Author response to review by Joanna D. Haigh

The representation of solar cycle signals in stratospheric ozone. Part II: Analysis of
global models” by Amanda C. Maycock et al.

The paper presents an analysis of the responses found in the ozone fields of coupled
chemistry-climate models to specification of solar spectral irradiance, how these com-
pare to the ozone fields prescribed in IPCC climate models (and to the signals found in
observational datasets). The work is carefully planned and thorough and provides a
suitable background against which future work can be planned and studied.

We thank the reviewer for her supportive comments on the manuscript. We reply to her
specific points below.

Minor comments

1.44 Tell reader that Maycock et al. (2016) is Part I
Added

1.121 Why only one ensemble member? The modellers have done several to provide you
with stats!
We have updated the analysis to use all available ensemble members for the models.

1.179 ref1.671 Matthes (2017) now published (though with a weak explanation for the
political expediency involved in the averaging of two datasets!).
Reference updated

1.184 Clarify “up_0.3%": presumably not 0.3% of signal but 0.3% on top of c. 2% (?)
Text has been changed for clarification

1.233 Have you looked at the impact of this choice of AR model (cf none or AR(1))?
Figure R1 below shows the decorrelation timescale for the MLR model residuals. The e-
folding time is >2 months in some regions of the middle and lower stratosphere. Figure
R2 below is as in Figure 3 of the main text but assuming no AR model for the residuals.
The results are similar to those using an AR(2) model, with the main exception found in
the polar lowermost stratosphere. Therefore to avoid giving potentially misleading
information about the SOR in the polar lowermost stratosphere we have restricted the
plots in the revised manuscript to a maximum pressure of 100 hPa.
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Figure R1: e-folding time [in months] of the ACF in the MLR residuals for the CCMI-1

models.
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Figure R2: As in Figure 3 of the main text but assuming no AR model.
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1.300, 1.330 and elsewhere. Comparison to observational results of Part I interesting but
difficult to extract from this text.

We have added timeseries of ozone anomalies from two satellite observation datasets
described in Part I to Figures 2 and 4 to facilitate the comparison with results from Part
L.

1.391-2 Indeed! Can you make any judgement on what is causing these differences
between datasets?

1.491-494. Any conclusion on why these models produce a signal in the tropical lower
stratosphere?

Both comments relate to the presence or absence of a significant SOR in the tropical
lower stratosphere. There are some methodological sensitivities to the robustness of
this feature. For example, this is one of the main regions where sensitivity to the choice
of AR model is seen. This is particularly found in models where the regression residuals
show long autocorrelation timescales in the tropical lower stratosphere (see e.g.
SOCOL3 in Figure R1 above and compare Figure R2(h) and Figure 3(h) from the main
text). Consequently, the estimated uncertainties in the magnitude of the SOR in the
tropical lower stratosphere are larger than in the upper stratosphere (see e.g. Figure 6).
In the revised manuscript, we have also altered the approach for accounting for volcanic
effects by excluding 2 year periods following eruptions rather than including a volcanic
term in the MLR. This also has a modest effect on the SOR in the tropical lower
stratosphere in some models (compare Figure 3 in revised manuscript with original
Figure 3).

Aside from the above methodological issues, additional analysis (not shown) has been
performed on the Transformed Eulerian Mean residual vertical velocity fields for the
models that provide this data for the refC1 experiment (CCSRNIES-MIR0OC3.2, CMAM,
EMAC, MRI-ESMr1, SOCOL3). There is no evidence of a significant weakening in tropical
lower stratospheric upwelling in the models that show some enhancement in the SOR in
this region, as has been suggested in some earlier studies.

The following text has been added to the manuscript:

“One of the CCMI-1 models (SOCOL3) appears to show an enhanced SOR in the tropical
lower stratosphere, which is similar in amplitude to that seen in some CCMVal-1 models.
However, this feature shows some sensitivity to the choice of autoregressive model in
the MLR model probably because the decorrelation timescale for the regression
residuals in the tropical lower stratosphere is longer than two months in SOCOL3 and
some of the other CCMs (not shown). Further analysis of the Transformed Eulerian
Mean residual vertical velocity does not reveal a substantial change in the rate of
upwelling in the tropical lower stratosphere in any of the models (not shown).”

1.515 Not sure that you have justified the statement that proper SOR and SSI are needed
for solar-climate impacts. Of course I agree with that (!) but you have not discussed
climate (troposphere) much at all in this paper, and only used models with fixed SSTs.
This sentence does not claim that proper SOR and SSI are needed to simulate solar-
climate impacts, rather it is simply a request to CMIP6 modellers to document the
implementation of SSI and the SOR to enable interpretation of the model output after
the experiments are finished. For example, a model that does not include any
representation of the SOR might be expected to have a weaker atmospheric response to
the solar cycle than a model that does include a SOR. CMIP models are often set up in
different ways and traceability can be a challenge. This statement in the manuscript is



therefore only intended as an appeal for documentation on how CMIP6 models
implement the SOR and SSI in order to interpret model differences once data become
available. We have therefore left the text as before.

1.533 A reasonable summary paragraph but it is a bit disappointing that we seem to be
no nearer any understanding of the solar signal and the conclusion is just that more data
is needed.

The last part of the conclusions has been edited to focus on the new findings of the
study. The last paragraph now reads: “Parts I and II of this study have shown that
uncertainties remain in understanding the SOR, which present a challenge for including
these effects in model simulations. However, given the inclusion of variations in the SOR
over the annual cycle, as well as the greater consistency of the amplitude of the SOR
with CCM results, CMIP6 models without chemistry are encouraged to use the
recommended CMIP6 ozone database in order to potentially improve the atmospheric
response to the solar signal. Nevertheless, whatever approach is employed, all CMIP6
modelling groups are encouraged to document the representation of the SOR and SSI in
their simulations to facilitate future analysis of solar-climate impacts.”



Author response to review by Anonymous Referee 2

The representation of solar cycle signals in stratospheric ozone. Part II: Analysis of
global models” by Amanda C. Maycock et al.

Overview of study

The authors look at how the ozone (mainly stratospheric) changes in response to solar
cycle activity (not including many secondly solar effects, such as high energy particles).
The use CMIP5 and 6 data, and compare with observations, mainly characterised in part
1 of these papers. I find the study comprehensive in its analysis, but not particularly
novel in terms of the science, and certain not novel in terms of increased scientific
understanding. The study essentially regresses out the solar signal from ozone in
climate models, which has been done to death. I appreciate a lot of work has gone in to
applying it to a new data set, but I can see little advancement in scientific knowledge in
what is done. The authors’ final summary seems testament to this, where their
conclusion is essentially ‘we need more data’. The scientific analysis is far from rigorous
as well, with statistical significance very rarely performed, in unclear for the figures
where it has been done.

We thank the reviewer for his/her detailed comments on the manuscript, which we
address below. While the reviewer has raised some criticisms, which we have addressed
and which have helped to improve the manuscript, we firmly believe that the
manuscript contains relevant new results that will be of interest to the broad
atmospheric and solar research communities, and therefore that the manuscript
warrants publication in ACP.

Concerns (major)

1) The novelty to the study. Many studies have done very similar things to this study.
Some of these studies are cited in the main text, but it is often not clear to a reader who
is unfamiliar with the literature just how similar these studies really are. In many cases
reproducing very similar figures. The authors need to be clear up front what is new
here, and attribute all the repeated information to the correct papers.

a) Our study compares the representation of the solar-ozone response (SOR) in models
with interactive chemistry (CCMs) against the prescribed SOR in GCMs. To our
knowledge such a comparison has not been been performed before and therefore
comprises an important advance to the field. It is particularly relevant for putting into
context recent multi-model studies (e.g. Mitchell et al., 2015; Hood et al., 2015) that
include CCMs and/or GCMs. Our results show that the representation of the SOR is
crucial (arguably more important than changes to the SSI forcing dataset -- see Matthes
etal (2017)) for determining differences in modeled solar cycle responses between
CMIP5 and CMIP6. We deem these to be sufficiently interesting and important
conclusions to justify publication in ACP.

b) To clarify that multiple regression methods have been widely employed to extract
solar cycle variations in ozone datasets before, we have added the following text at the
start of Section 2.2:

“Multiple linear regression models have been used to analyse drivers of secular trends
and variability in stratospheric ozone for many decades (see e.g. Staehelin et al., 2001
and references therein). In the context of extracting solar cycle variability from ozone
timeseries, there is a long history of similar methods being applied to both satellite
observations (e.g., Soukharev and Hood, 2006; Remsberg 2008; Tourpali et al 2007;



Remsberg and Lingenfelser, 2010; Dhomse et al 2016; Lee and Smith, 2003; Lean 2014;
Randel and Wu, 2007; Merkel et al 2011) and chemistry-climate models (Austin et al.,
2008; Sekiyama et al., 2006; Lee and Smith, 2003; Egorova et al., 2004; Dhomse et al,,
2011; Dhomse et al., 2016; Hood et al,, 2015; SPARC CCMVal, 2010). Here we follow the
methodology described by Maycock et al (2016), which is very similar to the methods
described in those earlier studies.”

We have also edited the Introduction to state an explicit set of novel objectives for the
study:
“The objectives of this study are therefore:
* to provide an update to previous CCM studies by analysing the SOR in CCMI-1
models.
* to evaluate the SOR in three pre-calculated ozone databases for climate models
from CMIP5, CMIP6 and Bodeker et al (2013).
* to compare the CCMs and ozone databases with satellite observations from Part
[ (Maycock et al, 2016).
* to perform atmospheric model experiments to quantify the impact of differences
in the SOR between CMIP5 and CMIP6 on the simulated atmospheric response to
the 11 year solar cycle.

Collectively these objectives provide a comprehensive assessment of the represention of
the SOR in current CCMs and global climate models.”

We have also added at appropriate points in the results section statements connecting
our results to figures in earlier multi-model studies such as Austin et al (2008) and Hood
etal (2015). While the CCMI-1 model analysis is an update on these earlier studies, the
explicit comparison with pre-calculated ozone fields is new.

We hope that the reviewer agrees these changes adequately acknowledge the earlier
work that our study builds on.

2) The statistical significance in this study. This is very poor, and often non-existent. The
authors need to be clear about what their significance test is, what it is showing, and
most importantly, they actually need to do some significance testing for most of the
plots. In some plots, different significance tests will be needed for each panel. i.e. Figure
3, a different test will be needed for the individual model, as for the MMM. I am not even
sure if the MMM has significance in the current study?

The reviewer is correct that in the original manuscript the MMM result in Figure 3i did
not show any estimate of statistical significance. This has been added in the revised
manuscript based on regions where the MMM response is smaller than +2 standard
deviations of the intermodel spread derived from Figures 3(a-h).

Hatching denoting regions where the central estimate of the regression coefficients is
not statistically significant at the 95% confidence level has also been added to Figures 5
and 7.

We have added shading to Figure 9 denoting +2 standard deviations of the interannual
variations in temperature over the 50 year experiments as an estimate of the 2.5-97.5%
confidence intervals for the ECHAM6.3 modelled responses.

