC
(dark grey shaded).
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Figure 7. Annual mean zonally averaged 11-year solar cycle response in layer thickness from 100 to 10 hPa in m for WACCM (long dashed)
and EMAC (dotted) with prescribed SSI data sets NRLSSI1(CMIPS) (yellow), NRLSSI2 (red), SATIRE-S (blue), SATIRE-T (light blue),
and CMIP6 (black). The 95% uncertainty range is given for simulations with the CMIP6 data set for WACCM (light grey shaded) and EMAC
(dark grey shaded).
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Figure 8. Top: Ensemble average, annual and zonal mean 11-year solar cycle response in partial column ozone in % (solid black) and
the 95% confidence interval as error bars; WACCM simulations only (solid red); EMAC simulations only (solid blue); light grey shading
denotes the standard deviation of the ensemble mean solar response; hatched region denotes the part of the standard deviation explained by
the models; dark shading denotes the part of the standard deviation explained by the SSI data sets. Bottom: As top for annual, global mean
11—year solar cycle response in TCO in DU (solid black) for pressure regions as indicated on the y-axis.
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Table 1. Solar cycle spectral solar irradiances changes from Nov. 1989 to Nov. 1994 relative to Nov. 1994 (ASST) in % and relative
contribution of SSI changes to the TSI change ( ﬁig ) in % for the Lyman-« (121.5 nm), Far-UV (121-200 nm), Herzberg continuum/Hartley
bands (201-242 nm), Hartley-/Huggings-bands (243-380 nm) and visible (381-780 nm) spectral ranges.

Herzberg cont. Hartley-

SST dataset Lyman-« Far-UV Hartley bands ~ Huggings-bands visible
121.5 nm 121-200 nm 201-242 nm 243-380 nm 381-780 nm

ASST 255 ASSI 2281 ASST 2850 ASST 253 ASST 253

ATSI ATSI ATSI ATSI

NRLSSI1 4429 027 | 11.07 1.14 | 348 5.32 | 0.27 2291 | 0.08 54.90
NRLSSI2 50.38 0.29 | 11.39  1.13 | 3.26 4.79 | 0.35 29.04 | 0.07 41.41
SATIRE-T | 35.57 0.30 | 7.58 1.08 | 2.58 549 | 041 48.55 | 0.05 42.79
SATIRE-S | 5748 0.33 | 12.09 1.19 | 3.60 5.30 | 0.55 4552 | 0.07 42.96
CMIP6 5394 031 | 11.74 1.15 | 343 5.00 | 0.45 36.86 | 0.07 41.86
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Table 2. Correlations of annual average polar region (70°N-90°N) anomalies (solar maximum — solar minimum) of total column ozone
(TCO) and the layer thickness from 100 to 10 hPa. TCO change in DU per 100 m geopotential height change and the 95% confidence
interval.

EMAC WACCM
Hemisphere | Correlation ATCO/100 m | Correlation ATCO/100 m
CMIP6
NH 0.82 6.08+0.37 0.68 6.11+0.57
SH 0.81 7.49+0.47 0.77 6.06+0.43
SATIRE-T
NH 0.81 5.91+0.37 0.69 6.03£0.55
SH 0.82 8.024+0.48 0.76 5.384+0.40
SATIRE-S
NH 0.83 6.20+0.36 0.71 5.91+0.51
SH 0.81 7.72+0.48 0.69 5.09+0.46
NRLSSI1
NH 0.84 5.95+0.34 0.70 6.251+0.55
SH 0.82 7.26+0.44 0.76 5.94+0.44
NRLSSI2
NH 0.82 6.394+0.38 0.66 5.8440.57
SH 0.83 7.81+£0.45 0.76 5.54+0.41
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