Reply to the review from Referee 1

We are thankful to this referee for the review and the associated suggestions, listed in italics
below. We provide our detailed responses (regular font) and plans; our revised manuscript will be
available in a fairly short time.

It would seem from the referee comments that there are no demonstrable big issues with the
science (or math), besides some requested clarifications, and we are pleased that Referee 1 found
our manuscript to contain “some interesting results” [and Referee 2 found “a lot of valuable and
detailed information”]. We hope, furthermore, that the plans we describe herein for clearer
messages and revisions will be of a satisfactory enough nature, or we will need to ask for more

specific comments.

(1) This paper evaluates two versions of the WACCM model using satellite observations, mainly
from Aura MLS, but also using multi-instrument compilations. The paper contains some
interesting results, but it is also very long (70 pages in the submitted format and 32 figures, plus
supplement) and focused on one specific model.

Reply: We are planning to cut down on the length of this manuscript, mainly by relegating some
of the less critical Figures to the Supplement. Although this does not necessarily translate into a
very large cut in terms of text length, we consider this work to be a fairly comprehensive analysis,
which therefore leads to a longer paper; there have definitely been some longer (atmospheric)
papers in the literature, and specifically in ACP. Turning this into two separate papers mainly for
the sake of overall length seems too artificial, and this would be quite an elaborate proposition,
with the need for some duplication regarding both the data sets and the models; as an aside, this
would actually lead to more reviewing work for the community. We hope to have shown that
detailed analyses are necessary to enable identification of both good agreement (a result in itself)
or significant differences between model runs and the data sets, but also for some of the more
subtle differences, and furthermore, that an understanding and discussion of error bars and
potential data issues is important. We will also strive to reduce the amount of text in the revised
manuscript, especially where some less critical aspects can be discussed more succinctly, or taken
out altogether. In particular, we plan to shorten Section 5.1.1 (pages 11-13) to a text length that
roughly matches (rather than exceeds) the text length of Section 5.1.2 (on variability issues); the

cuts to Sect. 5.1.1 will be of order 30% (or more).



In terms of reducing the amount of Figures and related changes, our specific plans are to remove
Figs. 13, 14, 15, and 17 from the main text (and relegate these to the Supplement, with a slightly
shortened discussion), since these mainly reinforce the expectation (already noted for O3 and H20)
of better model/data fits from SD-WACCM, as one might expect from a model with better
dynamical constraints than the FR-WACCM version. Such an expectation does not hold for the
variability diagnostics, so these are really best left in the main text, although we will plan to
displace Figure 22 (on the N20O and HNOs variability comparisons), and move it to the Supplement.
Moreover, we feel that Figure 31 on lat/p contours of short-term trend for various species can be
moved to the Supplement, as it is less critical, and given past (and ongoing) work on this topic.
While Figure 32 is interesting to us, it is more of a side note on lower stratospheric tropical
cohesiveness for various species exhibiting similar dynamical variability, so we decided that the
text and Figure in this case can be eliminated altogether without much of an impact on this paper.

In summary, the total number of Figures in the main text will be trimmed down by almost a
quarter, with a more manageable total of 25 Figures; writing up a multi-year effort of (part-time)
work on detailed model/data comparisons is bound to lead to a longer manuscript than several
shorter analyses; to our knowledge, fits, correlations, variability, and trend comparisons are rarely
investigated to this extent in model/data comparisons, even for a single model (or two flavors of
one model). This, with some reductions (and clarifications) in the text (including the Abstract and
Conclusions section), will at least show our good faith effort towards the referee comments.
Recommending a goal of exactly 20 Figs. (as done by Referee 2) is rather arbitrary, but our point

here is that we have considered these requests with some care, and that we are being responsive.

(2) The paper contains an evaluation of the model (SD and FR) for 5 species compared to satellite
observations. The paper points out general agreement and areas of disagreement, but the reasons
for any disagreement are not really looked into (except for HNOs and the lack of ion chemistry).

Reply: There are several aspects to these model/data comparisons. Looking carefully into reasons
for disagreement can be the subject of separate papers altogether, possibly involving new model
runs (which would take quite a bit of time), and this would also increase the length of this (already
long) manuscript. We will point to where some likely causes can be mentioned, although in all

fairness, we believe that this has already been done in several places (see more in the numbered



list below), and beyond the HNO3 issue mentioned by this referee. However, we are also adding
more information and discussion in various places (see further below).

In particular, we provide further explanatory material in some of the following areas, ignoring
from this list the HNOs issues (and lack of full model chemical pathways) already sufficiently
described in the manuscript. Without the exact revised text for now, please see the following list
of specifics, although some of the items in this list are there to provide some rebuttal to implications
that we provide few explanations besides showing the comparisons themselves (or the advantages
of one model version versus the other). We strongly believe that these comparisons (in themselves)
are worth displaying in a publication, even if this only applies to the WACCM model, which is
considered state-of-the art. Moreover, and almost as importantly, we have shown that areas of
disagreement very often fall within the estimated error bars, so there are not that many really
significant discrepancies; we hope to take some credit, in fact, for trying to be careful about
including realistic error bars in many of these comparisons. However, an investigation into other
models for similar areas of agreement or disagreement is beyond the scope of this work, which we
consider a first step that can help other modeling groups focus on certain regions of potential
disagreement. Later on, another paper could hopefully identify where, and maybe why, certain
models do better than others in certain places or time periods; in fact, some of this may already be
“in the works” or near completion (based on a list of planned studies for CCMI at

www.met.reading.ac.uk/%7Eqr903932/CCM Iwebsite/Wordpress_PDFs/CCMI1_PlannedAnalysis 20170715.pdf ).

1. Page 6, 1% paragraph: We now make the point regarding the Fig. 2 (and Fig. 1)
model/data lower stratospheric Os differences near 50°N-60°N (even if it may be
obvious) that transport-related model issues (not chemistry issues) are the most likely
reason for the models to significantly overestimate mean ozone and its seasonal cycle
at mid- to high latitudes. In addition, we are adding related information in the text for
H20 comparisons, given that we also see a significant (factor of two) WACCM model
overestimate of the MLS HzO fields (mean value and seasonal amplitude) in the same
region (detailed plots not shown); this discrepancy goes beyond a (previously
documented) 30-40% dry bias of MLS H20 versus sonde data a few km below the
tropopause. However, digging into model details (or even the meteorological fields),


http://www.met.reading.ac.uk/~qr903932/CCMIwebsite/Wordpress_PDFs/CCMI1_PlannedAnalysis_20170715.pdf

in addition to possible other data sources (or data issues) for Os (and H20) comparisons
would need to be the subject of a new investigation, interesting as it might be.

Page 8, lines 6-14, and Fig. 7: Regarding the seasonal changes over Antarctica, our
analyses include species other than HCI and provide more of a climatological
description regarding this discrepancy in HCI behavior than what was shown in the
paper by Groos et al, (ACP, 2018). The latter work attempted to ascribe such a
discrepancy to various factors, without a fully satisfactory answer, and we do not
currently have further thoughts on this topic, as more detailed investigations (not
speculation) would be required to make further progress. On the same topic, we do
provide a likely explanation for the better matches from SD-WACCM (vs FR-
WACCM), namely the connection to more realistic temperatures.

Page 11, lines 36-38 and Section 5.1.1: The better SD-WACCM results (here and in
this section more generally) regarding model/data fit diagnostics and model/data
correlation coefficients are related to the better dynamical description for the
“specified-dynamics” version of WACCM, as we point out in this section in more than
one place (see also the 2" part of the top paragraph on page 12, regarding H20
comparisons). This is the main result from the discussions on pages 11-13, and a result
that is worth including in this paper (in our opinion), even if there are other (probably
more illuminating) results.

Section 5.1.2 on model/data variability comparisons: The interannual variability in
monthly means represents a useful diagnostic of model/data comparisons, and it also
relates to trends and detectability of trends, as we point out in this section. The main
variability disagreement between models and data involves water vapor, a species that
is also more difficult to model, given its different phases and its more complex
pathways for entry into the stratosphere, the influence of ENSO and cold point
temperatures, as well as the QBO and circulation changes, along with changes in
methane and (mainly in the mesosphere) the solar cycle impact. Some of these
processes (or their variability at least) are possibly not sufficiently well represented in
either SD-WACCM or FR-WACCM, but there are better fits to the data from SD-
WACCM. Also, on the variability issue, we do make the point that the H20 interannual

variability is underestimated by the models, and since the uncertainty in trend detection



depends on the variability, a larger than modeled atmospheric variability implies that
it will take longer than expected to detect long-term trends in water vapor.
5. Section 5.2 (trend comparisons): Here are the main points for each species:

- Os: MLS data alone have not been used yet to document trends (for the MLS years
of operation that overlap the model runs), so this is a novel result, even if the time
period is short enough that the (2c) trend error bars are often fairly large. If one
averages the results over the upper stratosphere, there are robust indications of an
increase, based on the MLS data alone, and this avoids some issues associated with
merged data sets (e.g., changes in spatio-temporal coverage between different
instruments). It is also interesting to see indications of increases in the tropical
lower stratosphere (albeit with less robustness than in the upper stratosphere), in
apparent agreement with the SD-WACCM results. Most notably, the lat,/height
patterns of trends, ignoring the absolute error bars, are remarkably similar for MLS
data and SD-WACCM (see Fig. 25); we feel that this is a very informative plot.
Furthermore, version 2.20 of GOZCARDS Os is evaluated for trends in this work,
and we highlight some differences versus the original GOZCARDS data set.

- H20: The main points for this species are now made more relevant, we hope, in the
context of what one might expect from longer-term trends versus what happened
during the shorter-term (2005-2014) versus MLS trends, which are significantly
larger than what one would expect from the water vapor changes caused by
increases in methane alone. We also note that FR-WACCM trend results are
significantly smaller than SD-WACCM (and observations), but this does not imply
a longer-term systematic underestimate from FR-WACCM, based also on our looks
at longer-term time series (although these are not displayed specifically in this
manuscript). The Abstract has now been changed to reflect these points as well.

- HCI: We are not planning much change regarding these results, and we think that
the main points are clear enough: there is some underestimation of MLS HCI trends
from the models, and some LS tropical positive trends in these observations which
deserve further investigation. However, we will add a pointer to recent work (if it
gets in press soon) that shows the impact on HCI trends of a better treatment of

VSLS and their trends, as this seems to be a way to close at least part of the gap



(model versus data trends). The other issue could be related to an MLS overestimate
of the HCI LS trends (as this is what happens in the upper stratosphere, a known
issue for MLS HCl there).

- N20 and HNOs: There is good agreement for these two species overall, in terms
of the model versus data trends. Some of these trend variations versus height
(particularly for N2O) must be related to stratospheric age of air and circulation, but
we also clearly see (in time series not shown here) that the QBO, in particular, has
a large impact on the variability, as one moves away from the tropopause region;
this is a well-known feature. This large percent variability (as one reaches the mid-
stratosphere) swamps the underlying long-term trends in N20O. The WACCM time
series capture the observed (MLS) variability remarkably well, and the trends for
2005-2014 reflect this sort of agreement (Fig. 30). There are some slightly larger
differences in terms of the somewhat poorer phasing of variability (and fits to the
data) for FR-WACCM, but the main features versus latitude and height are well
reproduced. This also holds for HNOs. We will thus add a few words very similar
to these in this part of Section 5.2, in terms of our understanding (and at least partial

explanation) of these trends and their variations.

Our draft revised Abstract (see below) also hopefully clarifies the main points in a somewhat better
way (without making it much longer), as a response to the Referee comments. The revised text
will add related information for clarifications and context; it will also be trimmed elsewhere to try

to address the issue of paper length inasmuch as possible (without losing too much content).

(3) The comparison of the performance of the SD and FR models is a main focus of the paper.
There are differences but overall conclusions on the accuracy of SD models, for example, seem to
be missing.