All figures in the revised manuscript (with the exception of the raw timeseries)
therefore now include appropriate estimates of the statistical significance of the results.



3) Regression methodology. The methodology the authors use has no measure of
uncertainty in the basis functions. This is a fundamental problem, because some of the
basis functions have a good deal of uncertainty associated with them. The authors
should add this uncertainty in to better reflect the uncertainty in the final result. The
regression method they use is cited as from Maycock et al, but in reality, it probably has
roots in far earlier solar-regression studies (see my first point, of giving due where it is
deserved, even if methods/results are slightly different). I expect the authors arguments
to not including uncertainty in the basis functions will be ‘it has been done multiple
times before’, and cite a number of studies. However, this does not mean it is correct,
unfortunately. I feel at some point, one of these studies need to include these basis
uncertainties, at the very least to show that it doesn’t make a difference (although I
expect that it does).

We have followed the reviewer’s suggestion to add greater historical context for the
regression methodology employed in the study in Section 2.2 (see response to major
point 1). We agree with the reviewer that there are limitations of multiple regression
analysis, which we emphasise are not limited to examination of the SOR. However, it is
difficult to conceive of other current approaches that would have significantly less
limitations. We have added the following text to the manuscript at the end of Section 2.2:
“Itis a challenge in geophysical science to develop statistical methods to extract forced
signals from complex timeseries. The implementation of multiple regression analysis as
described above has a number of limitations, including (but not limited to): assumption
that the input basis functions have zero uncertainty; difficulties in separating a signal
from noise in a relatively short or sparse record (Damadeo et al 2014); and potential
issues with degeneracy between basis functions (Chiodo et al 2014). These limitations
should be kept in mind when examining detailed aspects of the results.”

We inform the reviewer that there is now a dedicated working group within the SPARC
SOLARIS-HEPPA activity that will perform a detailed comparison of statistical methods
for analysing solar-climate signals with the eventual aim of providing some
recommendations for best practices.

4) Anomalies. Often the authors use anomalies of variables, rather than the absolute
variables. It would be good to see who real values of the data. I realise this can not
always be done, but in some figures, for instance Figure 4, this would be very
informative. Anomalies often make things look better!

Since the focus of our study is on quasi-decadal variability in ozone, we believe it makes
sense to show anomalies from the long-term annual cycle, so that the vertical scale on
the timeseries in Figures 2 and 4 can be sufficiently narrow that interannual to quasi-
decadal variations are visible. However, to respond to the reviewer’s request we have
added figures to the Supplementary Material showing timeseries of absolute tropical
ozone mixing ratios in the CCMI models (Figure S1) and in the climate model ozone
databases (Figure S3).

5) There is a lot of focus on the CMIP6 ozone data set. But seems to be absolutely no
citation to documentation on this data set. I note that the creators of the data set are not
authors on this paper, and perhaps some of that lack of knowledge is reflected in the
text. Is there a CMIP6 ozone paper coming out? Should this current paper be kept out of
publication till that exists? This should certainly be true if there is any overlap.

Throughout this work we have liaised closely with the creators of the CMIP6 ozone
database, led by Michaela Hegglin. We have sent Michaela the draft manuscript for



comment and she has even posted a comment on the discussion of this article in ACPD.
At no point has it been indicated to us that our study should not be published. To the
best of our knowledge the forthcoming publication in GMD describing the CMIP6 ozone
database will not focus on the representation of the SOR, and thus we do not anticipate
any significant overlap between the studies.

Two co-authors of our study (Dan Marsh and David Plummer) are the principal
investigators of the CCMs (CMAM and CESM1(WACCM)) used to produce the CMIP6
ozone database. These co-authors have provided detailed information about the CCM
simulations used to create the CMIP6 ozone database. The parts of this information that
are particularly relevant to simulation of the SOR are described in Section 2.1.3 of the
manuscript.

We remind the reviewer that the CMIP6 ozone database is publicly available and CMIP6
modellers are already implementing the dataset in their models: https://esgf-
node.llnl.gov/projects/input4mips.

Concerns (minor)

1. Line 1: This alone would not fully capture the response
‘fully capture’ changed to ‘to aid in capturing’

2. The SOR seems a little strange in this context, because it is not obvious (until later)
that the SOR is not a ‘set thing’, it is only known within uncertainty bounds (and so
different CCM give different SORs).

We use SOR throughout the manuscript for consistency with Part I. Here we have
changed the text to say ‘comparison of the representation of the solar-ozone response
(SOR)...." to make clearer that this is something with variable representation across
models.

3. Line 9:... ozone databases’ - at this point it is not clear if the ozone data basis is the
prescribed ozone, or simulated ozone from a CCMI.

Throughout the manuscript we distinguish between analysis of output from chemistry-
climate models (in this case CCMI models), analysis of pre-calculated ozone databases
for models without chemistry (which can be constructed from observations and/or
CCMs), and analysis of ozone datasets (i.e. satellite observations taken from Part I). The
use of ‘database’ in the manuscript is therefore solely reserved for pre-calculated ozone
fields used in models without chemistry. We feel that the preceding sentence makes
clear the distinction between the analysis of CCM results and of the pre-calculated ozone
databases for CMIP5/CMIP6.

4. Line 11 Make clear that you refer to historical period ozone
Time period of analysis added.

5. Line 13: weak compared with what?
This clause has been removed.

6. Line 76 - a citation is really needed here (see major concern).
The dataset is publicly available at: https://esgf-node.llnl.gov/projects/input4mips. This
link has been added to the text.

7. Line 89 - what time frequency is this data?
‘monthly mean’ added



8. Line 94 ‘transferring’ - please revise this word.
Text changed to ‘may play a role in driving the ‘top-down’ mechanism for the solar cycle
influence on high latitude regional surface climate (see e.g. Gray et al. (2010)).’

9.L124. Why only 1 ensemble member? Please repeat with all of them. You need to
capture the uncertainty.

We have updated the analysis to use all available ensemble members for the models. See
Table 1.

10. Page 5 (top): This seems very similar to Hood et al, please state that.
We are unsure of what the reviewer is referring to as being similar to Hood et al (2015)
and have therefore not changed the text.

11. Line 37: 5 x 5degree. This is not normal, why has the interpolation taken place?

This is the resolution at which the SPARC/AC&C CMIP5 ozone database is provided: see
Cionnietal. (2011) doi:10.5194 /acp-11-11267-2011. This is because the historical part
of the CMIP5 database was derived from satellite observations (SAGE I and II) that are
available on a 5 degree grid. We have not performed any further interpolation.

12. Equ 1: Please cite where this came from originally.

Additional references have been added at the start of Section 2.2 that make reference to
earlier work using similar methods, including the review of Staehelin et al (2001) that
discuss the history of multiple regression methods for ozone trends.

13. Equ 1: Do the authors have any views on the breakdown between the long terms
solar response, and the 11-year response?

We tested the sensitivity of our results to removing >11 year variability from the
F10.7cm solar flux timeseries and found that removing the lower frequency solar
variability had virtually no effect on the results. For simplicity we therefore did not
perform any pre-filtering to the timeseries of the solar basis function.

14. Figure 1: Surely these QBO signals are just from one model? These will change.
Yes, the QBO indices in Figure 1 are just an example based on the observed winds. This
is now stated in the caption. The QBO indices for the models are calculated from the
individual model wind fields as described in Section 2.2.

15. Line 218-219: ‘better proxy’ not convincing to me. Please cite a paper that compares
these.

Floyd et al (2004, doi:10.1016/j.jastp.2004.07.013) show that F10.7cm and Mg-ii are
correlated at >.95 for daily timeseries and >.99 for variability on timescales longer than
several months. This reference has been added to the manuscript.

16. Line 220-225: This section on the volcanic signal is vague. The data sets the authors
use are not long, in fact some figure just use ~30 years of data. Very short for regression.
Volcanic signals will cause issues in the regression, and it is not clear the authors have
dealt with the properly (nor in Part 1).

Following the reviewer’s comment and after further discussions, in the revised
manuscript we now adopt the approach of Maycock et al (2016) by removing data in the
periods immediately following the three major tropical volcanic eruptions since 1960:
Mt Agung, El Chichon and Mt Pinatubo. This is because the ozone response to volcanic
eruptions is a non-linear function of chlorine amount and thus it is not appropriate to
include a basis function for volcanic effects in the MLR model. The description in the
Methods section has been updated to reflect this change.



17. Line 240. I think the authors need to show the autocorrelation plots to the
reviewers, so we can assess this evidence. I agree they probably do not need to go in the
main text.

Figure R2 below shows the e-folding time in months of the autocorrelation function
(ACF) of the monthly regression residuals in the CCMI models. Areas where the e-folding
time of the ACF is greater than 2 months are evident in all of the models in the mid and
lower stratosphere and hence our choice to adopt an AR(2) model.

(a) CESM1(WACCM) (b) CCSRNIES-MIROC3.2 (c) CMAM
e e e 50
g 25
= 1030 AR | 10 3
*% 4 & AN 0.0
g 100é - 100 28
(=% j Q < o [
300 :\7 AW 300 1% L 5.0
-90-60-30 0 30 60 90 -90-60-30 0 30 60 90 -90-60-30 0 30 60 90
months
latitude latitude latitude
(d) CNRM-CM5-3 (e) EMAC(L90)  (f) LMDz-REPROBUS-CM5
1 oo e f oo 50
< 0 ] 10 3 2
—_ E | 3 E 3 E E
o ] o) e ]| . 0.0
7] ]
g 100 3 © ?g 100 3 3 25
s ] [ 100 ] O [ i
300 1 ."r’). . “"". 300 @ e 300 Bt -5.0
-90-60-30 0 30 60 90 -90-60-30 0 30 60 90 -90-60-30 0 30 60 90
months
latitude latitude latitude
(9) MRI-ESM1r1 (h) SOCOL3
1 1 1 1 1 1 1 il 1 1 1 1 1
g
= 403 % £ 10 = 3
5 & y
g 100 © 100
o ] o O B[ i
300 ‘Q — .‘%7 300 a
-90-60-30 0 30 60 90 -90-60-30 0 30 60 90
latitude latitude

Figure R2: e-folding time [in months] of the autocorrelation function of the MLR
residuals for each CCMI-1 model.

In testing the effects of the AR model choice, as requested by reviewer 1, we identified
some sensitivity of the estimated SOR in the polar lowermost stratosphere, which may
be related to the longer timescales of the ACF in that region in several models. The
sensitivity to the AR model choice across the remainder of the stratosphere was small,
which the exception of the tropical lower stratosphere in SOCOL, which is discussed in
the revised text. Therefore to avoid giving potentially misleading information about the
SOR in the polar lowermost stratosphere we have restricted the plots in the revised
manuscript to a maximum pressure of 100 hPa.

18. Section 2.3: please describe more how this model fits into the wider models of
CMIP5. Then we can assess suitability.