Reply: We do not fully understand this comment, but we will attempt a reply that covers the
options. It is really beyond the scope of this work to try to dive into why SD models differ from
one another, if that is the reviewer’s point, although we think that this would be an interesting
study for the future. We have examined only the SD-WACCM/MERRA model in detail in this
study using multiple diagnostics. There will be future papers that compare processes and biases



between the participating CCMI SD models (as mentioned earlier). The point of our work is to
perform a detailed model/observational analysis of two configurations (FR and SD) using the same
modeling system (i.e., CESM framework). Here, the tracer advection routine (Lin, flux form finite
volume) and WACCM chemistry module (for gas-phase, heterogeneous, and photolysis reactions)
are identical between the two configurations. The differences between the two configurations are
mainly due to how the circulation is derived. The FR configuration allows the ozone to be
interactive with the heating rates and therefore circulation. The SD configuration uses a specified
meteorology that drives the circulation. Therefore, when we compare the FR and SD model
versions observation-based diagnostic, the "goodness™ of the results between FR and SD removes
uncertainty of both the advection and chemistry assumptions (since they are the same). However,
there is still uncertainty in the derivation of the circulation in FR and the nudging approach used
with the observed meteorology. The approach described in this paper is essentially a first step in
understanding how well models represent biases and variability in comparison to observations.
The next step could be, of course, to examine diagnostics across multiple model systems, but not
here (see also our response to item (1)). We plan to change part of the Introduction (and maybe
the model section also) in the revised version to better motivate the purpose of our analyses of
FR-WACCM versus SD-WACCM, as mentioned above.

If, on the other hand, the reviewer is asking about the accuracy of the specific SD-WACCM
model run used here, most of the comparisons here show that there are few large areas of
disagreement, beyond the error bars in the MLS data, so this is a clear statement (we believe)
regarding the model accuracy (absolute), in comparison to state-of-the art observations; we also
identified a few areas of disagreement. We could add (in the revised version) percentage difference
numbers regarding the “accuracy level” (model/data agreement level) for each species, if this is
what the reviewer is asking. We have preferred to let the first few Figures (Figs. 1,3,4,5,6 regarding
climatological levels of agreement) speak for themselves. One often obtains levels of model/data
agreement within about + 5 to 10%. However, quoting a more detailed range of “accuracies” versus
species, pressure, and latitude, can add up to a fair amount of text. We have already highlighted
regions where we believe that model issues might need more investigation, and some regions
where data issues could also contribute to the differences (e.g., where more difficult retrievals
and/or fewer data validation possibilities exist). The right panels in these climatological

comparison Figures help to take into account the systematic errors in the MLS data. If the Referee



really wants us to add more numbers in the text (or in the already long Abstract), we can try to do
this in the revised manuscript, but we would otherwise stick to the fact that one can extract numbers
out of the Figures already present in the manuscript. If another model wishes to “measure up” to

the same data sets, new Figures of this kind would need to be produced, for comparison purposes.

(4) The paper also uses both the models and data to look at trends. Reading the abstract paragraph
which summarises the trend work does not give me a clear view of the main scientific points that
have come out of the trend work. Is there something new about the observed known recent upper
stratospheric ozone increase (i.e. recovery)? Or are the main points related to whether SD or FR
simulations are better for studying past trends of different types of species (and | realise there are
potential issues with both approaches). The paper also discusses metrics which can be used to
evaluate CCM runs using observations. There is a lot of information here but again the main
messages and recommendations are not clear to me.

Reply: There are both types of aspects in our results, and while we thought that this was already
fairly clear, we can try to clarify where needed, if we are given more specifics from the referee,
after our revised version is finalized. Indeed, some points are made in terms of trends themselves
(e.g., Os trends that are positive in the lower stratosphere over the MLS period, whereas longer
time periods have indicated some decreases — so further confirmation with more years of data
should be worthwhile in the near future), while other points clearly deal with the comparisons with
model trends. In many aspects, SD-WACCM matches the latitude/height behavior of observed
ozone trends quite well, and also matches the observed H20 trends better than FR-WACCM.

For me as a reviewer the questions about this paper are

0] what are new scientific results related to CCMs (including diagnostics) or trends in

general

Reply: Please see our replies above, as this reviewer comment is mainly a summary comment.
and

(i) why does the evaluation of the two WACCM versions belong in an ACP paper, rather than the
sister journal Geophysical Model Development (GMD). At the moment, and using the abstract as

a basis, I really don’t get the main scientific advances which would justify ACP versus GMD.



My recommendation is that the work needs to be presented with clearer scientific messages coming
through in the abstract and conclusions. Work which does not directly contribute to the ACP-level
results could be put in a GMD paper, or an expanded supplement.

Reply: In response to this, we have made some changes, notably to the Abstract, main text, and
conclusions, with more useful information to help strengthen the results on ozone and H20 trends.
Short of the revised version (which we are finalizing soon), please see the revised (draft) Abstract
at the end of this reply, with the highlighted parts as a guide to the non-minor changes.

Stratospheric science has progressed to the point of being quite well understood from the point
of view of very sophisticated tools, like SD-WACCM (with mostly correct representations, or
parameterizations, of the physics and chemistry), and this limits the extent of significant new
advances. However, this manuscript is (in our view) one of the more comprehensive studies that
confronts such a model with multi-year and multi-species data sets, for species with different
lifetimes and gradients, so that a fuller depiction of areas of agreement or disagreement can be
revealed. On the trends side, there is good overall agreement within the error bars; more
specifically, the degree of agreement for SD-WACCM in terms of the latitudinal and vertical
patterns is actually striking (see Fig. 25 in particular), if one ignores the issue of absolute error
bars. Figure 25 is also an example that could be illuminating for other model comparisons, in due
time (not here). Such excellent agreement in the patterns of trends is a model success worth
documenting, in our view; otherwise, it could become just “word of mouth” between modeling
groups, and we feel that the actual publication is important, after careful (time-consuming)
analyses. While there have been some rather broad trend comparisons in the past between averaged
data sets and averaged models, there are few that go into a lot of detail for different model runs;
more of this type of work may well be in preparation elsewhere.

On the issue of trimming (or splitting) the manuscript, we do feel strongly that using the
Supplement is a much better way to help cut down somewhat on the main paper, rather than to
somewhat artificially break up this comprehensive work, given that this would also require a
significant amount of duplication and extra work. We believe that, after some trimming of Figures
and less essential text, and other clarifications, as mentioned earlier in more detail, this paper will
be improved. On the other hand, there is a need for some added text in order to explain some issues
better, namely for water vapor trends, their magnitude (in relation to what one would expect from

methane increases), and the differences between the two models. In the end, we feel that setting



an arbitrary length goal does not make much sense, when a lot of comparison work is investigated
(or even summarized) for multiple species with different lifetimes, in order to confront the models
with a multi-dimensional and multi-faceted atmosphere. However, we will heed the advice
regarding a trimmed down revised version, and we thank both referees for these comments.
Regarding the Journal issue, we feel quite strongly that such a paper is (or can certainly be) in
the ACP domain, given that the model description is really a small part of this manuscript
(WACCM having been used and described previously, including in GMD, Morgenstern et al.,
gmd-10-639-2017), and that there are some scientific results discussed here (to be further clarified,
as mentioned in our replies and in the upcoming revision), even if some of this confirms past/recent
work, but from our own model/data comparisons. There is some “grey region” between ACP and
GMD papers, with the latter being more geared towards model description and development (if
one looks through many of those articles), although there are some model evaluation papers there
as well. To be more specific, we include Table 1 at the end of this reply, and this provides a
summary of all the papers that are part of the current CCMI special issue, which is what we are
submitting to here; this special issue encompasses several journals (including ACP and GMD). As
one can see from Table 1, the more recent papers have nearly all been part of ACP, after some
initial work with much more of a model description focus. Some of the articles in ACP could
compare broadly to the work we are trying to present, with a combination of model and data (and
comparisons). We also feel that there are detailed aspects of the MLS data sets described in our
work (regarding absolute error bars and trend uncertainties, including some drift issues) that would
be of much interest to the stratospheric component of the ACP readership. Without attempting to
be more comprehensive, we can state that we did consider the Journal topic seriously, which also
led to some delays. We also consulted with the ACP editors on this topic, and we are pleased that
they agree with our views; this topic is also something that editors consider as part of the pre-
review process. It is also true that going through another 4 months of review with a completely
new set of reviewers and editors is a considerable burden not just on the authors, with further time
delays, but also on the reviewer community (especially for longer papers). We are thus thankful
for the support we obtained towards finalizing this process for ACP, and we feel that we can now
focus our efforts to that end; we would very much welcome reviewer support on this aspect as

well.
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Minor comments

Page 1. Line 20. Can you be quantitative when discussing model over/underestimates?

Reply: Certainly, these Abstract sentences are now rewritten for clarification, as follows:

“There are a few significant model/data mean biases, such as for lower stratospheric O3, for which
the models at mid- to high latitudes overestimate the mean MLS values by as much as 50% and
the seasonal amplitudes by ~60%. Another clear difference occurs for HNOs during recurring
winter periods of strong HNO3 enhancements at high latitudes; the strong model underestimate in
this case (by a factor of about 2 to 6) stems from the omission of ion chemistry relating to particle
precipitation effects, in the global models used here.” The relevant sections in the text will also be

adjusted to match these more quantitative points.

Page 1. Lines 26-27. In what way are the detailed interactions not as well represented?
Reply: We have decided that this result, although correct, is not needed in the Abstract, given that
one expects a free-running model to be less in-phase with actual dynamical situations represented
better by SD-WACCM (and the observational record). This will therefore be removed from the
Abstract, although the relevant (fairly brief) discussion can stay in the main text, as a
demonstration of these somewhat subtle, but real differences, between model ‘flavors’ and

observations.

Page 2. Line 12. ‘differences’ rather than ‘variability’?
Reply: Yes, this wording is changed to ‘differences’.

Page 2. Line 14. ‘driven’ — not the correct word for what is inside the model. Usually used for the
external forcings like winds or emissions etc.

Reply: Yes, this wording is changed to “driven by time-dependent boundary conditions”, without
mentioning the photochemical reactions (which can be taken as a ‘given’, given other references

to the model).
Page 2. Line 17-18. | think you should say a lot more about other SD work and cite papers, as
SD v FR is a main focus of this paper. This would help to think about whether the WACCM SD

results may be applicable to other SD models?
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Reply: We understand the importance of comparing various SD models, and we have discussed
this earlier in our reply to item (3). We plan to change part of the Introduction in the revised version
to better motivate the purpose of our analyses of FR-WACCM versus SD-WACCM, as mentioned
above.

Page 2. Line 27. Explain ‘high quality’.

Reply: That is a fair comment, especially for a reader who might not know enough about the MLS
data; however, for this Introduction, it would seem best not to try to give a detailed list of references
on validation, etc... so we can just remove this somewhat vague wording for simplicity (and we

are keeping the manuscript length in mind as well).

Page 2. Line 36-39. Can you give examples of trend studies that have had these problems? Again,
for the trend results presented here to be of scientific interest to the community, we need to know
about issues of what has been done before.

Reply: Yes, we can/will refer to some published work for ozone (Ball et al., ACP, 2017, acp-17-
12269-2017) that points to regions/periods of trend differences that can be traced to data set issues
and/or merging issues (for example, regarding merged SBUV data or an older ozone data version
from GOZCARDS). While uncertainties relating to data merging are not easy to quantify, more
work should ultimately be done on such a topic (separately from our current manuscript, of course);
for SBUV, some work has been done regarding the propagation of uncertainties (Frith et al., ACP,
2017, acp-17-14695-2017). Incidentally, data merging uncertainty issues point to a good reason to
at least try to start using MLS data alone (as there are no data merging or sampling difference

issues) for trend work, versus model results and in general.

Page 3. Line 34. After reading these sections it is not clear to me if ACE data (and which version)
is included in either of the GOZCARDS versions. Please clarify.

Reply: Certainly, this text will be clarified, by changing it to: “ACE-FTS data were not included
in these more recent years.” The version matters less, since there is only one choice for recent
years. We also plan to add the following sentence (just before paragraph 3), to clarify what was
done for the special v2.20 GOZCARDS ozone product. “We note that no ACE-FTS data were
included in this newer version of GOZCARDS 03s.”
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Page 4. Line 39. Clarify that ‘organic halogens’ are the source gases.

Reply: Yes, this will be changed to ‘organic halogens’ to specify the source.