A detailed description of the model is given in Section 2.3 of the manuscript. The model
has a well-resolved stratosphere (model lid height above 50 km) and simulates the
major aspects of the stratospheric circulation e.g. sudden warmings, the QBO (see e.g.
Charlton-Perez et al.,, 2013; Schmidt et al., 2013). The response to 11 year solar forcing



in the CMIP5 version of ECHAM has been shown to be comparable to other high-top
stratosphere resolving CMIP5 models (Mitchell et al., 2015).

Since the model does not include interactive chemistry, it provides a suitable test-bed
for quantifying the effects of the pre-calculated ozone databases for CMIP5 and CMIP6.

19. Line 255-260: This is worrying that the lower signal might not be so well captured.
We are unsure what the reviewer means by ‘lower signal’ in this context. The impact of
the short wavelength absorption below 200 nm that is not captured in the ECHAM®6.3
radiative code is quantified by Sudhokolov et al (2014) - see lower right panel of their
Figure 2. The underestimation of the solar max-min shortwave heating anomaly in the
stratosphere is ~15-20%, but is much larger above 60 km and thus we restrict our
analysis to the stratosphere (<50 km) where the errors in the model radiation code are
smaller. The simulation of the atmospheric response to the solar cycle in the CMIP5
version of ECHAM (MPI-ESM) was comparable and indeed compared better with
reanalysis data than several other high-top CMIP5 models (see e.g. Mitchell et al.
(2015)).

20. Figure 2: Please just plot the SAGE2 and SBUV observations on this plot.
Done.

21. Line 291-295: power spectra would be useful here.

A plot showing the power spectra of tropical ozone anomalies at 3 hPa (roughly at the
maximum of the SOR) for the CCMI models has been added to the Supplement as Figure
S2. A peak around the decadal timescale is evident in the models.

22. Line 350-358: This is an important point the authors make. Are you saying this is a
drawback of the CMIP6 ozone data set? Please expand on your recommendations here.

In our view it would be undesirable for a climate model to impose a QBO-o0zone signal
that is out of phase with its dynamical QBO. The counter-case is a model that simulates a
dynamical-QBO, but that does not include realistic feedbacks from ozone. In practice,
true consistency can only really be achieved in CCMs, but it seems potentially more
problematic to impose an erroneous QBO-o0zone signal than to neglect it altogether.
Thus CMIP6 modelling groups may choose to post-process the CMIP6 ozone database in
order to remove, or change the phase, of the QBO-ozone signal it contains to be
consistent with their model. We are not making a specific recommendation, as we have
not tested the impact of the QBO-o0zone coupling on the simulation of the QBO; however,
we feel this is an important feature of the CMIP6 ozone database to point out as it differs
from the approach used in CMIP5.

23. Figure 3: What is the significance test here? Does the MMM have significance?

See response to major comment 2. For individuals models the significance test criterion
identifies whether the magnitude of the regression coefficients is distinguishable from
zero based on the 2.5-97.5% confidence interval. Statistical significance for the MMM
has been added based on where the MMM signal is larger than # 2 standard deviations
of the intermodel spread.

24. Figure 3: Why are tropospheric values masked out?
The focus of the study (and of Part I) is on the stratospheric solar-ozone response.

Hence tropospheric values are not shown.

25. Figure 4. Colors very similar



We have changed the colours of lines in Figure 4 so that they are hopefully more
distinguishable.

26. Figure 5. Is there any significance on here? At this point (analysis of figure 5-9), I do
not believe it constructive to have an in-depth review, because the significance is mainly
missing, or hard to understand. You are interpreting potentially small signals compared
to the noise.

See response to major comment 2. Significance testing has been added to Figure 5 and
other Figures throughout.

27. Line 438-440: I think this is wrong, the SSTs do not constrain the upper tropospheric
temperatures this much!

Figure R3 below shows the tropical mean (30°N-30°S) temperature response in a set of
climate model experiments in which an idealised +2% increase in TSI has been imposed
but the SSTs kept fixed at climatology. These experiments are not part of this study, but
serve as a useful illustration to test the reviewer’s hypothesis. Each model experiment is
run for 30 years and the differences are taken with respect to a baseline experiment
with the same fixed SSTs but without the TSI perturbation. With fixed SSTs, the
tropospheric temperature change due to increased TSI mainly comes from increased
shortwave absorption by water vapour and warming over land areas due to altered
surface shortwave fluxes. The average tropospheric warming is ~0.2 K in the
experiments. Note that the imposed solar perturbation of +2% is approximately 20
times larger than the solar max-min perturbation imposed in ECHAM®6.3 in Figure 9.
Therefore, from a simple scaling of the response in these fixed SST experiments, one
could expect the tropospheric temperature response in ECHAM6.3 (which also uses
fixed SSTs) to be around 0.01 K, which is consistent with the results in Figure 9.
Therefore we conclude that the SSTs do impose a strong clamp on the upper
tropospheric temperatures and we have therefore not changed the text.

+2% Solar

Pressure (hPa)

300
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— cAMs
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1000 L
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Temperature change (K)

Figure R3: Difference in tropical averaged (30°N-30°S) temperature [K] in a set of
climate model experiments forced with an idealised +2% TSI perturbation with fixed
SSTs. The perturbation imposed here is approximately 20 times larger than that used in
the ECHAM®6.3 model in Figure 9 of the manuscript. With fixed SSTs, the tropospheric
temperature changes to the imposed solar perturbation are relatively small. Figure
credit: Dr Chris Smith (University of Leeds).
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Abstract. The impact of changes in incoming solar irradiance on stratospheric ozone abundances

should be included in climate model-simulations-to-fully-eapture-simulations to aid in capturing the
atmospheric response to solar cycle variability. This study presents the first systematic comparison
of the setar-ozone response tSOR)-during representation of the 11 year solar cycle amongst-different
5 ozone response (SOR) in chemistry-climate models (CCMs) and in pre-calculated ozone databases
specified in climate models that do not include chemistry, with a special focus on comparing the

recommended protocols for CMIPS and CMIP6. We analyse the SOR in eight CCMs from the
WCRP/SPARC Chemistry-Climate Model Initiative (CCMI-1) and compare these with results from
three ozone databases for climate models: the Bodeker Scientific ozone database, the SPARC/AC&C
10 ozone database for CMIP5, and the SPARC/CCMI ozone database for CMIP6. The results—reveal
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databases—The-peak amplitude of the annual mean SOR in the tropical upper stratosphere (1-5hPa)

decreases frem-by more than a factor of two, from around 5% to 2%, between the CMIP5 and
CMIP6 ozone databases. This difference-is-because-substantial decrease can be traced to the CMIP5
database-was-ozone database being constructed from a regression model fit to satellite ebservations;

whereas-and ozonesonde measurements, while the CMIP6 database is-has been constructed from

CCM simulations;—which—ase—a—speectral-selar—irradianee (SSh-dataset—with-relatively—-weak GV
foreing. The SOR in the CMIP6 ozone database is-therefore-implicitly-mere-similar—to-therefore
implicitly resembles the SOR in the CCMI-1 modelsthan-to-the- ENMIPS-ozone database which-shows
strueture-of-the-annual-mean-. The structure in latitude of the SOR in the CMIP6 ozone database
and CCMI-1 models is considerably smoother than in the CMIP5 database, which shows streng
unrealistic sharp gradients in the SOR across the midlatitudes-middle latitudes owing to the paucity

of ebservations-at-high-tatitudeslong-term ozone measurements in polar regions. The SORs in the
CMIP6 ozone database and in-the CCMI-1 models show a streng-seasonal-dependenceincluding
large-seasonal dependence with enhanced meridional gradients at mid to high latitudes during-winter

+sueh-in the winter hemisphere. The CMIP5 ozone database does not account for seasonal variations
in the SORare-notincluded-in-the-CMIPS-ozone-database, which is unrealistic. Sensitivity experi-

ments with a global atmospheric model without chemistry (ECHAMS6.3) are performed to assess
the impaet-atmospheric impacts of changes in the representation of the SOR and SStsolar spectral
irradiance (SSI) forcing between CMIP5 and CMIP6. The experiments-show-that-the-smaller-larger
amplitude of the SOR in the EMIP6-CMIPS ozone database compared to EMIPS-causes-a-decrease
#-CMIP6 causes a likely overestimation of the modelled tropical stratospheric temperature response

over-thesolareyele-ofup-te-0-6between 11 year solar cycle minimum and maximum by up to 0.55K,
or around 5080% of the total amplitude. The-changes-in-the-SOR-explain-most-of-the-difference-in

in-SOR-and-SSE-This effect is substantially larger than the change in temperature response due to
differences in SSI forcing between CMIP5 and CMIP6. The results emphasise the importance of

adequately representing the SOR in elimate-global models to capture the impact of selar-variability
the 11 year solar cycle on the atmosphere. Since a number of limitations in the representation of the
SOR in the CMIP5 ozone database have been identified, we recommend that CMIP6 models without
chemistry are-encouraged-to-use the CMIP6 ozone database to-and the CMIP6 SSI dataset to better

capture the climate impacts of solar variability.
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1 Introduction

Stratospheric heating rates are enhanced between the minimum and maximum phases of the ap-
proximately 11 year solar cycle through two main effects: (1) absorption of enhanced incoming
ultraviolet (UV) radiationand-; and (2) enhanced ozone concentrations (brought about by increased
photochemical production) (e.g. Penner and Chang (1978); Brasseur and Simon (1981)). These ra-
diative changes can drive feedbacks onto stratospheric dynamics, leading to amplified signals of
solar cycle variability in regional surface climate via stratosphere-troposphere dynamical coupling
(e.g. Kuroda and Kodera (2002)). To understand and model the impacts of solar cycle variability on
the atmosphere and-elimate-it is therefore necessary to account for the characteristics of speetral-selar
solar spectral irradiance (SSI) variability and the associated setar-ozone-solar cycle ozone response
(SOR) (e.g. Haigh (1994)).

In Part I of this study, Maycock et al. (2016) examined the SOR in a number of recently up-
dated and merged satellite ozone datasets —Fhis-—study-from the instruments SAGE II, GOMOS,
OSIRIS and SBUYV. The present Part II focuses on the representation of the SOR in global climate
and chemistry-climate models. At a minimum, models must include a sufficiently detailed repre-
sentation of both-SSI and the SOR to preperly-realistically simulate solar cycle impacts on the
atmosphere. The global models routinely employed in Intergovernmental-Panel-on-Chimate-Change

O-)-OzoneAssessment Reperts-international

- A arale I\

scientific assessments (e.g. IPCC, WMO Ozone Assessments) typically represent atmospheric ozone

in one of two ways. Chemistry-climate models (CCMs) include interactive stratospheric chemistry
and explicitly simulate a SOR that is consistent with their photolysis, radiation and transport schemes
provided that SSI variations are adequately (i.e. with sufficiently high spectral resolution) repre-
sented. A small -but-growing—-but growing number of CCMs also include the chemical effects
of galactic cosmic rays and solar energetic particles, though these effects are not explicitly consid-
ered in this study. Conversely, global climate models do not routinely include interactive chemistry
and must therefore prescribe a predefined-pre-calculated ozone distribution to the radiation scheme,
which is usually taken from observations and/or chemical models. Thus, if climate models without

chemistry are to capture the full atmospheric response to solar cycle variability, they must prescribe

an ozone dataset that includes a representation of the SOR.

- Fhe-Understanding and constraining the SOR is a long-standing scientific issue and numerous
studies have analysed its representation in observations (see Maycock et al. (2016) and references
fterein) and CCMs (e. 2008); Sekiyama et al. (2006); Lee and Smith (2003
Earlier generations of CCMs in CCMVal-1 and CCMVal-2 showed a positive annual mean SOR of
up to ~2.5% peaking in the tropics between ~3-5hPa and a maximum tropical mean temperature
response in the upper stratosphere of ~0.5-1.1 K (Austin et al., 2008; SPARC CCMVal, 2010) . This
study provides an update to those earlier studies by analysing the SOR in the latest World Cli-

. Austin et al.

; Egorova et al. (2014

Dhomse et al. (2



Bite Research Programme (WCRP) Stratosphere-troposphere Processes And their Role in Climate
A further motivation for this study are recent results from the WCRP fifth Coupled Model In-
tercomparison Project (CMIP5), which included models with and without interactive stratospheric

85 tropical stratospheric temperature response between the minimum and maximum phases of the 11
year solar cycle (Mitchell et al., 2015). This spread may be due to differences in the prescription of

SSI, in the accuracy of model radiative transfer schemes (Nissen et al., 2007; Forster et al., 2011)
and/or in the representation of the SOR. However, the quantitative importance of any one of these
factors is unclear. All CMIPS5 models were recommended to preseribe-SShusing-use the Naval Re-

90 search Laboratory Spectral Solar Irradiance 1 (NRLSSI-1) dataset (Wang et al., 2005);-these-, Those
without chemistry were further recommended to prescribe ozone from the Stratesphere-troposphere
Processes-And-theirRole-in-Climate (SPARE)SPARC/Atmospheric Chemistry and Climate (AC&C;
www.igacproject.org) ozone database (Cionni et al. (2011); hereafter referred to as CMIP5 ozone
database). The historical part of this ozone database was largely based on multiple regression model

95 fit to satellite observations (see Section 2.1.2). The remaining CMIPS €CMs that-fully-resolved-the
stratosphere-show-models that did include interactive chemistry showed a large variation in the am-
plitude and structure of the modelled SOR (Hood et al., 2015). This-suggests-that-either-the-models
Mmmmm%mw%ﬂm%wmfferemes

in the representation of ehem

100 the-timeseries-are-too-short-to-derive-arobust-SOR—-

—Differences-in-therepresentation-of-the-SOR-aeross-SOR made an important contribution to the
ead in atmospheric thermal and dynamical responses to the solar cycle in CMIP5 medels-may

models; we investigate this hypothesis further in this study.
As was the case in CMIP5, CMIP6 will include a mixtare-mix of models with and without explicit

110 stratospheric chemistry. A new SPARC/CCMI ozone database has been created for CMIP6 models
without chemistry (hereafter referred to as CMIP6 ozone database; see https://esgf-node.llnl.gov/projects/input4dmips).
It is therefore important to compare the SOR in the recommended-CMIPS5 and CMIP6 ozone databases,

since any-these fields are routinely deployed in climate models and differences may lead to changes
in the modelled responses to solar forcing between CMIP5 and CMIP6medels.




—Another-potentially-impeortant-Another factor to consider for modelling is-the-solar cycle effects
on the atmosphere is the representation of the annual cycle in the SOR which-has-beenidentifiedin

4e5ilable-satellite-observations(Mayeoeket-al;2016)-(Soukharev and Hood, 2006; Hood et al., 2015; Maycock et al., 2016) .
Heod et al. (2015) found that the three CMIP5 CCMs with-the-largest-that simulated large horizon-
tal gradients in the fractional-SOR in the upper stratosphere in early winter also showed Northern

hemisphere high latitude dynamical responses to-the-over the 11 year solar cycle that compared more
elosely with reanalysis data. The enhancement of the SOR at high latitudes is related to coupling be-

#86en ozone-and-dynamies-and-chemistry and transport processes for ozone and may play a role in
ional surface climate (see e.g. Gray et al. (2010) ). It is therefore also important to compare the

representation of the annual cycle signal-from-the-upper stratosphere-to-the-troposphere-
___This-study-evaluates-both-the-annual-mean-and-annual-eyele-in the SOR in the-EMIPS-and-CMIP6

$36ne-databases-and-compares-these-with-resultsfrom-current CCMs and in the pre-calculated ozone

databases used in climate models.

The objectives of this study are therefore:

— to provide an update to previous CCM studies by analysing the SOR in CCMI-1 modelsanéd

140 we-also-analyse-the-recent-Bodeker-et-al(2013)-ozone-database-. _

elobal-atmespherie-moedel-from CMIP5, CMIP6 and Bodeker et al. (2013) .

— to compare the CCMs and ozone databases with satellite observations from Part I (Maycock et al., 2016) .
145

— to perform atmospheric model experiments to quantify the impact of eh&age%—dﬂlf\fgglc/\efsv in the
SOR between the-CMIP5 and CMIP6 o
the-minimum-and-maximum-phases-of the-on the simulated atmospheric response to the 11
year solar cycle. Colectively-these-analyses-

150 Collectively these objectives provide a comprehenswe overview-of-the-eurrent-assessment of the
represention of the SOR in i i i




response-to-the-solar-eyelecurrent CCMs and global climate models. The outline of the manuseript
remainder of the paper is as follows: Section 2 describes the data and methods used to analyse the

SOR, Section 3 presents the results, and Section 4 summarises our findings.
155 2 Methods

2.1 Models and ozone datasets

2.1.1 The CCMI-1 models

Data are analysed from eight CCMI-1 models that-were-avaitable-downloaded from the British At-

mospheric Data Centre archive-atthe-time-thestady-was-being prepared(Hegglin-and amarque; 20

160 and-which-include—the-minimumrequi o —a—pre :
variabiity—in—the—chemistry—seheme)—(Hegglin and Lamarque, 2015) . The models analysed are:
CCSRNIES-MIROC3.2, CESM1(WACCM), CMAM, CNRM-CMS5-3, EMAC(L90), LMDz-REPROBUS-
CMS5 (L39), MRI-ESM 111, and SOCOLS3 (see Table 1). These models include the minimum requirements

for capturing the SOR (i.e. a prescription of SSI variability in the chemistry scheme). A detailed de-
165 scription of the models is given by Morgenstern et al. (2017).

Data are analysed from the REF-C1 simulations, which include observed time-varying sea sur-

face temperatures (SST) and sea icefrom-the Hadley-Centre-Sealee-and-Sea-Surface-Temperature
HadlSST-dataset-(Rayneret-al;2003)-, well-mixed greenhouse gases, volcanic aerosols, and the

170

dataset-after1981-SSI forcing from NRLSSI-1 (Eyring et al., 2013b) . Thus, in contrast to the cou-

pled atmosphere-ocean CMIPS models analysed by Hood et al. (2015), the CCMI-1 REF-C1 simula-

tions areruntn-AMIP-mode-and-do not include an interactive ocean. AH-the-The REF-C1 simulations

start in January 1960 ;-but terminate in different years for each model, so for consistency we analyse

175 the 50 year period 1960-2009 --which is common to all the simulations. We-analyse-one-ensemble
member-(--All available ensemble members are analysed for each model (see Table 1).

The representation of the QBO differs across the CCMI-1 models (Morgenstern et al., 2017) .

Some of the models simulate a spontaneous QBO (MRI-ESMIrl, EMAC(L90)), some models

include a QBO by nudging tropical stratospheric zonal winds towards observations (CCSRNIES-

180 MIROC3.2, CESM1(WACCM), SOCOL3), and some include no representation of the QBO (CMAM,

CNRM-CMS5-3, LMDz-REPROBUS-CMS). In EMAC(L90) a weak nudging towards the observed

QBO with a relaxation timescale of 58 days is applied to ensure the same phasing as the observed

QBO, whereas in CCSRNIES-MIROC3.2, CESM1(WACCM) and SOCOLS3 the QBO is nudged

more strongly (5-10day timescale). For those models that include QBO variability, two additional
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orthogonal QBO indices are included in the multiple linear regression (MLR) model which-are-cal-
culated from the modelled tropical-zonal-winds-zonal mean zonal wind fields (see Section 2.2).

2.1.2 The CMIP5 ozone database

The CMIP5 ozone database consists of monthly mean ozone mixing ratios on 24 pressure levels
spanning 1000-1 hPa for the period 1850-2100 (Cionni et al., 2011) . Data are provided on a regular
$96<-5° longitude/latitude grid. Ozone values are provided as a 2-D (i.e. zonal mean) field in the
stratosphere (at pressures less than 300 hPa) and as a 3-D field in the troposphere, with a blending
aeross the tropopause. The tropospheric part of the database was constructed from CCM simulations.
Fer the stratosphere, the historical partportion of the database (1850-2009) was constructed from ob-
servations using an MLR model (that includes solar variability as one of the independent variables)
fi930-SAGE I and SAGE II version 6.2 satellite data and polar ozonesondes following the method
of Randel and Wu (2007). A SOR is therefore implicitly included in the historical part-portion of
the CMIP5 ozone database that will resemble the input-observationsfitted-with-observations input to.
the MLR model. However, owing to the paucity of long-term ozone measurements at high latitudes,
the SOR was only included between £+60° latitude. This limitation led some CMIP5 modelling
£66ups to make alterations to the CMIP5 ozone database, including extrapolation of the SOR coeffi-
eients at £50° latitude to the poles using a cosine latitude weighting. The CMIP5 models known to
have employed this ‘Extended CMIP5 ozone database’ include HadGEM2-CC (Osprey et al., 2013),
MPI-ESM (Schmidt et al., 2013) and CMCC-CC (Cagnazzo, 2016, pers. comms.). Note that the

historical portion of the CMIPS
RoFertically-extend-the-EMIPS-ozone database to-inclade-theirupper-boundary(e—
—g. Schmidt et—2043)-Sehmidtetal-).
..did not include a representation of QBO variability in ozone.

The future part-portion of the CMIP5 ozone database for the stratosphere was based on CCM
simulations from CCMVal-2 medel-simulations-(Cionni et al., 2011). However, owing to uncertain-

ties in how individual CMIP5 models would represent SSI variations over the 21st century, the future
part-portion of the CMIP5 ozone database did not include a SOR. A-SOR-was-then-For consistency,
a SOR was thus added to the future period in the Extended CMIP5 ozone database using the-sotar

MER-eeefficientsregression coefficients for the SOR derived from the historical period (Schmidt
et al. (2013); Osprey et al. (2013); C. Cagnazzo, 2016, pers. comms.).