Page 5. Line 2. So the FR WACCM is relaxed to the observed tropical winds (QBO). What is the
implication of that for the comparison? Does that constrain some of the comparisons? What would
happen without this relaxation? (Why is it done?).

Reply: If one wants to represent the observed stratospheric variability, one has to include QBO
forcing in the tropical region; without this, the variability would be much less realistic, and less
accurate. This was also the specification for the CCMI scenario (REF-C1), to include either a
nudged QBO or an interactively-derived QBO (if possible). The latest version of FR-WACCM,
recently released to the community, now has an interactive QBO. This was not available for this

CCMI assessment.

Page 5. Line 11. New paragraph before ‘Both’.
Reply: Yes, this is changed to a new paragraph.

Page 6. Line 28. The model comparisons don’t use the satellite averaging kernels (or temporal
sampling I suppose?). Can you add more details on why you see no reason to apply the AKs?

Reply: Some discussion of this aspect of the comparisons was already provided regarding Fig. 2
model/data differences on page 6 (lines 26-29), and this is a generic type of response for these
comparisons (as has also been verified in the context of other comparisons of MLS data versus
models, notably for water vapor). The MLS instrument system has sharply peaked vertical
Averaging Kernels as a result of its limb viewing geometry and field of view characteristics, with
stratospheric vertical resolutions of order 2.5 to 4 km in most cases (species) of relevance here.
The largest impacts (from neglecting profile smoothing) can be expected in the upper troposphere,
at least when comparing to fine resolution sonde profiles. Examples of smoothed and unsmoothed
0zone comparisons are provided in the original MLS ozone validation paper (Fig. 6) by Froidevaux
etal. (JGR, 2008, 10.1029/2007JD008771), in the context of comparisons versus SAGE II, which
has a vertical resolution finer than 1-2 km; this shows that the effects are typically quite small (less

than a few percent) even for SAGE-type profiles. The WACCM model profiles are provided on a
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grid that is not substantially finer than the MLS retrieval grid, and such profiles will thus be
affected even less. Also, both model runs in this case are on the same vertical grid (and the model
profiles do not generally differ by very large amounts); they will be affected in the same (small)
way by a small amount of smoothing to match the MLS retrieval grid. While we could add more
words to this effect, we will probably not plan to lengthen the manuscript much regarding this

point, given that we have at least touched on this topic already.

Page 7. Line 13. Any idea why there are larger differences for SD WACCM? What are the
implications for SD studies?

Reply: Transport-related model issues, as mentioned regarding some regions of disagreement
between ozone observations and data, could also impact the lower stratospheric HCI abundances.
However, the HCI amounts in this region are quite small, so we do not wish to over-emphasize
this sort of discrepancy for this species. Finally, it is also a region where the MLS retrievals are
less well constrained, in terms of percentage accuracy at least, although this does not help to
alleviate model-to-model differences. We should probably not overemphasize such large

percentage differences, given the low abundances in this case.

Page 7. Line 16. Explain ‘good dynamical tracer’ for non-experts.
Reply: Yes, we will add some words here “N20, a long-lived species in the lower stratosphere,
which means that good (or poor) model/data agreements in this region can confirm (or deny)

accurate model representations of the dynamics.”
Page 12. Line 36. ‘do not have the right chemistry’. [ would suggest rephrasing this.

Reply: Yes, we can rephrase this to ‘do not include the necessary photochemical pathways,

including the effects of energetic particle precipitation on ion chemistry in the upper atmosphere’.
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Revised Abstract:

We evaluate the recently delivered Community Earth System Model version 1 (CESM1) Whole
Atmosphere Community Climate Model (WACCM) using satellite-derived global composition datasets,
focusing on the stratosphere. The simulations include free-running (FR-WACCM) and specified-dynamics
(SD-WACCM) versions of the model. Model evaluations are made using global monthly zonal mean time
series obtained by the Aura Microwave Limb Sounder (MLS), as well as longer-term global data records
compiled by the Global Ozone Chemistry and Related Trace gas Data Records for the Stratosphere
(GOZCARDS) project. A recent update (version 2.20) to the original GOZCARDS merged ozone (O3) data
set is used here.

We discuss upper atmospheric climatology and zonal mean variability using Os, hydrogen chloride
(HCI), nitrous oxide (N20), nitric acid (HNO3), and water vapor (H.O) data. There are a few significant
model/data mean biases, such as for lower stratospheric O3, for which the models at mid- to high latitudes
overestimate mean MLS values by as much as 50% and the seasonal amplitudes by ~60%; such differences
require further investigations, but would appear to implicate (in part) a transport-related issue inthe models.
Another clear difference occurs for HNOs during recurring winter periods of strong HNO3 enhancements
at high latitudes; model underestimates in this case (by a factor of 2 to 6) stem from the omission of ion
chemistry relating to particle precipitation effects, in the models used here. In the lower stratospheric high
southern latitudes, variations in polar winter/spring composition observed by MLS are generally well
matched by SD-WACCM, the main exception being for the early winter rate of decrease in HCI, which is
too slow in the model. In general, we find that the latitude/pressure distributions of annual and semi-annual
oscillation amplitudes derived from MLS data are properly captured by the corresponding model values.

One of the model evaluation diagnostics we use represents the closeness of fit between the model/data
anomaly time series, and we also consider the correlation coefficients. Not surprisingly, SD-WACCM,
which is driven by realistic dynamics, generally matches observed deseasonalized anomalies better than
FR-WACCM does. We use the root mean square variability as a more valuable way to estimate differences
between the two models and the observations. We find, most notably, that FR-WACCM underestimates the
observed interannual variability for H.O by ~30%, typically, and by as much as a factor of two in some
regions; this has some implications for estimates of the time needed to detect small trends, based on model
predictions.

We provide trend comparisons between various data sets and (CESM1) WACCM, using a multivariate
linear regression (MLR) model. Both MLS and WACCM show a robust upper stratospheric Oz increase
from 2005 to 2014 by ~0.2-0.4%l/yr (£ 0.2%l/yr, 2c), depending on which latitude range (tropics or mid-
latitudes) is considered. In the lower stratosphere, some decreases are indicated for 1998-2014 (based on
merged GOZCARDS 03), but we find near-zero or positive trends when using MLS O3 data alone for 2005-
2014. The SD-WACCM results track these observed tendencies, although there is little statistical
significance in either result; the patterns of O3 trends versus latitude and pressure are remarkably similar
between SD-WACCM and MLS. For H-0, the most statistically significant trend for 2005-2014 is an upper
stratospheric increase, peaking at slightly more than 0.5%/yr in the lower mesosphere, in fairly close
agreement with SD-WACCM trends, but with smaller values in FR-WACCM. As shown before by others,
there are multiple factors that can influence low-frequency variability in H.O; indeed, these recent short-
term trends are larger than what one would expect from changes associated with slow secular increases in
methane. For HCI, while the lower stratospheric vertical gradients of MLS trends are duplicated to some
extent by SD-WACCM, the model trends (decreases) are always on the low side of the data trends. There
is also little model-based indication (in SD-WACCM) of a significantly positive HCI trend derived from
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the MLS tropical series at 68 hPa. These differences deserve further study. For N2O, the MLS-derived
trends (for 2005-2012) point to negative trends (of up to -1%/yr) at NH mid-latitudes and positive trends
(of up to +3%/yr) at SH mid-Ilatitudes, in good agreement with the asymmetry that exists in SD-WACCM
trend results. The small observed positive N,O trends of ~0.2%/yr in the 100 to 30 hPa tropical region are
also consistent with model results (SD-WACCM in particular), which are very close to known rates of
increase in tropospheric N2O. In the case of HNOs, MLS-derived lower stratospheric trend differences (for
2005-2014) between hemispheres are opposite in sign to those from N,O and in reasonable agreement with
both WACCM results. In general, variations tied to the QBO play a big role in terms of the interpretation
of stratospheric trends over short time periods (such as 2005-2014); longer time periods are typically
required to robustly extract underlying long-term trends, notably in the lower stratosphere.

The data sets and tools discussed here for the evaluation of the models could be expanded to additional
comparisons of species not included here, as well as to model intercomparisons using a variety of CCMs,
in order to search for systematic differences versus observations or between models, keeping in mind the
range of model parameterizations and approaches.
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Table 1. Pubs. in CCMI special issue (mostly ACP papers recently, with a variety of topics/thrusts).

acp-16-7285-2016

multiple models.

differences.

Reference Title Type of Some Mostly model
study novel description or
(model vs aspects of model analyses?
data, etc...) atm. science? | > not much data
Jockel, P. et al. Earth System Chemistry | One model Not really Yes, model
(2016), 10.5194/ integrated Modelling with sensitivity
gmd-9-1153-2016 (ESCiMo) with the different (scenario) runs
GMD Modular Earth scenarios
Submodel System v-2.5
Tilmes, S. et al. Representation of the One model Not really Model
(2016), 10.5194/ CESM1 CAM4-chem (different evaluation
gmd-9-1853-2016 within the CCMI scenarios) & studies
GMD some data
Strode, S. A. et al. Interpreting space- Model and Yes, interms | A combination
(2016), 10.5194/ based trends in CO with | data of model/data | of models and

data

Morgenstern, O. et | Review of the global Descriptions | Not directly Model
al. (2017), 10.5194/ | models used within of various descriptions only
gmd-10-639-2017 phase 1 of CCMI. CCMI models
GMD
Fernandez, R. P. et | Impact of biogenic VSL | One model Not directly, Yes, mostly
al. (2017), bromine on the and data but based on | model
10.5194/acp-17- Antarctic Oz hole during | - with model | model predictions
1673-2017 the 215t century. predictions predictions
Smalley, K. M. et al. | Contribution of Models and Yes, based on | Yes, mostly
(2017), 10.5194/ different processes to some data model model analyses
acp-17-8031-2017 | changes in tropical behaviors &
LS H20 in CCMs. inferences
Hardiman, S. C. et The Met Office One model: Not directly Yes, mostly
al. (2017), 10.5194/ | HadGEM3-ES CCM: different model analyses
gmd-10-1209-2017 | evaluation of strat. simulations and evaluations
GMD dynamics, impact on Os | (FR vs SD)
Lin, M. et al. US surface O3 trends & One model Yes, based on | Mostly model
(2017), 10.5194/ extremes (1980- 2014): | with data one model’s inferences
acp-17-2943-2017 | quantifying the roles of | comparisons | behavior & (with some data
rising Asian emissions, inferences comparisons)
domestic controls,
wildfires, and climate.
Maycock, A. C. et The representation of Mostly multi- | Not directly, Yes, mostly a
al. (2018), 10.5194/ | solar cycle signals in model mostly model | model sensitivity
acp-18-11323-2018 | strat Os- Part-2: Analysis | results dependence study
of global models. on inputs
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Reference Title Type of Some Mostly model
study novel description or
(model vs aspects of model analyses?
data, etc...) atm. science? | >not much data
Morgenstern, O. et | Os sensitivity to varying | Multi-model | Not directly Yes, a model
al. (2018), 10.5194/ | greenhouse gases and description & sensitivity study
acp-18-1091-2018 | ozone-depleting consistency
substances in CCMI-1 of responses
simulations. to forcings
Revell, L. E. et al. Impacts of Mt. Pinatubo | One model. Not directly Yes, mostly a
(2018), volcanic aerosol on the | Sensitivity of model sensitivity
10.5194/acp-17- tropical stratosphere in | Tand O3 study
13139-2017 CCM simulations using response to
CCMI & CMIP6 stratos. | volcanic
Aerosol data aerosol data
Hou, P. et al. (2018) | Sensitivity of atmos. Some data Yes, but Yes, mostly a
acp-18-8173-2018 | aerosol scavenging to but mostly a | based on model sensitivity
precip. intensity and prediction prediction study (with
frequency in context of | sensitivity sensitivities different met.
climate change study fields)
Phalitnonkiat, P. et | Extremal dependence Some data Yes, but Yes, mostly a
al. (2018), 10.5194/ | between T and Osover | but mostly based on model sensitivity
acp-18-11927-2018 | the continental US. multi-model | model study
prediction predictions
Orbe, C. et al. Large-scale tropospheric | Multi-model | Not directly Yes, mostly a
(2018), 10.5194/ transport in the CCMI diffs.: AOA, model sensitivity
acp-18-7217-2018 | simulations. transport. study
Wu, X. et al. (2018), | Spatial and temporal One model: | Tosome Yes, mostly a
10.5194/ variability of Variability of | extent, based | model sensitivity
acp-18-7439-2018 | interhemispheric idealized on model study (of
transport times. tracers sensitivity variability)
Dietmuller, S. et al. | Quantifying the effect Multi-model | Not directly Yes, mostly a
(2018), 10.5194/ of mixing on the mean look: factors model sensitivity
acp-18-6699-2018 | age of air in CCMVal-2 influencing study
and CCMI-1 models. AOA
Dhomse, S. S. et al. | Estimates of ozone Multi-model | Yes, but Yes, mostly a
(2018), 10.5194/ return dates from CCMI | estimates: Os | based on model sensitivity
acp-18-8409-2018 | simulations. return dates | predictions study

Ayarzaguena, B. et
al. (2018), 10.5194/
acp-18-11277-2018

No robust evidence of
future changes in major
stratospheric sudden
warmings: a multi-
model CCMI assessment

Multi-model
study of
major strat.
sudden
warmings

Yes, based on
model
predictions

Yes, mostly a
model sensitivity
study
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Reference Title Type of Some Mostly model
study novel description or
(model vs aspects of model analyses?
data, etc...) atm. science? | >not much data
Lamy, K. et al. UV radiation modelling | Multi-model | Yes, based on | A combination
(2018), ACPD, using output from the UVI versus model results | of models and
10.5194/acp-2018- | CCMI climo UVI data
525 data
Revell, L. E. et al. Tropospheric ozone in Multi-model | Mostly geared | A combination
(2018) CCMI models and comparison | towards of models and
acp-2018-615 Gaussian emulation to of tropos. model data
understand biases in ozone vs refinements
the SOCOLv3 CCM. data
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Reply to the review from Referee 2

We are thankful to this referee for the review and the associated suggestions, listed in italics
below. We provide our detailed responses (regular font) and plans; our revised manuscript will be
available in a fairly short time. For added information, we have provided the revised Abstract in
our reply here, although most of those (highlighted) changes were done as a response to comments
from the other Referee.

It would seem from the referee comments that there are no demonstrable big issues with the
science (or math), besides some requested clarifications, and we are pleased that Referee 2 found
our manuscript to contain “a lot of valuable and detailed information” [and Referee 1 also found

“some interesting results™].

The manuscript aims to evaluate the stratospheric composition of the free-running and specified-
dynamics version of CESM1 (WACCM). The evaluations are based on comparisons to satellite
measurements including single-instrument and merged data records. The model diagnostics
include zonal monthly mean comparisons, seasonal and semi-annual cycles as well as long-term
trends. All evaluations are described in detail and valuable information on various aspects of the
model performance is provided. Overall, the manuscript is of great interest for scientist directly
working with WACCM or potentially with other earth-system models. Therefore, such a detailed
manuscript would seem much more appropriate in a journal focused on geoscientific model
development/validation and | would urge the authors to submit it to a journal focused on this topic.
Reply: We do not agree that the fairly comprehensive analyses presented here are of more limited
interest to modeling groups only, because there are also inferences from data sets that have not
been presented before (in particular trend analyses from MLS data alone). We have also added a
few clarifications to better explain certain aspects of these trends and comparisons (largely in
response to the other Referee).

Regarding the Journal issue, we feel quite strongly that such a paper is (or can certainly be) in
the ACP domain, given that the model description is really a small part of this manuscript
(WACCM having been used and described previously, including in GMD, Morgenstern et al.,
gmd-10-639-2017), and that there are some scientific results discussed here (to be further clarified,
as mentioned in our replies and in the upcoming revision), even if some of this confirms past/recent

work, but from our own model/data comparisons. There is some “grey region” between ACP and



GMD papers, with the latter being more geared towards model description and development (if
one looks through many of those articles), although there are some model evaluation papers there
as well. To be more specific, we include Table 1 at the end of this reply, and this provides a
summary of all the papers that are part of the current CCMI special issue, which is what we are
submitting to here; this special issue encompasses several journals (including ACP and GMD). As
one can see from Table 1, the more recent papers have nearly all been part of ACP, after some
initial work with much more of a model description focus. Some of the articles in ACP could
compare broadly to the work we are trying to present, with a combination of model and data (and
comparisons). We also feel that there are detailed aspects of the MLS data sets described in our
work (regarding absolute error bars and trend uncertainties, including some drift issues) that would
be of much interest to the stratospheric component of the ACP readership. Without attempting to
be more comprehensive, we can state that we did consider the Journal topic seriously, which also
led to some delays. We also consulted with the ACP editors on this topic, and we are pleased that
they agree with our views; this topic is also something that editors consider as part of the pre-
review process. It is also true that going through another 4 months of review with a completely
new set of reviewers and editors is a considerable burden not just on the authors, with further time
delays, but also on the reviewer community (especially for longer papers). We are thus thankful
for the support we obtained towards finalizing this process for ACP, and we feel that we can now
focus our efforts to that end; we would very much welcome reviewer support on this aspect as

well.

Major comments

1) The paper delivers a lot of valuable and detailed information, however, is overall very long. In
particular, the number of figures could be reduced from 32 to around 20. To give one example,
Figure 2 is only discussed very briefly in the text in order to illustrate mean biases and annual
cycle differences shown elsewhere and could be removed.

Reply: We really prefer to keep Fig. 2 in the main text as this does show much better than Fig. 1

how the models and the data differ (in certain regions) in terms of not only the mean differences,

but also the annual cycle; these differences are now also better quantified in the upcoming

revised version (in answer to a comment from reviewer 1).



We are planning to cut down on the length of this manuscript, mainly by relegating some of the
less critical Figures to the Supplement. Although this does not necessarily translate into a very
large cut in terms of text length, we consider this work to be a fairly comprehensive analysis, which
therefore leads to a longer paper; there have definitely been some longer (atmospheric) papers in
the literature, and specifically in ACP. Turning this into two separate papers mainly for the sake
of overall length seems too artificial, and this would be quite an elaborate proposition, with the
need for some duplication regarding both the data sets and the models; as an aside, this would
actually lead to more reviewing work for the community. We hope to have shown that detailed
analyses are necessary to enable identification of both good agreement (a result in itself) or
significant differences between model runs and the data sets, but also for some of the more subtle
differences, and furthermore, that an understanding and discussion of error bars and potential data
issues is important. We will also strive to reduce the amount of text in the revised manuscript,
especially where some less critical aspects can be discussed more succinctly, or taken out
altogether. In particular, we plan to shorten Section 5.1.1 (pages 11-13) to a text length that roughly
matches (rather than exceeds) the text length of Section 5.1.2 (on variability issues); the cuts to
Sect. 5.1.1 will be of order 30% (or more).

In terms of reducing the amount of Figures and related changes, our specific plans are to remove
Figs. 13, 14, 15, and 17 from the main text (and relegate these to the Supplement, with a slightly
shortened discussion), since these mainly reinforce the expectation (already noted for Oz and H20)
of better model/data fits from SD-WACCM, as one might expect from a model with better
dynamical constraints than the FR-WACCM version. Such an expectation does not hold for the
variability diagnostics, so these are really best left in the main text, although we will plan to
displace Figure 22 (on the N2O and HNOs variability comparisons), and move it to the Supplement.
Moreover, we feel that Figure 31 on lat/p contours of short-term trend for various species can be
moved to the Supplement, as it is less critical, and given past (and ongoing) work on this topic.
While Figure 32 is interesting to us, it is more of a side note on lower stratospheric tropical
cohesiveness for various species exhibiting similar dynamical variability, so we decided that the
text and Figure in this case can be eliminated altogether without much of an impact on this paper.

In summary, the total number of Figures in the main text will be trimmed down by almost a
quarter, with a more manageable total of 25 Figures; writing up a multi-year effort of (part-time)

work on detailed model/data comparisons is bound to lead to a longer manuscript than several



shorter analyses; to our knowledge, fits, correlations, variability, and trend comparisons are rarely
investigated to this extent in model/data comparisons, even for a single model (or two flavors of
one model). This, with some reductions (and clarifications) in the text (including the Abstract and
Conclusions section), will at least show our good faith effort towards the referee comments.
Recommending a goal of exactly 20 Figs. is rather arbitrary, but our point here is that we have

considered these requests with some care, and that we are being responsive.

2) Differences are often only listed and not explored more in detail. To give one example, model
HCI shows systematic differences in the lower stratosphere (evaluation based on Fig. 4) and a
discussion relating those differences to shortcomings in the model transport or model chemistry
would be interesting. Given the length of the manuscript, one could focus on the gases for which
the detected differences are discussed in terms of model behavior (e.g., HNO3). Differences for
other gases can be mentioned in the manuscript with the according figures being moved to the
supplement.

Reply: Yes, we pursued this type of reorganization, as explained above, with what we would
consider a reasonable amount of delegating of material to the Supplement. We find some value in
the remaining Figures, and feel that using a somewhat arbitrary number (such as 20) is not justified
for a paper that covers a fair amount of ground and wishes to confront the models with a multi-
species approach, in order to check for potential areas of weakness. Just stating good agreement
and putting almost every Figure in the Supplement could work also, in principle, but that would
be the other extreme, with a nearly complete lack of visual confirmation, which we think is
important to preserve as well. Also, while we are striving to cut down on the length here, there are

other long papers in the literature (but we will most likely avoid this sort of length in the future).

3) In section 3, existing evaluations of WACCM and the WACCM composition in particular should
be discussed. Such references come up in the latter part of the manuscript. If they are given
combined in this section, it will easier for the reader to identify what the current challenges are
and what is new in this manuscript.

Reply: Yes, this section and/or the Introduction will be modified in the revised version (without
adding too much length) to take this into account; in particular, we will add some motivation for
the comparisons done here for FR-WACCM versus SD-WACCM (and observations).



Minor comments:

1) Consider changing the title to ‘Evaluation of CESM1 (WACCM) free-running and specified-
dynamics stratospheric composition simulations using global multi-species satellite data records.
Reply: Given that water vapor is considered all the way through the mesosphere, we prefer to stick

to our original title, but we did consider this suggestion.

2) Page 5, line 31 — Page 6, line 2: This text could be moved to the discussion of the MLS data
record in section 2.1.

Reply: While this could be done in principle, we feel that the species-specific discussions of error
bars and validation work is really best kept as part of the discussions for each species, and that the

flow is less awkward this way; we have thus not tried to reorganize these portions of text.

3) Page 7, line 24: Do you mean all earth system model or just WACCM with the term ‘general
model underestimation’?

Reply: We mean just the WACCM models here. This is clarified in the revised version by stating
“model underestimation by both WACCM versions.” However, it is implicit that other models
without the proper (more complicated) chemical processes and energetic particle pathways will

also underestimate HNO3 in the same fashion.

4) Page 9, line 7 -10: Here, and also in other places, the sentence is too long for easy
understandability. Consider splitting into two sentences at the semicolon.
Reply: Yes, we will start a new sentence instead of using a semi-colon, if/as that may help. We

will also consider some other places for such an issue.

5) Page 12, line 5-8: The statement is made for the upper mesosphere. But isn 't it also true for the
stratosphere?
Reply: The statement (regarding worse diagnostic values) is somewhat true for the upper

stratosphere as well, but we are mainly referring to SD-WACCM here; nevertheless, we have



modified the revised text to state that the (SD-WACCM) diagnostics “are of poorest quality in the

mesosphere” (etc...).

6) Page 13, line 7: MIPAS has been used earlier in the manuscript.
Reply: Yes, thank you; this is readily fixed by defining MIPAS earlier on in the text (in the 2
part of section 4).