The CMIPS5 ozone database is described in full by Cionni et al. (2011) and is available fromat
the time of writing from: https:http://emip-pemdicmip.lInl.gov/cmip5/forcing. html-DPecumentation

#ozone



220 SUBSCRIPTNBforcing. A description of the CMIP5 models that employed the CMIPS5 ozone database
is given by Eyring et al. (2013a).

2.1.3 The CMIP6 ozone database

The CMIP6 ozone database for the historical period (1850-2014) consists of monthly mean ozone
mixing ratios on 66 pressure levels spanning 1000-0.0001 hPa. Data are provided as a 3-D field

BA5a regular 2.5 x 1.9° longitude/latitude grid. The database has-been—constructed-using-output
mw%mwwgwwmﬁ%mnmm
(CESM1(WACCM) and CMAM) i e-been-weighte : e
@ff@fm&neeﬁtefﬂes—fefezeﬂe(M Hegglin, pers. comms) TheGGMs—feHewed—ﬂae%EF-er*peﬁmeﬂ{

230

The simulations from the two constituent CCMs include prescribed SSTs, sea ice, well-mixed
greenhouse gas concentrations and aerosols. Observed-estimates—ofsurface-Surface emissions of

NO, and other tropospheric ozone precursor gases are preseribed—The-two-also prescribed. Both

CCMs represent SSI variability in their radiation and chemical schemes. ©aty-However, only CESM1(WACCM)
B8dudes the chemical effects of energetic partictes;-which-means-the particle precipitation.

—There are some differences in the set-up of the CCM simulations used to create the CMIP6 ozone

—We analyse data from the CMIP6 ozone database over the period 1960-2011. The CMIP6 ozone

database wa j i i

240\s-is-the-casefor-at-the_compared to the CCMI-1 models;—the-two-CEMs-used-to-create-the

versions of the same models (see Section 2.1.1), which may affect the representation of the SOR.
The version of CMAM for the CMIP6 ozone database wereforeed—with-the- NRESSI--dataset;

gabHerin NRESSTH1-than-in-used historical stratospheric aerosols and solar variability, similar to

in REF-C1, extended back to 1850. However, SSTs and sea-ice were prescribed from a CanESM?2
historical simulation performed for CMIP5 rather than from observations. The temporal variabilit

in SSI for CMAM was taken from the CMIP6 solarforeing-dataset—Speeificaltythe-variability-in
the-200-400rm-band-is-around-30smallerin-SSI dataset (Matthes et al., 2017) , but the variations

2&fe applied to the long-term background spectrum from NRLSSI-1than-in-the CEMIP6-SSTHdataset

weaker variability over the solar cycle at shorter UV wavelengths in NRLSSI- reduces-only reduced
855 amplitude of the tropical mean SOR in thestratesphere-by-ap-a CCM by ~0.3% compared to



a ease-foreed-with-reference of ~2%. This difference is therefore likely to have only a small effect
on the SOR in the configurations of CMAM implemented for CCMI-1 and the CMIP6 setarforeing

amplitude-of the SOR-eaptured-in-the-ozone database. Neither CMAM simulation includes nudging
86ehe QBO.

__There are also some differences in the configuration of CESMI(WACCM) used for the CMIP6
ozone database and-the-SOR-that-weu herwise be simulated-in ed-with-the recommen
compared to CCMI-1. The CESMI(WACCM) CCMI:-1 runs prescribed the NRLSSI-1 data at daily.

resolution, whereas the version for the CMIP6 setarforecing-dataset—ozone database used annual

AAARARARAANANAANIIRAR AR AANIRAAAARANAR

26B1es as these extend back to 1850. In the lower thermosphere, values of the F10.7cm flux and Kp
index used to parametrize the chemical effects of energetic particle precipitation were taken from
observations in CCML-1 and from a proxy record in the simulation for the CMIP6 ozone database.
Eurthermore, the simulation for the CMIP6 ozone database did not include solar proton events or
galactic cosmic ray effects. Both versions of CESM1(WACCM) used observed SSTs and include
270udged QBO towards observed tropical winds. In summary, there are some differences in_the
experimental set-ups of the two CCMs used to create the CMIP6 ozone database, in particular that
they use slightly different representations of SSI variability, they do not both include QBO variability
and they use different SST datasets.

Pa A A de

2.1.4 The Bodeker ozone database

Braleker et al. (2013) describe a new ebservationalty-observation based ozone database for climate
models covering the period 1979-2007. Monthly and zonal mean ozone mixing ratios are provided on
70 pressure levels spanning 878-0.05 hPa on a regular 5° latitude grid. The ozone field is constructed
asing-from a large number of satellite and ozonesonde observations from the Binary DataBase of
Profiles (BDBP; Hassler et al. (2008)) fitted-with-used to fit an MLR model inetuding-that includes
gatns for equivalent effective stratospheric chlorine (EESC), a linear trend, the QBO, the El Nifio
Southern Oscillation (ENSO), the solar cycle, and the Mt Pinatubo volcanic eruption. We note that
since the BDBP contains SAGE II v6.2 mixing ratio data, this is likely to provide a strong constraint
on the SOR in the tropics and subtropicsbeeause-SAGEHis-arelatively tong-term-and-stable-ozone
reeord—A-, See Maycock et al, (2016) and Dhomse et al. (2016) for a discussion of the differences in
285SOR in SAGE 11 v6.2 and v7.0 data. To generate a spatially complete ozone field a single MLR
fit is performed for all points on a given pressure surface to enable regression coefficients to be de-
rived for latitudes where the observations are relatively sparse (e.g. athightatitadesin polar regions).
We use the Tier 1.4 product from the Bodeker ozone database, which is-a-spatially-filled-field-thatin-

cludes contributions from all the MLR basis functions. The Bodeker ozone database was downloaded

£@im http://www.bodekerscientific.com/data/monthly-mean-global-vertically-resolved-ozone.



2.2 The multiple linear regression (MLR) model

Multiple linear regression models have been used to analyse drivers of secular trends and variabilit
in stratospheric ozone for many decades (see e.g. Stachelin et al. (2001) and references therein). In

295 the context of extracting the SOR from ozone timeseries, there is a long history of similar methods
being applied to both satellite observations (e.g., Soukharev and Hood (2006); Remsberg (2008); Tourpali et al. (2007); Remsberg ar

chemistry-climate models (Austin et al., 2008; Sekiyama et al., 2006; Lee and Smith, 2003; Egorova et al., 2014; Dhomse et al., 20

Here we follow the methodology described by Maycock et al. (2016), which is very similar to the
methods described in those earlier studies. Briefly, the zonal mean ozone data are deseasonalised by

300 removing the long-term monthly mean at each latitude and pressure level. As in past studies, we then
perform an MLR analysis on the timeseries of monthly mean anomalies at each location, O;, (t), to

diagnose the solar cycle component:

O4(t) = A x F10.7(t) + B x COs(t) + C x EESC(t)
+D x ENSO(t) + E x SAD,010(t) + FxQBO 4(t)

+GF x QBOg(t) +r(t), (H

where r(t) is a residual. The annual-mean SOR is calculated by regressing all months as a sin-
gbstimeseries. The monthly SOR is calculated by regressing interannual-timeseries-of-each-month
separatelytimeseries of year-to-year anomalies for individual months. The monthly mean basis func-
tions in Equation 1 are the F10.7cm radio solar flux, the CO4 concentration at Mauna Loa, the equiv-

alent effective stratospheric chlorine (EESC), and the Nino 3.4 index to represent ENSO;-and-the

315 We-ase-the-, The F10.7cm flux is used to represent solar activity because it has been shown to be

a-better-proxy-well correlated with indices for UV radiation (e.g. Floyd et al. (2005) ), the key driver
of the stratospheric ozone response;—than-other-indices;—e—g—total-selarirradianee—, The results

presented in Section 3 assume a difference of 130 solar flux units (1 SFU = 10722 Wm2Hz ')
as a representative amplitude of the 11 year solar cycle. The Nino 3.4 index is computed as the
320 standardised mean SST averaged over the region 5°S—5°N and 120°W-170°W.
___Fhe-only-difference-in-the- MER-modelin-Eqn-—Tor those CCMI-1 models and ozone databases
that include QBO variability (see Table leempafed%e—l\iayeeelee{hal—@@}ééﬂie—addmefkefﬂ
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of the tropical (£107, 5-70 hPa) zonal mean zonal winds. The ozone response to volcanic aerosols is

non-linear through time owing to changing levels of inorganic chlorine in the atmosphere (Tie and Brasseur, 1995) .
Ibs, rather than including a term in the MLR model to represent volcanic effects on ozone, data

from the 2 year periods following the three major tropical volcanic eruptions since 1960 are excluded

from the analysis: Mount Agung (February 1963), El Chichon (March 1982) and Mount Pinatubo

(June 1991). Figure 1 shows example timeseries of the MLR basis functions from 1960-2009 in

arbitrary units. In this example the ENSO and QBO indices are based on observations. The coefficients

234 in Equation 1 are calculated using linear least squares regression.

One important issue for MLR analysis is the handling of possible autocorrelation in the regression

residuals, r(2), and the effect on the estimation of statistical uneertainties—Some-of-the-satellite-ozone

340 uncertainty in the results. A

Durbin-Watson test reveals significant serial correlation in the regression residuals in many locations
for lags of one and two months, particularly in the lowerstratosphere-and-mesespheremiddle and
polar lower stratosphere. Such serial correlation can lead to spurious overestimation of the statistical
significance of the regression coefficients and we therefore include an autoregressive term in the
345 regression model. Given the significant serial correlations in some regions up to a lag of two months,
a second order autoregressive noise process (AR2) is used, which assumes the residuals 7(¢) have the

form:
r(t)=ar(t—1)+br(t—2)+w(t), 2)

where a and b are constants and w(z) is a white noise process. This is identical to the approach
8htployed in Maycock et al. (2016) and the recent SPARC SI?N analysis of ozone trends (Tummon
et al., 2015; Harris et al., 2015). Ne-autocorrelation—term—for-theresiduals—is-The autocorrelation
term is not included in the analysis of the SOR-anntat-eyele-monthly SOR because the residuals
for-any-given-month-are approximately uncorrelated from year-to-year. Unless otherwise stated, the
complex timeseries. The implementation of multiple linear regression analysis as described above
860y have a number of limitations, including (but not limited to): assumption that the input basis
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functions have zero uncertainty; difficulties in separating a signal from noise in relatively short or
sparse records (Damadeo et al., 2014) ; and issues arising from degeneracy between basis functions
Chiodo et al., 2014) . We have not attempted to account for these factors in the results shown in

Section 3.
2.3 Atmospheric model sensitivity experiments

To explore the atmospheric impacts of different representations of the SOR, simulations were car-
ried out with the atmospheric general circulation model ECHAMS6.3, which is an update of the
ECHAMBS6.1 model (Stevens et al., 2013) used as atmospheric component of the Max Planck In-
stitute Earth System Model (Giorgetta et al., 2013) in CMIP5 simulations. Model changes from
8&tsion 6.1 to 6.3 are mainly related to fixes of bugs described by Stevens et al. (2013), efforts to
ensure energy conservations, an update of the radiation scheme, which is now the PSrad (Pincus and
Stevens, 2013) version of the RRTMG code (Iacono et al., 2008), and retuning. If the same forc-

ings are used, temperature effects of solar cycle variability in ECHAM®6.3 compare well to those

described for ECHAMG6.1 by-Sehmidt-et-al«2043)—(Schmidt et al., 2013) . The model experiments

éBformed here use a horizontal resolution of T63 (~140 x 210km) with 47 vertical levels up to a

It is known that the ECHAMG6.3 radiation code does not cover wavelengths below 200 nm and
therefore the important Schumann-Runge bands and Lyman-alpha lines of ozone are not captured
(Sukhodolov et al., 2014). This results in a too weak radiative response to the imposed solar forcing
particularly in the mesosphere. Therefore we focus the-our analysis on the temperatireresponse-in
the-stratosphere-stratospheric response where most of the absorption occurs at higher wavelengths
UV wavelengths, and the performance of ECHAMG6.3 is comparable to models with a more compre-
hensive radiative code (Sukhodolov et al., 2014).