Revised Abstract:

We evaluate the recently delivered Community Earth System Model version 1 (CESM1) Whole
Atmosphere Community Climate Model (WACCM) using satellite-derived global composition datasets,
focusing on the stratosphere. The simulations include free-running (FR-WACCM) and specified-dynamics
(SD-WACCM) versions of the model. Model evaluations are made using global monthly zonal mean time
series obtained by the Aura Microwave Limb Sounder (MLS), as well as longer-term global data records
compiled by the Global Ozone Chemistry and Related Trace gas Data Records for the Stratosphere
(GOZCARDS) project. A recent update (version 2.20) to the original GOZCARDS merged ozone (Os) data
set is used here.

We discuss upper atmospheric climatology and zonal mean variability using Os, hydrogen chloride
(HCI), nitrous oxide (N20), nitric acid (HNO3), and water vapor (H.O) data. There are a few significant
model/data mean biases, such as for lower stratospheric O3, for which the models at mid- to high latitudes
overestimate mean MLS values by as much as 50% and the seasonal amplitudes by ~60%; such differences
require further investigations, but would appear to implicate (in part) a transport-related issue inthe models.
Another clear difference occurs for HNO3 during recurring winter periods of strong HNO3 enhancements
at high latitudes; model underestimates in this case (by a factor of 2 to 6) stem from the omission of ion
chemistry relating to particle precipitation effects, in the models used here. In the lower stratospheric high
southern latitudes, variations in polar winter/spring composition observed by MLS are generally well
matched by SD-WACCM, the main exception being for the early winter rate of decrease in HCI, which is
too slow in the model. In general, we find that the latitude/pressure distributions of annual and semi-annual
oscillation amplitudes derived from MLS data are properly captured by the corresponding model values.

One of the model evaluation diagnostics we use represents the closeness of fit between the model/data
anomaly time series, and we also consider the correlation coefficients. Not surprisingly, SD-WACCM,
which is driven by realistic dynamics, generally matches observed deseasonalized anomalies better than
FR-WACCM does. We use the root mean square variability as a more valuable way to estimate differences
between the two models and the observations. We find, most notably, that FR-WACCM underestimates the
observed interannual variability for H.O by ~30%, typically, and by as much as a factor of two in some
regions; this has some implications for estimates of the time needed to detect small trends, based on model
predictions.

We provide trend comparisons between various data sets and (CESM1) WACCM, using a multivariate
linear regression (MLR) model. Both MLS and WACCM show a robust upper stratospheric Oz increase
from 2005 to 2014 by ~0.2-0.4%l/yr (£ 0.2%l/yr, 2c), depending on which latitude range (tropics or mid-
latitudes) is considered. In the lower stratosphere, some decreases are indicated for 1998-2014 (based on
merged GOZCARDS 03), but we find near-zero or positive trends when using MLS O3 data alone for 2005-
2014. The SD-WACCM results track these observed tendencies, although there is little statistical
significance in either result; the patterns of O3 trends versus latitude and pressure are remarkably similar
between SD-WACCM and MLS. For H-0, the most statistically significant trend for 2005-2014 is an upper
stratospheric increase, peaking at slightly more than 0.5%/yr in the lower mesosphere, in fairly close
agreement with SD-WACCM trends, but with smaller values in FR-WACCM. As shown before by others,
there are multiple factors that can influence low-frequency variability in H.O; indeed, these recent short-
term trends are larger than what one would expect from changes associated with slow secular increases in
methane. For HCI, while the lower stratospheric vertical gradients of MLS trends are duplicated to some
extent by SD-WACCM, the model trends (decreases) are always on the low side of the data trends. There
is also little model-based indication (in SD-WACCM) of a significantly positive HCI trend derived from



the MLS tropical series at 68 hPa. These differences deserve further study. For N2O, the MLS-derived
trends (for 2005-2012) point to negative trends (of up to -1%/yr) at NH mid-latitudes and positive trends
(of up to +3%/yr) at SH mid-Ilatitudes, in good agreement with the asymmetry that exists in SD-WACCM
trend results. The small observed positive N2O trends of ~0.2%/yr in the 100 to 30 hPa tropical region are
also consistent with model results (SD-WACCM in particular), which are very close to known rates of
increase in tropospheric N2O. In the case of HNOs, MLS-derived lower stratospheric trend differences (for
2005-2014) between hemispheres are opposite in sign to those from N,O and in reasonable agreement with
both WACCM results. In general, variations tied to the QBO play a big role in terms of the interpretation
of stratospheric trends over short time periods (such as 2005-2014); longer time periods are typically
required to robustly extract underlying long-term trends, notably in the lower stratosphere.

The data sets and tools discussed here for the evaluation of the models could be expanded to additional
comparisons of species not included here, as well as to model intercomparisons using a variety of CCMs,
in order to search for systematic differences versus observations or between models, keeping in mind the
range of model parameterizations and approaches.



Table 1. Pubs. in CCMI special issue (mostly ACP papers recently, with a variety of topics/thrusts).

acp-16-7285-2016

multiple models.

differences.

Reference Title Type of Some Mostly model
study novel description or
(model vs aspects of model analyses?
data, etc...) atm. science? | > not much data
Jockel, P. et al. Earth System Chemistry | One model Not really Yes, model
(2016), 10.5194/ integrated Modelling with sensitivity
gmd-9-1153-2016 (ESCiMo) with the different (scenario) runs
GMD Modular Earth scenarios
Submodel System v-2.5
Tilmes, S. et al. Representation of the One model Not really Model
(2016), 10.5194/ CESM1 CAM4-chem (different evaluation
gmd-9-1853-2016 within the CCMI scenarios) & studies
GMD some data
Strode, S. A. et al. Interpreting space- Model and Yes, interms | A combination
(2016), 10.5194/ based trends in CO with | data of model/data | of models and

data

Morgenstern, O. et | Review of the global Descriptions | Not directly Model
al. (2017), 10.5194/ | models used within of various descriptions only
gmd-10-639-2017 phase 1 of CCMI. CCMI models
GMD
Fernandez, R. P. et | Impact of biogenic VSL | One model Not directly, Yes, mostly
al. (2017), bromine on the and data but based on | model
10.5194/acp-17- Antarctic Oz hole during | - with model | model predictions
1673-2017 the 215t century. predictions predictions
Smalley, K. M. et al. | Contribution of Models and Yes, based on | Yes, mostly
(2017), 10.5194/ different processes to some data model model analyses
acp-17-8031-2017 | changes in tropical behaviors &
LS H20 in CCMs. inferences
Hardiman, S. C. et The Met Office One model: Not directly Yes, mostly
al. (2017), 10.5194/ | HadGEM3-ES CCM: different model analyses
gmd-10-1209-2017 | evaluation of strat. simulations and evaluations
GMD dynamics, impact on Os | (FR vs SD)
Lin, M. et al. US surface O3 trends & One model Yes, based on | Mostly model
(2017), 10.5194/ extremes (1980- 2014): | with data one model’s inferences
acp-17-2943-2017 | quantifying the roles of | comparisons | behavior & (with some data
rising Asian emissions, inferences comparisons)
domestic controls,
wildfires, and climate.
Maycock, A. C. et The representation of Mostly multi- | Not directly, Yes, mostly a
al. (2018), 10.5194/ | solar cycle signals in model mostly model | model sensitivity
acp-18-11323-2018 | strat Os- Part-2: Analysis | results dependence study
of global models. on inputs




Reference Title Type of Some Mostly model
study novel description or
(model vs aspects of model analyses?
data, etc...) atm. science? | >not much data
Morgenstern, O. et | Os sensitivity to varying | Multi-model | Not directly Yes, a model
al. (2018), 10.5194/ | greenhouse gases and description & sensitivity study
acp-18-1091-2018 | ozone-depleting consistency
substances in CCMI-1 of responses
simulations. to forcings
Revell, L. E. et al. Impacts of Mt. Pinatubo | One model. Not directly Yes, mostly a
(2018), volcanic aerosol on the | Sensitivity of model sensitivity
10.5194/acp-17- tropical stratosphere in | Tand O3 study
13139-2017 CCM simulations using response to
CCMI & CMIP6 stratos. | volcanic
Aerosol data aerosol data
Hou, P. et al. (2018) | Sensitivity of atmos. Some data Yes, but Yes, mostly a
acp-18-8173-2018 | aerosol scavenging to but mostly a | based on model sensitivity
precip. intensity and prediction prediction study (with
frequency in context of | sensitivity sensitivities different met.
climate change study fields)
Phalitnonkiat, P. et | Extremal dependence Some data Yes, but Yes, mostly a
al. (2018), 10.5194/ | between T and Osover | but mostly based on model sensitivity
acp-18-11927-2018 | the continental US. multi-model | model study
prediction predictions
Orbe, C. et al. Large-scale tropospheric | Multi-model | Not directly Yes, mostly a
(2018), 10.5194/ transport in the CCMI diffs.: AOA, model sensitivity
acp-18-7217-2018 | simulations. transport. study
Wu, X. et al. (2018), | Spatial and temporal One model: | Tosome Yes, mostly a
10.5194/ variability of Variability of | extent, based | model sensitivity
acp-18-7439-2018 | interhemispheric idealized on model study (of
transport times. tracers sensitivity variability)
Dietmuller, S. et al. | Quantifying the effect Multi-model | Not directly Yes, mostly a
(2018), 10.5194/ of mixing on the mean look: factors model sensitivity
acp-18-6699-2018 | age of air in CCMVal-2 influencing study
and CCMI-1 models. AOA
Dhomse, S. S. et al. | Estimates of ozone Multi-model | Yes, but Yes, mostly a
(2018), 10.5194/ return dates from CCMI | estimates: Os | based on model sensitivity
acp-18-8409-2018 | simulations. return dates | predictions study

Ayarzaguena, B. et
al. (2018), 10.5194/
acp-18-11277-2018

No robust evidence of
future changes in major
stratospheric sudden
warmings: a multi-
model CCMI assessment

Multi-model
study of
major strat.
sudden
warmings

Yes, based on
model
predictions

Yes, mostly a
model sensitivity
study




Reference Title Type of Some Mostly model
study novel description or
(model vs aspects of model analyses?
data, etc...) atm. science? | >not much data
Lamy, K. et al. UV radiation modelling | Multi-model | Yes, based on | A combination
(2018), ACPD, using output from the UVI versus model results | of models and
10.5194/acp-2018- | CCMI climo UVI data
525 data
Revell, L. E. et al. Tropospheric ozone in Multi-model | Mostly geared | A combination
(2018) CCMI models and comparison | towards of models and
acp-2018-615 Gaussian emulation to of tropos. model data
understand biases in ozone vs refinements
the SOCOLv3 CCM. data
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11Abstract

12We evaluate the recently delivered Community Earth System Model version 1 (CESM1) Whole Atmosphere Community Climate
13Model (WACCM) using satellite-derived global composition datasets, focusing on the stratosphere. The simulations include
14free-running (FR-WACCM) and specified-dynamics (SD-WACCM) versions of the model. Model evaluations are made using
15global monthly zonal mean time series obtained by the Aura Microwave Limb Sounder (MLS), as well as longer-term global
16data records compiled by the Global Ozone Chemistry and Related Trace gas Data Records for the Stratosphere (GOZCARDS)
17project. A recent update (version 2.20) to the original GOZCARDS merged ozone (O;) data set is used_here.

18 We discuss upper atmospheric climatology and zonal mean variability using O3, hydrogen chloride (HCI), nitrous oxide
19(N,0), nitric acid (HNOs), and water vapor (H,O) data. There are a few significant model/data mean biases, such as for lower
20stratospheric O;, for which the models at mid- to high latitudes overestimate the-mean MLSebserved values by as much as 50%
2 1and the seasonal amplitudes_by ~60%:; such differences require further investigations, but would appear to implicate (in part) a
2 2transport-related issue in the models. -Another clear difference occurs for HNOs during recurring winter periods of strong HNO;
2 3enhancements at high latitudes; thmodel underestimates in this case (by a factor of 2 to 6) is-stems from the krewn-omission of
24ion chemistry relating to particle precipitation effects, in the glebatmodels used here. In the lower stratospherice athigh southern
2 Slatitudes, the-variations in polar winter/spring composition observed by MLS are generally well matched by SD-WACCM, the
26main exception being for the early winter rate of decrease in HCI, which is too slow in the model. In general, we find that the
2 7latitude/pressure distributions of annual and semi- annual oscillation amphtudes derlved from the-MLS data are properly captured
28by the correspondmg model Values > ast-biennisk—anntal—ar

30  One of the model evaluation diagnostics we use represents the closeness of fit between the model/data anomaly time series,
3 1and we also consider the correlation coefficients. Not surprisingly, SD-WACCM, which is driven by realistic dynamics, generally

32matches observed deseasonalized anomalies better than FR-WACCM does. Other—tesults—indieate—thatthe root-mean—setare
3 3wariability-We use the root mean sguare Varlablhgy as a more Valuable way to estimate dlfferences between the two models and
34the observations. is-semetimes a-be-sigr sth-smateriv NACCN-than-ir NACENM-and-the-observations—Mos
3 Snetably—We find, most notably, that FR—WACCM underestimates the observed interannual variability for H,O by ~30%,
36typically, and by as much as a factor of two in some regions; this has some implications for estimates of the time needed to detect

37small trends, based on model predictions.