We have performed five time-slice simulations with ECHAMSG6.3 each lasting for 50 years. The
control simulation uses average boundary conditions as specified for the CMIP5 AMIP simulation,
i.e. for all boundary conditions such as SSTs, greenhouse gas concentrations, selarirradianee-SSI
and prescribed atmospheric ozone we have used multi-year averages of the CMIP5 recommended
values for the years 1978 to 2008. Four sensitivity simulations have then been performed in which
solar maximum minus solar minimum differences in either atmospheric ozone concentrations or
both ozone and SSI have been added to the respective fields of the control simulation. For solar
maximum and minimum conditions we have used average values over the years 1985-1986 and
1981-1982, respectively. According to the solar irradiance recommendations for CMIP6 (Matthes
et al., 2017) these are characterized by a difference of 126.1 SFU, and are therefore closely compa-
rable to the results presented for the SOR, which assume a representative solar cycle amplitude of

130 SFU. Ozone anomalies were either calculated from the respective years of the Extended CMIP5
ozone database (Schmidt et al. (2013)) or using the MIER-regression-—eoefficientsfor-monthly SOR
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coefficients from the CMIP6 ozone database eatetlated-below-Setarirradianee-shown in Section 3.3.
The corresponding SSI anomalies are either calculated from the CMIP5 recommended NRLSSI-1
dataset (Wang et al., 2005) or from the recommended-CMIP6 recommended solar forcing dataset
(Matthes et al., 2017).

3 Results

3.1 The SOR in CCMI-1 models

Figure 2 shows timeseries of deseasonalised tropical (30°S-30°N) and monthly mean percent ozone

anomalies at select pressure levels (1, 3, 5, 10, 30 hPa) for the eight CCMI-1 models considered

For completeness, the timeseries of absolute ozone mixing ratios from the models are shown in the

The CCMI-1 models show a long-term decline in stratospheric ozone abundances, particularly in
the mid and upper stratosphere. This is eensistent-with-theimpaect-on-ozone-ofinereasingstratespheric
the result of increasing atmospheric loading of inorganic chlorine and bromine abundanees-over
this period (SPARC-CEMVal-2010)-and is consistent with results from earlier CCM studies (e.g.
Eyring et al. (2006); SPARC CCMVal (2010) ). At 1hPa, the trend in ozone between 1979-1997

computed by linear regression ranges from -1.9 to -2.6 % decade ! across the models. At 3 hPa,
the range in trends is -4.1 to -5.1 % decade ~'. These values are within the uncertainty bounds of
satellite observed ozone trends over this period (Harris et al., 2015).

420n addition to a long-term declinein-ozonre, Figure 2 shows quasi-decadal variations in 0zone in
the upper stratosphere that are approximately in phase with the 11 year solar cycle;-these-, These
are a marker of the SOR which is evident in the raw ozone timeseries before-the-MER-analysis-is

apptiedand can be seen as a peak around the decadal timescale in the modelled ozone power spectra
(see Supplementary Material Figure S2). There is larger interannual and multi-year variability in
426ne at 10 and 30 hPa where some models show QBO-signals-enhanced variability associated with
the QBO. The modelled evolution of the tropical ozone anomalies is generally in good agreement
with the observation data in Figure 2, with some exceptions where the satellite records show larger
amplitude short-term fluctuations that may be related to incomplete spatial and temporal sampling.

__ Figure 3 shows latitude-pressure cross-sections of the annual mean SOR in the eight CCMI-1

#8odels (Figure 3(a-h)) along with the multi-model mean (Figure 3(i)). For the individual models

AANAANANANANANAANAANANAAAN ARSI

the statistical significance of the SOR is assessed using a two-tailed Student’s t-test with a threshold
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CCML 1 multi-model mean SOR is assessed by distinguishing regions where the magnitude of the
SOR is greater than £2 s.d. of the intermodel spread. Figure 3 can be compared with Figure 1 in
All of the tgnifi

of around-1-2CCML-1 models analysed show a significant positive SOR of up to ~2% between 1-

10 hPa;-whieh-, This is less than half ef-the peak amplitude of the SOR in the SAGE II v6.2 mixing
440 ratio dataset ;-but-and is more comparable to the SOR amplitude in SAGE II v7.0 mixing ratios and

the SBUVMOD VNB8.6 dataset (see Figures 4 and 12 in Maycock et al. (2016)).

__ _Fheresultsin-Figure3-The results from the CCMI-1 models are broadly consistent with previous

(Austin et al., 2008) . The main exception te-this-is the absence in the multi-model mean of a significanthy

énbaneed-strong SOR in the tropical lower stratosphere. Figure-4(eh-in-Austin-et-al(2008)shows

a-An enhanced SOR in the tropical lower stratosphere has been identified in satellite observations
2009; Austin et al., 2008; Soukharev and Hood, 2006; Maycock et al.

albeit with large uncertainties (Gray et al., 2016

and it has been postulated this may be associated with a change in the strength of the Brewer Dobson
circulation. The CCMVal-1 multi-model mean SORfor-the-CEMVal-I-models-showed a SOR of

4bound 5% per 130 SFU at ~50 hPa (see Figure 4(d) in Austin et al. (2008) ), as compared to around

1% in the CCMI-1 multi-model mean ia-(Figure 3(i)). However, there was large intermodel spread

2

in this signal across the CCM Val-1 models and the multi-model mean SOR was dominated by strong
responses in a few models that only ran for a short period (1980-2004) over-which-aliasing-with-the
effeets-of voleanie-aerosoks during which aliasing effects with other climatic factors can be signifi-
¢ant (Chiodo et al., 2014). Since the EEMI-+-models-are-anatysed-analysis shown here extends for a

longer period (1966-206%)and excludes the post-volcanic epochs, this is a plausible explanation-for
the-differenees—in-reason for the apparent difference in the SOR in the tropical lower stratospheric

SOR-between the CCMI-1 and CCMVal-1 medelresponses—models. One of the CCMI-1 models

(SOCOL3) appears to show an enhanced SOR in the tropical lower stratosphere, which is similar in
4éfplitude to that seen in some CCMVal-1 models. However, this feature shows some sensitivity to
the choice of autoregressive model in the MLR model probably because the decorrelation timescale
for the regression residuals in the tropical lower stratosphere is longer than two months in SOCOL3
and some of the other CCMs (not shown). Further analysis of the Transformed Eulerian Mean
residual vertical velocity does not reveal a substantial change in the rate of upwelling in the tropical
h®Fer stratosphere in any of the models (not shown).
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470 ﬂ&eaﬂ—"r“heﬂﬂfma%eye}es—m&e—SQR—ﬁfh&mdiﬁéua%The month-by-month SORs in the individual
CCMI-1 models (see Supplementary Information)show-thatthe-strong gradientsin-the-SOR-Material

Figures S3-10) show a significant positive SOR in the tropical upper stratosphere throughout the
ear, but enhanced SOR amplitudes at high latitudes found-in-some-of the-models-tend-to-be-meore

pronouneed-in-the-winter-particularly in the winter and spring seasons. This behaviour, which is also
475 seen in some satellite ozone datasets (Mayeock-et-al52016)-(e.g. Maycock et al. (2016) ), cannot be
understood from photochemical processes alone and must therefore be related to stratospheric circu-
changes in ozone at-highJlatitudes-will be associated with a radiative perturbatlon that could lead to

feedbacks onto circulation +h

480

and thus it may be important to account for this seasonal variation in the SOR in model simulations.

3.2 The SOR in ozone databases for climate models

Figure 4 shows timeseries from 1966-2642-1960-2011 of deseasonalised tropical and monthly mean
fractional ozone anomalies at select stratospheric levels (1 to 30hPa) from the Bodeker (orange

485 line), CMIPS (greenred) and CMIP6 (blackblue) ozone databases. Also plotted in black are the same

satellite datasets as shown in Figure 2. Anomalies are defined relative to the period +979-20071985-2007.
The Extended CMIP5 ozone database is not shown sinee-this-because it is identical to fhe—gfeeﬂ—lme

equivalent-timeseriesfor-the SAGE-H-and-SBUV-satellitereecordsoriginal CMIP5 database in the

490 tropics.
Although the timeseries have been deseasonalised, the CMIP5 ozone-database-shows-and Bodeker

ozone databases show a residual annual cycle particularly in the upper stratosphere. This is the
result-of the-annual-eyele-amplitude being-because in these databases the amplitude of the ozone
annual cycle is larger in the early part of the record, when background-ezone-is-relatively-highthe
495 background levels are higher, and smaller in the laterlatter part of the record following the long-term

decline in ozone. Since the ozone anomalies in Figure 4 are plotted-retative-to+979-2667shown as
anomalies from the 1985-2007 mean, there is therefore a residual annual cycle in-the-EMIPS-ezene

database-particularly in the pre
whereas-period before 1985. Conversely, the CMIP6 database, which is based-on-constructed from

500 CCM simulations, does not show a significant change in the amplitude of the stratespherie-ozone
annual cycle over time.

At 1hPa, the CMIP5 and Bodeker databases show a larger long-term-linear trend in ozone over

1979-2007 (diagnosed using linear regressionever+979-2007-of) of around -3.5 % decade ™! com-

pared to asmalertrend-of-1 % decade™! in the CMIP6 database;-the-tatter-being. The latter is, as
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505 expected, similar to the long-term ozone trends in the CCMI-1 models shown in Figure 2. At 3 hPa,
the CMIPS5 ezone-database-database also shows a larger long-term trend-decrease in ozone by around
a factor of two compared to the Bodeker and CMIP6 databases. Thus, a model that uses the EMIP6
models—that-use—the-recommended CMIP6 ozone database might be expected to show a—smaler

cooling-of-the-upper-stratosphere-weaker upper stratospheric cooling over recent decades compared
510 to an equivalent simulation using the CMIP5 database, owing to the smaller trend-in-negative trend

in upper stratospheric ozone.
At 10 and 30 hPa, the Bodeker and CMIP6 databases show a QBO signal in ozone, whereas the
CMIP5 database does not include QBO variability. This is an important distinction because a model
that employs the CMIP6 ozone database, but which does not simulate a dynamical QBO, will im-
515 pose a QBO-ozone signal that may alter the model’s behaviour. Alternatively, a model that internally
generates a dynamical QBO that is not in phase with the prescribed QBO-ozone signal in the CMIP6
ozone database will be subject to a foreing-by-diabatic heating anomaly from ozone that is incon-
sistent with the model’s dynamical evolution. Both of these cases would be physically unrealistic.
However, a model that nudges a QBO towards observations and uses the CMIP6 ozone database

520 should have a more consistent representation of QBO-temporal variability in winds and ozone

—Conversely;-associated with the QBO. Modelling groups may therefore choose to post-process
the CMIP6 ozone database in order to treat the QBO-ozone signal in a consistent manner for
their model. Note that since the CMIP6 ozone database is produced by averaging two CCMs, one
that does include QBO-ozone variability (CESM1(WACCM)) and one that does not (CMAM), the
alone (compare blue line in Figure 2 with dark pink line in Figure 4). The absence of a QBO-ozone
signal in the CMIP5 ozone database means that CMIP5 models that simulated a QBO would have
neglected any radiative feedbacksfrom-ozoneonto-tropieal-vartabilityQBO feedback from ozone.

__ Figure 5 shows latitude-pressure cross-sections of the annual mean SOR in the three ozone databases
S§BOwn in Figure 4 and the Extended CMIP5 ozone database. In the tropics, the Bodeker ozone
database, Figure 5(a), shows a positive SOR of up to 4% peaking at around 2-3 hPa with a distinct
minimum at ~10hPa. The latitudinal structure of the SOR is smoother than in the SAGE II v6.2
mixing ratio data (see—cf. Figure 4(d) of Mayeeecketal«(2616)-Part I) probably because the con-
struction of the database-uses-MERfitted-to-data-Bodeker database fits an MLR model to all data
pdtnts along pressure surfaces rather than atindividual-latitudesto individual latitude bands. At high
latitudes, the magnitude of the SOR in the Bodeker database is small and the spatial structure is noisy
likely because of the small number of observations there. In the lower stratosphere, the results-show

Bodeker database indicates a positive SOR at most latitudes, as was found in a number of satellite

ozone datasets by Mayeock-etal+26+6)—in Part I. However, the uncertainty in the magnitude of the
SR at these levels is comparatively large (see below).
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The SOR in the CMIPS5 ozone database, Figure 5(b), shows a very similar structure to that found
in SAGE v6.2 mixing ratios (seecf, Figure 4(d) of Mayecock-et-al«(20+6)-in Part 1), consistent with
those data forming the backbone for the historical portion of the dataset (Cionni et al., 2011). Note
that the MLR fitting-was-fits were applied separately at each latitude band in the construction of the
CMIP5 database, and this likely explains why the horizontal structure of the SOR is more hetero-
geneous than in the Bodeker ozone database. In particular the three peaked structure of the SOR
CMIP5 ozone database. The sharp cut-offs in the SOR at £60° latitude are spurious and result from
a lack of data points to eonstrain-the-define a SOR at high latitudes. As described in Section 2.1.2,
the Extended CMIP5 ozone database, Figure 5(c), applied a simple extrapolation to introduce a SOR
in the extratropics. This-The details of this structure, which shows a positive SOR in-extending into
the northern extratropics and in the southern hemisphere a negative SOR at pressures greater than

~5hPa pe}ewafd&p/glgyvavrgxof 60°S, is likely to be sub_lect to considerable uncertainties owing beth

method employed.

In the CMIP6 ozone database, Figure 5(d)shows-the-SORfrom-the-CEMIP6-ozone-database—The
, the amplitude of the SOR is around 1-2% in the upper stratosphere, which is as expected broadly
consistent with the CCMI-1 results shown in Figure 3. Fhis-is-The peak amplitude of the SOR is
therefore 2-3 times smaller, and is considerably smoother in latitude, than the-SOR-in the CMIP5
ozone database. In the lowermost tropical stratosphere, the CMIP6 database shows a positive SOR of

up to ~3% in the southern tropics.

Fofurther-compare-the-versions of the two CCMs used to produce the CMIP6 ozone database

CESM1(WACCM) and CMAM) (see Figure 3(b-c)). To further investigate the vertical structure

of the SOR-in-the-tropiestropical SOR and its uncertainties, Figure 6 shows vertical-profiles-of-the
annual-and-the best estimate tropical (30°S-30°N) mean SOR in-the-CEMI-1-medels-and-along

with the 2.5-97.5% confidence intervals for the climate model ozone databases —Fhe-range-in-the
best-estimate-SOR-aeross—the-and the two satellite datasets from Figure 2 (see Part I). Also shown
in grey shading is the range of the best estimate SORs from the eight CCMI-1 models-is-shown-in
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therestofthe-profile;and-the-models. The best estimate SOR in the tropical lower stratosphere ranges

from a small negative signal in the CMIP5 ozone database to +6% in the Bodeker ozone database.
The-SOR-in-In the CMIP6 database-shows-a-significant-tropical-mean-SOR-of-ozone database, the
WM&}% at 80 hPa, which is, as expected within the range of the spfead
signals in the CCMI-1 s
models. The substantial spread amongst the estimates along with the large uncertainties reinforces
the challenge of constraining the SOR in the tropical lower stratosphere in-the-EMIPS-and-(e.g.

stratosphere is larger in the CMIP6 ozene-databases;—which-database compared to in CMIP35; this
may be important for the modelled atmospheric response to solar variability in CMIP5 and CMIP6

models (see Section 3.4). Figure 6 further confirms that the two climate model ozone databases
that include SAGE II v6.2 mixing ratio data (CMIP5 and Bodeker), show a substantiallylarger
tropteat-mean-significantly stronger SOR in the tropical upper stratosphere. This is consistent-with
Mayecoek-etal(2016)-who-concluded-that-the- SAGE-H-v6-2-likely to be unrealistically large since
the updated SAGE II v7.0 mixing ratio datashewed-a-considerably-targer-, which show a smaller
SOR in the tropical upper stratosphere compared-te-SAVE-H-v7-0-mixing-ratios—and-SBHYV-based

s(Maycock et al., 2016) , exhibit a more realistic representation of the relationship between

upper stratospheric ozone and temperature compared to SAGE II v6.2 data (Dhomse et al., 2016) .

3.3 Comparison of SOR annual cycle in CMIP5 and CMIP6 ozone databases

Mayeoek-et-al(2016)-showed-there-are-seasonal-variations-Earlier studies have shown evidence for
an annual cycle in the structure and amplitude of the SOR estimated-from-sateHite-observations—in

monthly mean SOR in the Extended CMIP5 ozone database and Figure 8 shows the same for the
CMIP6 ozone database. The SOR in the CMIP5 database has a fixed structure and constant amplitude
in all months; the small annual cycle in the fractional SOR amplitude arises purely from the annual
cycle in background ozone concentrations. There are well understood photochemical arguments for
why the structure of the SOR is expected to track the position of the Sun through the year (Haigh,
1994). Furthermore, the coupling between ozone and stratospheric dynamics may lead to variations
in the SOR at high latitudes in some months due to the formation in winter of the polar vortices and
their subsequent break-up in spring (Hood et al., 2015). For these reasons a complete absence of sea-
sonal variation in the SOR as found in the CMIPS ozone database is unrealistic. In contrast, the SOR

in the CMIP6 ozone database, Figure 8, shows greater seasonal variation. Locally enhanced signals

in the SOR are found in the southern-high-tatitudes-and-in-the northern-high-latitudes-in-winter-high
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latitudes in winter and spring, which may be linked to variations in the strength of the polar vortex

(Kuroda and Kodera, 2002). Thus, the-seasonal-variability-of-the-SOR-including some semblence of
an annual cycle in the SOR, as seen in Figure 8, is likely to be more-representative-of-the-a_truer
reflection of the behaviour of the real atmosphere than the complete absence of seasonal-variability

larger compared to the annual mean results presented in the previous section, and there are quantita-
tive differences between the SOR annual cycle in the CMIP6 ozone database and that estimated from

satellite observations (seecf. e.g. Figure 13 of Maycock et al. (2016)). Fhese-Such differences may
result from uncertainties in estimating the SOR from relatively short observational records, from er-
rors in the representation of the SOR in the models used to construct the CMIP6 ozone database, or a

combination of factors. Thus there-is-a-need-forcontinued-sateHite-measurements-in-ordertoreduce

more-stringentreferencefor-ozone-databases-and-modelswe should not consider the evolution of the
monthly SOR in the CMIP6 ozone database as a precise representation of the true SOR, but it is
likely an improvement compared to the representation in the CMIP5 ozone database.

3.4 Atmospheric impact of change in SOR between CMIPS5 and CMIP6 ozone databases

We now explore the atmospheric impacts of the differences between the SOR in the CMIP5 and
CMIP6 ozone databases using the ECHAM®6.3 model sensitivity experiments described in Sec-
tion 2.3. Figure 9 shows the tropical average annual mean temperature differences in the four selar
eyele-perturbation simutations-perturbation simulations representing 11 year solar cycle maximum
conditions with respect to the control simulation representing solar minimum. Note that the tropo-
spheric temperature responses in all simulations are small because the model includes fixed SSTs
and therefore the troposphere does not fully adjust to the imposed solar forcing (e.g. Misios et al.
(2016)).