38  We provide trend comparisons between various data sets and (CESM1) WACCM., have-derived-trends-using a multivariate
39linear regression (MLR) model. ;and-there-is-arobustsignatin-Bboth MLS-ebservations and WACCM show a robust ef-as-upper

40stratospheric O; increase from 2005 to 2014 by ~0.2-0.4%/yr (+ 0.2%/yr, 2c), depending on which bread-latitude rangebin
41 (tropics or mid-latitudes) is considered. In the lower stratosphere, while-some decreases are indicated for 1998-2014 (based on
42merged GOZCARDS 05), but -we find near-zero or positive trends when using MLS Ojs data alone for 2005-2014,_;-atbeit-with
4 3ne-rebuststatistical-signifieanee—The SD-WACCM results track_these observed -steh-pesitive-tendencies, (althoughbeit with-ne
44there is little statistical statistieal-significance_in_either result;)— the patterns of O trends versus latitude and pressure are
4 Sremarkably similar between SD-WACCM and MLS. For H,O, the most statistically significant trerd-trendresutt for 2005-2014 is
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lan upper stratospheric increase, peaking at slightly more than 0.5%/yr in the lower mesosphere, in fairly close agreement with
2SD-WACCM trends, but with smaller values in FR-WACCM. As shown before by others. there are multiple factors that can
3influence low-frequency variability in H,O; indeed, these recent short-term trends are larger than what one would expect from
4changes associated with slow_secular increases in methane. For HCI, while the lower stratospheric vertical gradients of MLS
Strends are duplicated to some extent by SD-WACCM, the model trends (decreases) are always on the low side of the data trends.
6There is also little model-based indication (in SD-WACCM) of a significantly positive HCI trend derived from the MLS tropical
7series at 68 hPa.: Ttheseis differences deserves further study. For N,O, the MLS-derived trends (for 2005-2012) point to negative
8trends (of up to abett—-1%/yr) atinthe NH mid-latitudes and positive trends (of up to abett+3%/yr) atinthe SH mid-latitudes, in
9good agreement with the asymmetry that exists in SD-WACCM trend results. The sFhe-small observed positive N,O N.O-trends
100f ~0.2%/yr in the 100 to 30 hPa tropical region are also consistent with model results (SD-WACCM in particular), which in-turn
11are very close to the-known rates of increase in tropospheric N,O. In the case of HNO;, MLS-derived lower stratospheric trend
12differences (for 2005-2014) between hemispheres are opposite in sign to those from N,O and in reasonable agreement with both

13WACCM results-despitetarge-error-bars. In general, variations tied to the QBO play a big role in terms of the interpretation of
14 stratospheric trends over short time periods (such as 2005-2014); longer time periods are typically required to robustly extract

1 5underlying long-term trends, notably in the lower stratosphere.
16 The data sets and tools discussed here for the evaluation of the models could be expanded to additional comparisons of

17species not included here, as well as to model intercomparisons using a variety of CCMs, in order to search for systematic
18differences versus observations or between models keepmg in mmd th e range of model at-there-are-different-parameterizations
19and approaches. for-be : RS:

20

211  Introduction

22  State-of-the art chemistry climate models (CCMs) are known to reproduce the main features of stratospheric climatology and
23change, although there haves always been some differencesvariability between the-models (e.g., Waugh and Eyring, 2008;
24SPARC, 2010; Dhomse et al., 2018). Free-running CCMs are used to make long-term simulations of atmospheric composition,
25as well as predictions of future changes, driven by atargeset-of-photochemiealreaetionsas—weH-as-time-dependent boundary
26conditions for surface concentrations of greenhouse gases and ozone depleting substances (ODSs), sea surface temperatures and
27sea ice concentrations, 11-year solar variability, sulfate aerosol surface area density, as well as tropospheric ozone and aerosol
28precursor emissions. In more recent years, modeling groups have implemented “specified-dynamics” versions that are
29constrained to meteorological fields (e.g., surface pressure, temperature, and herizental-and—meridional-winds). Our main
30purpose here-is to evaluate these two types of model runs from CESM1 WACCM, using multi-species satellite-derived global
3 1composition data_sets; we witkrefer to these two types as FR-WACCM _(-for-the-free-running model)-vetsion, and SD-WACCM;
32 (for-the-specified dynamics version). The SD-WACCM version has been used in studies ranging from examination of ozone
33trends (e.g., Solomon et al., 2016; Ball et al., 2017; Wilka et al., 2018) to evaluation of galactic cosmic ray influence on ozone
34(Jackman et al., 2016). This configuration has also been used to study dynamical processes that affect stratospheric ozone (e.g..
35Khosrawi et al., 2013: Gille et al.. 2014) and has contributed to the understanding of satellite occultation instrument differences
36(Sakazaki et al., 2015). Here, we perform a detailed model/observational analysis of two configurations (FR and SD) using the

37same modeling system (CESM). and identical tracer advection and chemistry modules. Differences between the two

38configurations should be caused mainly by the influence of different temperature fields on chemistry and by different mean

39circulations. The medel-simulations awere based on scenarios defined by the Chemistry Climate Model Initiative (CCMI)
40(Eyring et al., 2013; Morgenstern et al., 2017). Our evaluation focus is on monthly zonal mean tine-series from the models
4 1versus satellite-derived globat-data—sets. The main stratospheric (and-mesosphetie)time-series used here are from Aura MLS
42preduets-data (version 4.2-data) and from the Global OZone Chemistry And Related trace gas Data records for the Stratosphere
4 3(GOZCARDS), which include MLS data from late 2004 onward. Fhe-GOZCARDS-datateeords includes merged multi-satellite
44data files for Os;, H,O, and HCl, and Aura MLS-detived data—files for HNO; and N,O; these 5 species are used for the meodet
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levaluations-herein. We alse-focus, in part, on the Aura-MLS high-quality-data sets for 2005-2014 (with-2014 being the last year
20f WACCM runs considered here). The regular and nearly uninterrupted daily global coverage of the MLS day and night
3measurements leads to minimal sampling-related biases, both for climatological comparisons (see-Toohey et al., 2013) and
4trend-related studies. This data set also has a well characterized set of error bars (see Livesey et al., 2018, for the latest update to
Sthe data quality documentation); however, we also note that there are some caveats to take_into_account regarding long-term
6stability for some of the MLS species.
7  Interms of the-model/data comparisons, we witt-analyze the climatological mean state and “goodness of fit” issues, as well as
8variability. While one has the expectation that, in general, better fits to the data would be obtained for a specified-dynamics run
9than for a less dynamically constrained run (FR-WACCM), one needs to demonstrate this guantitatively-with diagnostics that ean
10provide enough differentiation between models that are-cansemetimes found—to—track each other closely. There have been
1 1essentially no published-trend studies using the-Aura MLS data set-by itself. THoweverthis data set now covers a sufficiently
12long time-period that it becomes useful to investigate such trends, as the analyses deal with one hemegeneous—data set_only,
13whichite can removeing-the potential issues assoetated-with data merging prior to 2005, whether related to poorer sampling_;-or

14to uncertainties in the-bias removal between variens-data sets. While such uncertainties can be difficult to quantify. attempts have

15been made in the case of ozone data merging from multiple SBUV instruments, which display relative biases and drifts (Frith et

16al.. 2017); data merging uncertainties in this case were shown to play a large role regarding overall trend uncertainties.

17Regarding_sampling issues, Millan et al. (2016) showed. based on simulated atmospheric fields. that solar occultation-type
18sampling can significantly bias trend results, as well as increase the time period required for robust trend detection, compared to
19emission-type (much denser) sampling. On the downside, a shorter time series will alse-lead to larger uncertainties in the-derived
20trends.

21 We first-provide (in Sect. 2) an overview of the the-global stratospheric data sets used herefor-these-eomparisons. Brief
22descriptions of FR-WACCM and SD-WACCM are_given-previded in Sect. 3. Climatological comparisons between the-models
23and the-Aura MLS data-sets are provided in Sect. 4, in order to assess_for-example-whether any obvious biases exist; thisese
24 comparisens includes an overview of the main short-term variations, namely the annual oscillation (AO) and semi-annual
2 5oscillation (SAO). More detailed comparisons of deseasonalized anomaly time series are provided in Sect. 5.1, where we
26evaluate how well the two model versions fit the data sets, both in terms of closeness of fits and variability. TFiaty—trend
2 7results and comparisons are providinvestigated in Sect. 5.2, before the closing summary and discussion in Sect. 6.-

28

292 Data sets

30 2.1  Aura MLS

31  The Microwave Limb Sounder (MLS) is one of four instruments on NASA's Aura satellite, launched on July 15, 2004. The
32MLS antenna scans the atmospheric limb as Aura orbits the Earth in a near-polar sun-synchronous orbit, and the instrument
3 3measures thermal emission (day and night) in narrow spectral channels, via microwave radiometers operating at frequencies near
34118, 190, 240, and 640 GHz, as well as a 2.5 THz module to measure OH. MLS (see Waters et al., 2006) has been providing a
35variety of daily vertical stratospheric temperature and composition profiles (~3500 profiles per day per product), with some
36measurements extending down to the upper tropospheric region, and some into the upper mesosphere or higher. For more
37information and access to the MLS data, the reader is referred to http:/disc.sci.gsfc.nasa.gov/Aura/data-holdings/MLS; the
38current data version is labeled 4.2x (with x varying between 0 and 3, depending on the date). Data users interested in MLS data
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lquality and characterization, estimated errors, and related information, should consult Livesey et al. (2018), the latest update to

2the MLS data quality document (available from the MLS website at http://mls.jpl.nasa.gov-).

3 2.2  GOZCARDS

4  The data set considered here for longer-term model evaluation analyses is from GOZCARDS, a data record that-was-created

Susing high-quality-satellite-based Level 2 data as “source” data sets, which were merged tegether-into global monthly zonal mean

6records for O3, H,O, and HCI, going back in time before the (2004) launch of Aura. Readers are referred to the GOZCARDS

7description and highlights provided by Froidevaux et al. (2015). In brief, for Os, the etiginabGOZCARDS version 1.01 (v1.01)

8data record starts in 1979 with solar occultation datameasurements from the first Stratospheric Aerosol and Gas Experiment

9(SAGE 1), and continues with data from SAGE II, the Halogen Occultation Experiment (HALOE), the Upper Atmosphere
10Research Satellite (UARS) MLS, the Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS, using
1 1solar occultation), and Aura MLS. Basically, the overlap time periods for different data sets are used to calculate offsets between
12z0nal mean time series in 10°-wide latitude bins at each pressure level, and the data sets are adjusted to a reference value (SAGE
1311 mean values, for Os, or an average of satellite measurements for H,O and HCI).: Mmonthly standard deviations are also
14provided, along with other diagnostic quantities. GOZCARDS data extensions past 2012 were created simply by adding more
15recent MLS data, appropriately adjusted to account for zonal mean differences between versions, once the MLS O5 v2.2 data
16became unavailable (for 2013 onward); the—tatest-ACE-FTS data version—wereas not included_in these more recent years.
17GOZCARDS O; -6+ -has been used for past Os trend assessments and in comparisons to other data records (e.g., WMO, 2014;
18Nair et al., 2015; Tummon et al., 2015; Harris et al., 2015; Ball et al., 2017, 2018).

19 For the GOZCARDS-ezenre O;data discussed here, unless otherwise noted, we use GOZCARDS v2.20, a recent improvement
20and update to the original version. Thise-ezene+2:26 data set was provided for an updated assessment of stratospheric ozone by
2 1Steinbrecht et al. (2017), as well as for the assessment activities of the Long-term Ozone Trends and Uncertainties in the
22Stratosphere (LOTUS) project and in preparation for the latest international report on the state of the ozone layer, led by the
23World Meteorological Organization (WMO). GOZCARDS ozone data updates are also used as part of the yearly “State of the
24Climate” stratospheric ozone-related summaries, produced for the Bulletin of the American Meteorological Society (BAMS). For
25GOZCARDS 0; v2.20, the stratospheric retrieval pressure grid is twice as fine as for v1.01; there are now 12 regularly-spaced
26levels per decade change in log of pressure. Fhe-UARS MLS O; data were not included in v2.20, since these retrievals are not
27readily available on the finer vertical grid (although approximations such as interpolation could be used); also, there is no easy
28provision of UARS MLS retrieval uncertainties on a finer grid. The most significant change for the new merged QOsezene is the
29effect of using the updated-and-more robust version 7 data from SAGE II (Damadeo et al., 2013). Version 7 uses National
30Aeronautics and Space Administration (NASA) Global Modeling and Assimilation Office (GMAO) Modern-Era Retrospective
3 1Analysis for Research and Applications (MERRA) temperature (T) profile data (Rienecker et al., 2011) in the retrievals, and
32these values (rather than T from the National Centers for Environmental Prediction (NCEP)) also have a significant impact on
33the conversion of SAGE II O; from its native density/altitude grid to the GOZCARDS mixing ratio/pressure grid. Also, Aura
34MLS v4.2 O; data are now used (instead of MLS v2.2); HALOE v19 O; profiles are included, after interpolation to the finer
3 5pressure grid before merging. As a result of these changeimprovementsin-GOZEARDS-O;, we have observed closer agreement
36and larger correlation coefficients between the Stratospheric Water and Ozone Satellite Homogenized (SWOOSH) ozone data
37reeord (Davis et al., 2016) and GOZCARDS v2.20 O; time-series than between SWOOSH and GOZCARDS v1.01 (SWOOSH
386:-also uses SAGE 11 v7 Osezene data).; Mmore details regarding the impact of GOZCARDS v2.20 Os on trends are provided in
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1Sect. S-and-inthe-Appendix. We note that no ACE-FTS data were included in this newer version of GOZCARDS O,
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33  WACCM (CESM1) description and simulations
4 WACCM (CESM1) is a chemistry climate model of the Earth’s atmosphere, from the surface to the lower thermosphere
5(Garcia et al., 2007; Kinnison et al., 2007; Marsh et al., 2013; Garcia et al., 2017). WACCM is a superset of the Community
6 Atmosphere Model, version 4 (CAM4), and includes all of the physical parameterizations of CAM4 (Neale et al., 2013) and a
7finite volume dynamical core (Lin, 2004) for the tracer advection. The horizontal resolution is 1.9° latitude x 2.5° longitude. The
8vertical resolution in the lower stratosphere ranges from 1.2 km near the tropopause to ~2 km near the stratopause; in the
9mesosphere and thermosphere the vertical resolution is ~3km. Simulations used here are based on the guidelines from the
10International Global Atmospheric Chemistry / Stratosphere-troposphere Processes And their role in Climate (IGAC/SPARC)
11Chemistry Climate Model Initiative (CCMI) (Morgenstern et al., 2017). Improvements in CESM1 (WACCM) for CCMI include
12a modification to the orographic gravity wave forcing, which reduced the cold bias in Antarctic polar temperatures (Garcia et al.,
132017; Calvo et al., 2017) and updates to the stratospheric heterogeneous chemistry, which improved the representation of polar
140zone depletion (Wegner et al., 2013; Solomon et al., 2015). In this work, there are two CCMI scenarios, spanning the
151990-2014 period. The first scenario follows the CCMI REF-C1 definition and three ensemble members were completed; this
16falls under the “free-running” scenario. We note that all the analyses herein are based on an average of these three simulations.
17We have checked that the three representations’ departures from the average are small enough not to require separate
18comparisons for each case, when pursuing average or root mean square (RMS) differences versus observations, in comparison to
19differences using the 2™ model scenario (see below); this is also true for the model/data comparisons of RMS variability. This
20first model scenario includes forcing from greenhouse gases (CHa4, N;O, and CO,), organic halogens, volcanic aerosol surface
2 larea density and heating, and 11-year solar cycle variability. The sea surface temperatures are based on observations and the
22quasi-biennial oscillation (QBO) is nudged to observed monthly mean tropical winds over 86-4 hPa, as described in Matthes et
23al. (2010).
24  The second scenario is based on the CCMI REF-C1SD scenario and includes all the forcings of REF-C1, except for additional
25external QBO nudging. This scenario uses the specified dynamics (SD) option in WACCM (Lamarque et al., 2012). Here,
26temperature, zonal and meridional winds, and surface pressure are used to drive the physical parameterization controlling
27boundary layer exchanges, advective and convective transport, and the hydrological cycle. The meteorological analyses are taken
28from MERRA and the nudging approach is described in Kunz et al. (2011). The QBO circulation is inherent in the MERRA
29meteorological fields and is therefore synchronized with that in the “real” atmosphere. The horizontal resolution is the same as
30the REF-C1 version and the vertical resolution follows the MERRA reanalysis (from ~1 km resolution near the tropopause to
3 1about 2 km near the stratopause). The model meteorological fields are nudged from the surface to 50 km; above 60 km, these
32fields are fully interactive, with a linear transition in between.
33___Both WACCM versions used here contain an identical representation of tropospheric and stratospheric chemistry (Kinnison et
34al., 2007; Tilmes et al., 2016). The species included in this mechanism are contained within the Ox, NOx, HOx, ClOx, and BrOx
35chemical families, along with CH, and its degradation products. In addition, 20 primary non-methane hydrocarbons and related
36o0xygenated organic compounds are represented, along with their surface emissions. In total there are 183 species and 472
37chemical reactions; this includes 17 heterogeneous reactions on multiple aerosol types (i.e., sulfate, nitric acid trihydrate, and
38water-ice). For this work, the CESM1 (WACCM) REF-C1 and REF-CISD simulations will generally be referred to as
39FR-WACCM and SD-WACCM, respectively. While the runs were originally designed to stop at the end of 2010, for this work,



1the forcing inputs have been extended through 2014.

34  Climatological comparisons and biases

4 We first describe some of the major climatological features for the wartens—stratospheric species mentioned in the
SIntroduction. We focus here-on the main differences between average model trace gas abundances fromin the-FR-WACCM and
6SD-WACCM-+tns and the corresponding datasbundanees from Aura MLS for 2005 through 2014; this includes a sub-section on

7annual and semi-annual variations.

8 4.1  Average abundances

9  We provide climatological latitude/pressure contour plots in the Supplement (Fig. S1 for Os and H,O, and-Fig. S2 for HCI,
10HNO:;, and N,0), showing Aura MLS and WACCM average mixing-ratio-distributions_s-averaged-forever 2005--throngh-2014.
11Since such plots do not easily allow one to quantify thetargest-areas of model/data disagreement, we show in Fig. 1 (left column,
12top two panels) the percent differences between WACCM and the-MLS climatologies; a positive value means that, on average;
13fer2005-20+4;, the model values exceed the data values. Also, we show in the right column (top two panels) the absolute value
14of the average model/data difference divided by systematic error estimates (2o values) for MLS Osezene. These error estimates
15have been provided in past-MLS validation and error characterization work as tabutated—typical” (global-average) profiles
16versusas-afunetion-of pressure; the-tatestupdate-of-such error estimates for version 4 MLS data areis provided by the MES-team
17:Livesey et al. (2018). The vertical profile of es{-nﬁafed—sysfem&t-re—eﬁefs—fe%MLS Osezone systematic errors is given in the
18Supplement (Fig. S3). N i
191evelsnothistedin-thestandard-TFables)—Past validation references for MLS Osezene include Jiang et al. (2007), Froidevaux et al.
20(2008a), and Livesey et al. (2008), as well as the more recent work covering many satellite (ard-etherr-instruments by Hubert et
21al. (2016). The original MLS data validation work for H,O is from Read et al. (2007) and Lambert et al. (2007), who also
22described N,O validation; MLS rwhereas-HNO; validation wetk-was provideddisetssed by Santee et al. (2007).

23  The two-bottom panels of Fig. 1 show a comparison between the two-model+uns (with percent differences on the left and the
24ratio of the absolute differences versus data on the right). Fhe-main-eoneclusion-fromFig—tis-that Mmost of the model O; ezone
2 Sclimatology falls within abewt5 to 10% of the data climatology, except in the upper troposphere and lower stratosphere (UTLS),
26where the-SD-WACCM Os values are even larger than those from FR-WACCM (see-bottom left panel). Our work focuses on the
2 7stratosphere, but both FR-WACCM and SD-WACCM average Os values at low latitudes are lower than the observed mean
2 8vatues from 215 to 261 hPa (and theseMESretrievatpressute levels thatlie in the upper troposphere at these latitudes). While the
209right column of Fig. 1 indicates that the difference to error ratio does not show a very significant systematic difference in this
30region, there are known MLS positive biases versus tropical ozonesonde data; and-this could account for atteast-part of the
3 lapparent model low bias, at least for the-215 hPadevelbety

33isare biased high in SD-WACCM-in-partieutar, with a difference to systematic error ratio larger than 2-—e-3 in most of this
34region; otherwise, Fig——shows—that-these ratios are usutypieally less than 1 to 1.5. An illustration of the more significant
35differences is given in Fig. 2, for the-O; data and model time-series at 215 hPa for 50°N-60°N (which corresponds to these
3 6abundaneesrepresent-lower stratospheric values). This shows that both FR-WACCM and SD-WACCM average-values are larger
37than the data theretnrthisregtont, and more so for SD-WACCM,_for which the overestimate can be larger than 50%. In relation to
3 8this-medel-overestimate-of-ozone, Imai et al. (2013) have-showedn that the-SD-WACCM Os values are also larger than these
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1fremthe-Superconducting Submillimeter-Wave Limb-Emission Sounder (SMILES) Os in the lowest portion of the stratosphere
2(near-18-20 km). In Fig. 2, we also seeebserve that the model Osezene annual amplitude (AO) is larger than the observed
3amplitude; -both models overestimate seasonal amplitudes by ~60%. Wsve discuss the stratospherie-AO more generally in the

4next section. If anything, MLS Os at mid-latitudes is biased-slightly high (by ~reughty-5%) with respect to a multi-instrument
Smean ezene—field-based on a large number of monthly—~onal-mean—satellite data sets from the Stratosphere-Troposphere
6Processes And their Role in Climate (SPARC) Data Initiative (DI), as discussed by Tegtmeier et al. (2013), who also showed that
7the MLS Ojs seasonal cycle at mid-latitudes and 200 hPa is in very-good agreement with the multi-instrument mean. The Hmb
8emisston-measurementsfrom-Aura MLS measurements for the species discussed here provide generally strongly peaked vertical
9averaging kernels with a resolution of 2.5-4 km (see Livesey et al., 2018, for sample kernel plots-ef-thesekernels). We have
10confirmed that smoothing the model profiles using the MLS averaging kernels (and a priori information) gives very little
11change (less than a few_%-% for the Fig. 2 example, and even less at higher altitudes) in O; abundances and seasonal
12cycles, and we see no real real-need to use such a—smoothing for ourthe-medel/data comparisons—herein.: Tthe significant
13model/data differences in Figs. 1 and 2 are thus-not caused by this sort of issue._ The mid-latitude O;_differences mentioned
14above require more detailed investigations, but appear to implicate (in part) a transport-related issue in these models.
15  Figure 3 is the H,O analog of Fig. 1, but for pressures reaching up to 0.01 hPa;sinee-the AuraMES H.Oretrievalseoverboth
1 6thestratosphere-and-the-mesesphere; again, a typical profile of MLS systematic error estimates (leesey et al., 2018) whas-been
17used in deriving the results shewn-in the top two right panels;which i nifteant-biasbe
18and-observations. We note that MLS H,O version-3 stratospheric data-generathy exhibit a slight high bias (of a few to 5%) versus

19multi-instrument mean-vatues, with a somewhat larger positive bias (of ~10%) in the lower mesosphere (Hegglin et al., 2013).
20Such biases are within the expected measurement systematic errors.; MLS version 4 stratospheric H,O data show essentially no

2 1systematic change versusineomparisen-te version 3 (Livesey et al., 2018). FR-WACCM and SD-WACCM H,O mean values are

220n the low side (by ~5-15%) relative to MLS H-O in the upper stratosphere and in most of the mesosphere (see Fig. 3), implying
2 3that the models are in good agreement with the SPARC DI multi-instrument mean H,O. There is independent evidence that MLS
24H,0 has a dry bias near the hygropause (at the low end of the vertical range shown in Fig. 3, where the bottom level is 150 hPa);
2 5this has been known for some time (see-Read et al., 2007; Vomel et al., 2007). This is also consistent with the existence of a
26model high bias relative to MLS near 150 hPa;assuming JO-climatelogy-—in-this
2 7tegion. In terms of the significance of the biases, the right top two panels of Fig. 3 indicate that the H,O model/data comparisons

28are generally in agreement within the estimated (26) systematic errors, and that this level of agreement is slightly better in the
29case of SD-WACCM.