The experiments performed to capture the total (i.e. SSI + SOR) solar cycle impact (dashed lines)
show considerable differences in the tropical mean stratospheric temperature response between the
recommended CMIPS (red line) and CMIP6 (blue line) solar forcings. In the CMIPS case, the max-
imum temperature response is around 1.25 K near the stratopause, which can be compared to a
much smaller response to the CMIP6 solar forcing inputs of 0-70.8 K. The SOR-only sensitivity ex-
periments (solid lines) reveal that much of the difference in the total temperature response can be
attributed to the differences in the SOR between the CMIP5 and CMIP6 ozone databases. The SOR
in the Extended CMIP5 ozone database induces a peak tropical temperature response of 6:90.85 K
(solid red), which is nearly three times larger than the maximum response to the SOR in the CMIP6
ozone database with an amplitude of 0.3 K (solid blue). In addition to the marked differences in
the maximum temperature response, there are also distinct differences in vertical structure. In the

CMIPS case, there is a stronger vertical gradient in the temperature response to the imposed solar
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650 forcing, which can be attributed to the highly peaked structure of the SOR in the CMIP5 database at
the stratopause compared to the smoother vertical structure of the SOR in the CMIP6 ozone database
(cf. Figures 5(c) and 5(d)). The simulation forced with the SOR from the CMIP6 ozone database also
shows a small secondary peak in tropical lower stratospheric temperature of ~0.3 K due to the pres-
ence of a locally enhanced SOR of ~3%, which is not present in the CMIP5 ozone database. The
655 results show that the change in the representation of the SOR between the recommended CMIP5 and
CMIP6 ozone databases induces a much larger difference in the temperature response between solar
cycle minimum and maximum than do changes in the recommended SSI forcing (see also Figure 8
in Matthes et al. (2017)).
The resultsfrom-the- ECHAMG6.3 model results help to elucidate the results-findings of Mitchell
660 et al. (2015), which show a clear difference in the annual mean stratospheric temperature response to

the solar cycle between CMIPS5 models that used the CMIP5 ozone database (HadGEM2-CC, MPI-

ESM, CMCC) and those with interactive chemistry that simulated their own internally-consistent
SOR (CESM1(WACCM), GFDL-CM3, GISS-E2-H, MIROC-ESM-CHEM, MRI-ESM1). Specifi-
cally, models that used the CMIP5 ozone database exhibit a markedly larger temperature response
665 near the tropical stratopause, with a stronger vertical gradient, compared to the models with in-
teractive chemistry (see Figure 5 in Mitchell et al. (2015) ). One might therefore anticipate that the
difference in the stratospheric temperature response between solar cycle minimum and maximum for
models with and without interactive chemistry will be smaller in CMIP6 than was found in CMIP5

owing to the fact that the SOR in the CMIP6 ozone database is derived from CCM simulations, al-

670 beit forced-with-the-CMIPS-SStdataset-that-contains-weaker-UV-variability-than-in-the-without full
consistency with the other CMIP6 SShdatasetexternal forcings such as SSI.

4 Conclusions

Changes in stratospheric ozone concentrations make-a-significant-contribution-te-are a major part of

the atmospheric response to ehanges-variations in incoming solar radiation over the 11 year solar cy-

675 cle (e.g. Shibata-and-Kodera (2005); Gray-et a}-2009) Haigh (1994); Shibata and Kodera (2005); Gray et al. (2009) ).
The associated solar-ozone response (SOR) must therefore be included in global model simulations
to realistically represent-solar-influences—on—elimatecapture the effects of solar variability on the
atmosphere.
This study #ses-has used a multiple linear regression (MLR) model to analyse the SOR in current
680 satellite observations (Part I; Maycock et al. (2016) ) and in global models (Part II). In the present
Part II, the SOR is analysed in eight chemistry-climate models (CCMs) from the CCMI-1 project:
CCSRNIES-MIROC3.2, CESM1(WACCM), CMAM, CNRM-CMS5-3, EMAC(L90), LMDz-REPROBUS-

CMS5, MRI-ESMIr1, and SOCOL3. We-also-analyse-the-SOR-in-three-These analyses complement
. Austin et al. (2008); SPARC CCMVal (2010

3

earlier studies assessing the SOR in previous generations of CCMs (e.
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685 In a novel step, we also analyse and compare the SORs in three pre-calculated ozone databases that

are prescribed in climate models without interactive chemistry: the Bodeker et al. (2013) Tier 1.4
ozone database and the CMIP5 ozone database (Cionni et al., 2011), which are both based on re-
gression models fit to observationsozone measurements, and the CMIP6 ozone database, which is
created from histerieal-simulations from two CCMs (CESM1(WACCM) and CMAM).

690 The CCMI-1 models simulate a-an annual mean SOR with a peak amplitude of 1-2% in the upper
stratosphere (~3-5hPa). This is more than a factor of two smaller than the SOR found in SAGE II
v6.2 mixing ratio data and is more consistent with results from SAGE II v7.0 and SBUV satellite

datasets (Mayecock-et-al;2016)-Some-of the-CEMs-(Maycock et al., 2016; Dhomse et al., 2016) and
. Austin et al. (2008); Sekiyama et al. (2006); Lee and Smith (2003); Egorova et al. (2014); Dhomse

3

695 Many of the CCMI models show larger fractional monthly SORs in the high fatitude-winterstratospherelatitudes
during winter and spring, which are

with previous CCM studies (e.

S5CS—

in-likely to be
700 strongly coupled to dynamical processes such as the formation and evolution of the polar vortex. The
spread in the best estimate SOR across the CCMI-1 models is around 4 times larger in the tropical

lower stratosphere ;which-has-beenidentified-in-somesatellite-ozone-datasets-(Mayeocket-al52016)-

705

and upper stratosphere, and the statistical uncertainties in the SOR are also substantially larger in the

lower stratosphere.
710 There are stark-differences-between-the-strong differences in the representations of the SOR in the

CMIP6-ozone-database-and-thosefoundin-thepre-calculated ozone databases. The peak amplitude of
the SOR in the tropics in the CMIP5 and Bodeker ozone databases —In-particular-the-peak-amplitudes
in-the-troptes-are-is substantially larger (5%) in-the-Jatter-databases-compared-to-in-the-than in the

CMIP6 database (1.5%). This is because these-the former databases are derived from observations
715 that include SAGE II v6.2 mixing ratios, which as-previeushy-mentioned-exhibit a larger SOR than
found in other satellite ozone datasets Mayeocket-al;2016)—

models, both in terms of its broad structure and magnitude and the fact that it exhibits some variation
826r-the annual cycle. Note that the amplitude of the SOR there-are-also-marked-differeneesin-the

spatial-stracture-of the-SOR-amengst-the-ozone-databasesin the CMIP6 ozone database may have
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been slightly larger if both of the constituent CCMs had used the CMIP6 SSI forcing rather than
the NRLSSI-1 forcing from CCMI-1 (Matthes et al., 2017) . The CMIP5 database shewed-spurious
targe-exhibits spurious sharp horizontal gradients in the SOR across the extratropics, which were

7abrced-through-tmplementation—of-alleviated by a simple poleward extrapolation in the Extended

construet-the-database—the-, albeit with considerable uncertainties in the detailed spatial structure.
Fuarthermore, the CMIP5 database-has-a-fixed-annual-mean-SOR-in-all-monthsand Extended CMIP5

ARARANAAANARARAA

8a6ne databases include a fixed SOR throughout the year, which is likely-te-be-unrealistie—

—Given the inclusion of seasonal variations in the SOR compared to CMIPS5, as well as the greater
eensistency with CCM results, CMIP6 models without chemistry are encouraged to use the recom-
mended CMIP6 ozone database (see esgf-node.llnl.gov/projects/input4mips). Nevertheless, what-
ever approach is adopted, all CMIP6 modelling groups are encouraged to document the representa-
#dm-of the SOR and SSI in their simulations to facilitate future analyses of solar-climate impacts.

__Sensitivity experiments were performed using a comprehensive global atmospheric model with-
out chemistry (ECHAMS6.3) to test how the changes in the recommended SOR and SSI between
CMIP5 and CMIP6 affect the simulated annual mean temperature response over the 11 year solar
@40le. The experiments show that changes in the SOR between CMIP5 and CMIP6 cause a de-
crease in the tropical average temperature response over the solar cycle of up to 0.6 K, or around

50% -

of the total amplitude.

This impact on the simulated stratospheric temperature response over the solar cycle is many times
larger than the separate impact (i.e. without ozone feedbacks) of changes in the recommended SSI

forcing between CMIP5 and CMIP6. The results indicate that differences in the representation of
the SOR amongst CMIP5 models is likely to be a major explanatory factor for the large spread
#5ahe stratospheric temperature responses to the solar cycle found in CMIP5 models (Mitchell
et al., 2015). The broader relevance of different representations of the SOR for atmospheric dy-

namics and regional surface climate responses to the solar cycle remains to be explored. However,

Hood et al. (2015) suggested CMIP5 models with an interactive representation of the SOR showed

a stronger high latitude dynamical response to the solar cycle.
755ubstantial-Parts I and II of this study have shown that uncertainties remain in various—factors

related—to—understanding the SOR, which present ehalenges—a challenge for including these ef-

fects in elobal-models. Key tes—nclade:—outstandineslareeuneertatnties—t—the-SORde
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770

model simulations. However, given the inclusion of variations in the SOR over the annual cycle
as well as the greater consistency of the amplitude of the SOR with CCM results, CMIP6 models
without chemistry are encouraged to use the recommended CMIP6 ozone database. Nevertheless

whatever approach is employed, all CMIP6 modelling groups are encouraged to document the
representation of the SOR and SSI in their simulations to facilitate future analysis of solar-climate

impacts.
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Figure 1. Timeseries of the seven-six basis functions used in the MLR analysis. (a) Solar forcing based on
F10.7cm flux; (b)
chlorine; (ed) ENSO index; (fe, gf) two orthogonal QBO indices defined as the first two principal component
timeseries of tropical zonal mean zonal winds (in this case taken from observations). The timeseries are in units

of standard deviation.

5)-CO2; (dc) equivalent effective stratospheric

new global climate model of the Meteorological Research Institute: MRI-CGCM3 — Model description and
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Figure 6. Vertical profiles of the tropical (30°S-30°N) average annual SOR per 130 SFU (%). The range of the
best estimates across the eight CCMI-1 models is shown in the dark grey shading. The light-grey-shadingshows

the tropical mean annual SOR in the three climate model ozone databases discussed in Section 3.2 and two
satellite ozone datasets from Maycock et al. (2016) (SBUVMOD VNS8.6 and SAGE-GOMOS 1). The whiskers
denote 2.5-97.5% confidence intervals on the estimated SOR.
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Figure 7. Monthly mean percent (%) ozone anomalies per 130 SFU for (a) January to (1) December in the

Extended CMIP5 ozone database. The solid contours denote 2% intervals.
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Figure 8. Monthly mean percent (%) ozone anomalies per 130 SFU for (a) January to (1) December in the

CMIP6 ozone database. The solid contours denote 2% intervals. Hatching denotes regions where the regression

coefficients are not significantly different from zero at the 95% confidence level.
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No. en- No. shortwave
Model QBO Reference
sembles bands
Jonsson et al. (2004); Scinocca et al.
CMAM 3 No 4
~ (2008)
Marsh et al. (2013); Solomon et al.
CESM1(WACCM) | 3 Nudged 19
~ (2015)
CCSRNIES- Imai et al. (2011); Akiyoshi et al.
3 Nudged 20
MIROC3.2 (2016)
Voldoire et al. (2011); Michou et
CNRM-CM5-3 1 No 6 al. (2011); http://www.cnrm-game-
meteo.fr/
55 in the stratosphere
EMAC(L90) 1 Nudged Jockel et al. (2016)
~ (<70 hPa)
LMDz-
Marchand et al. (2011); Szopa et al.
REPROBUS-CM5 1 No 2
~ (2013); Dufresne et al. (2013)
(L39)
Yukimoto et al. (2011, 2012); Deushi
MRI-ESM1rl 1 Internal 22
- and Shibata (2011)
SOCOL3 3 Nudged 6 Stenke et al. (2013); Revell et al. (2015)

Table 1. Details of the CCMI-1 models used in this study and the number of ensemble members available for

the REFC1 experiment for the period 1960-2009. See Morgenstern et al. (2017) for more details.
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