30  For HCI, the climatological comparisons of Fig. 4 show that both models exhibit a small (5-10%) low bias versus MLS HCl
31in much of the stratosphere, with a stronger negative model bias in the tropicsat-region between 100 and 150 hPa. The
32model/data relative biases in stratospheric HCI are generally within the MLS HCI systematic errors (see Fig. 4, top two panels at
33right). MLS HCI is slightly on the high side of the-multi-instrument mean climatological results provided in the SPARC DI
34report (SPARC, 2017). The small negative model bias in the upper stratosphere could also arise from the lack of a sufficiently
3 Spronounced decrease in upper stratospheric MLS HCI, as a result of the interruption in the main MLS HCI target-band-(band 13)
36data after early 2006 (see-Livesey et al., 2018). There is also a known streng-positive systematie-bias in MLS tropical HCI at 150
3 7hPa-inthe-tropies (see-Froidevaux et al., 2008b), so model underestimates in this region are not a sign of model weakness. We
38also note that both models exhibit a systematic difference versus HCl observations in the lower stratosphere (with larger
39differences for SD-WACCM), as well as a downward sloping pattern (equator to pole) in the southern hemisphere (SH), and
40smaller mean differences (for SD-WACCM) in the northern hemisphere (NH).
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1  Figure 5 provides average comparisons for N,O;_ this species is long-lived in the lower stratosphere, which means that good

2(or poor) model/data agreement in this region can confirm (or deny) accurate model representations of the dynamics.(agood
dynamieal-traeer): While the mean lower stratospheric SH N,O values are larger for SD-WACCM than for FR-WACCM (bottom
4left panel of Fig. 5), the mean absolute fit for SD-WACCM versus MLS is not significantly better. The most significant

Sclimatological differences with respect to the error bars (top two right panels in Fig. 5) are in the upper stratosphere at low

6latitudes; in this region, SD-WACCM agrees somewhat better with MLS. However, this is also where the mean abundances

7decline rapidly with height towards the limits of the MLS sensitivity. Not too surprisingly, this is also where the SPARC DI

8results for N,O show the largest scatter in terms of percent differences (often exceeding 10-20%, see SPARC, 2017).

9 Finally, the elimatotogieal-comparisons for HNO; (Fig. 6) reveal very few areas of mean—model/data disagreements
10signifreanthy-outside the systematic uncertainties. However, there is a general-model underestimation_by both WACCM versions,
11especially in the polar upper stratosphere;_this will be discussed more later. We—will-seetater—that-there—aretarge—reeurring

hs—At high latitudes in the lower-pertien-efthe stratosphere,
13the models tend to overestimate the data. The upper troposphere is where the satellite-based HNO; data have been validated the
14least, but there is some evidence for a high MLS bias in this region; based-en-SPARCBtresults(see SPARC, 2017). While this
15might explain, atdeast-qualitatively, why the models-are-observed—to underestimate MLS tropical UT HNO;s (see Fig. 6), more

16work is needed to better evaluate HNOs from models and satellite-derived data-sets in this particular region.

17 Tt is also worth emphasizing differences between nteresting-to-peint-ott-modeled and observed seasonal changes in the polar
18lower stratosphere over Antarctica.
1
2 OdeelineinHELand-Indeed. we see in Figure 7 that the-model HCI values at 46 hPa for 70°S-80°S do not decline as fast in early
2 1winter as shownindieated-by in the data, even though SD-WACCM tracks the interannual variability better than FR-WACCM
22does (see Fig. S4 for the relevant time seriesfrom2005-through2644). Many-of the-options-and-Usncertainties regarding lower
2 3stratospheric heterogeneous chemistry modeling for SD-WACCM at high latitudes in the polar winter/spring have been discussed
24by Solomon et al. (2015); whe-have-pointed;-for one specific year (2011), including most of the features showndepieted in Fig. 7.
25For our broader time—period, we see that the averageH€} rate of HCI decline from May to July (dominated by nighttime
26conditions) is slower in both the-SD-WACCM and FR-WACCM resutts-than the corresponding mean HCl rate of change from
27MLS (top left panel of Fig. 7). GrooB} et al. (2018) have—recently discussed this HCl model/data discrepancy for dark polar vortex

in comparison to thetr

2 8conditions,
29simulations using the Chemical Lagrangian Model of the Stratosphere (CLAMS), which shows even larger HCI discrepancies.
30These authors discuss seme—possible mechanisms and uncertainties, and they argue that additional decomposition of
3 1condensed-phase HNO; might play a role, possibly via galactic cosmic ray impacts. Since this rapid decline in HCI occurs during
32polar night, these-authors—point-out-that-this earty-HCI issue does not lead to much difference in polar ozone loss rates, which
33only become significant during sunlit conditions (early spring). Figure 7 confirms that, on average, the SD-WACCM Oj; decline
34and rise match the data well. We also note that FR-WACCM shows smaller-than-observed declines in HNO3 and H,O, whereas
35SD-WACCM matches these observations much better. The temperature panel (bottom center) gives a possible reason for these
36differences, as T from FR-WACCM is larger by a few degrees during the coldest phase than T from SD-WACCM
37(MERRA-based), and larger than the MLS-derived values. This would lead to less irreversible denitrification and dehydration.
38The generalnature of the Fig. 7 results shown—in—+Fig—7—is similar at other lower stratospheric pressures—and—fortatitudes
39peleward-of-86°S), although there is some variability in the magnitude of the differences. Over the Arctic region (not shown
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lhere), temperature-related differences are not as systematie-or-as-large as over Antarctica, but similar model/data differences in
2the early winter rate of HCI decline inHE}exist there also (as mentioned by GrooB et al., 2018).
3  As an addendum regarding the evaluation of models in comparison to data sets, we provide in Appendix Al the results of a
4model grading approach thathas-beenused beforeinthepast (e.g., Douglass et al., 1999, Waugh and Eyring, 2008). We find (see
SAppendixAb-that this grading method often leads to low grades (see Fig. Al), if applied using systematic uncertainty estimates
6from the MLS data—charaeterization—wotk—team (Livesey et al., 2018). The model results, as good as they are in many respects,
7cannot always match the data closely enough, at least based on such grades (although thise grading formulation could-alse also
8be reconsidered). As mentioned in the Appendix, the multiplicative error factor (see Equation Al) can be increased (e.g., from 2
9to 4) to force these grades (see Fig. A2) to span a more useful range (in the plots). Indeed, we observe similarities between Fig.
10A2 (top two panels) and Fig. 1 (middle panels): poorer SD-WACCM performance for pressures > 100 hPa, better mid-latitude
1 1results near 30-40 hPa, and poorer performance again near 3 to 5 hPa. Also, we observe the poorest H,O grades near 1 hPa in
12Fig. A2 (bottom panels), which is similar to the poorer performance in the middle panel of Fig. 3, while the best stratospheric
13H,0 grades are found near 10-20 hPa, which matches the best performance (smallest values) in Fig. 3 (top two panels at right).
141In the case of merged data records, wenote-thatit is generally more difficult to estimate systematic errors. The GOZCARDS data
15analyses led to—eonservative{ie—to possibly somewhat pessimistic} systematic error estimates as—a—funetion—oflatitude—and
16pressure—(see Froidevaux et al., 2015), and these-that are significantly larger than thesystematie-error estimates for MLS data
170nly. Fhere—are-Oother methods—that could lead to useful error estimates, through the use of multi-satellite data sets and the
18spread between these (see SPARC, 2017), for some species at least. Moreover, when one considers refative-variations—suehas
19anomaly time series (as done in a subsequent section), it becomes even less clear how to best assign uncertainties in the context
200f “error-weighted” grades.: Ssome data records may also drift with respect to others, or with respect to ground-based data, so
2 1that the actual errors will change with time (and possibly with-location-as-wel)-in-a-diffieult-to-determine-way. We do not pursue
22this more traditional grading approach further here, especially as the two models we are comparing often lie fairly close together.
2 3For multi-model comparisons (which is outside the scope of this work), one could consider how to best apply grading methods
24such as the one in Appendix Al, along with other diagnostics such as those discussed here; in the end, the most important aspect

2 50f such analyses maypessibly lies in the relative values of the-grades or diagnostics for different models.

26 4.2  Annual and semi-annual cycles

27  Figure 8 displays the amplitudes of annual and semi-annual variations for MLS O; ezene and the-eerresponding FR-WACCM
2 8and-SB-WACEM-runs for 2005-2014. We-obtatned-Tthese results come from a simple regression fit to the monthly mean time

29series in each latitude/pressure bin. The primary time dependence of the fitted function is given by additive sine and cosine terms
30(with 12-month and 6-month periods), in addition to constant and linear trend terms; the AO and SAO amplitudes are given by
3 1the square root of the sum of the squares of the corresponding fitted coefficients. We see from Fig. 8 that the overall data and
32model patterns of AO and SAO variability are quite similar. The Osezene AO amplitudes peak ir—ppmv)-at mid- to upper
3 3stratospheric levels, with high latitude variations also observed as a result of the effects of winter/spring polar chemistry and
34dynamics.: Tthe lower stratospheric peak AO amplitudes are more prominent over the southern polar regions, where stronger O3
35depletion occurs on a seasonal basis. These MLS O3 AO patterns are very-similar to those obtained by Schoeberl et al. (2008),
36using a much shorter time-period (Sep. 2004 to Dec._2006); the same holds for other species (H,O and HCl)-eonsidered-in-that
3 7werk-and-here. The observed SAO amplitude for O exhibits strong peaks in the upper stratosphere, both in the tropics and at
38high latitudes. The anti-correlation between O; and temperature as a result of temperature-dependent photochemical production
39and loss terms for O; has long been known to cause most of the O variability in the upper stratosphere (see-Perliski et al., 1989;
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linrelationto-the AO-and-the-SAO). The AO and SAO amplitudes obtained in that and other past studies (e.g., see-Ray et al.,
21994) are very-similar to the amplitude-patterns shown here. If we look more closely (and based on AO amplitude ratio plots not
3shown here), there are often O3 AO amplitudes 20-80% larger than those derived from MLS data for both WACCM runs in the
4lower stratosphere (from 50 hPa at low latitudes to 215 hPa at high latitudes).: Ssuch-2 model overestimates of the AO amplitude

Swereas shown in the-timeseries-example-of Fig. 2. Moregeneralty-Ooutside of this region, we observe somewhat closer fits to
6the MLS AO amplitudes for the SD-WACCM version, andbut both models track the data and each other well, with AO

7amplitudes typically within a range of ~25%-ef-the MES-AO-amplitudes. For the Antarctic lower stratosphere, the timing and
8magnitude of the seasonal recovery after the ozone hole plays a role, and in-this—respeet—we have observed that SD-WACCM
9generally fits the MLS data better than FR-WACCM does. In the tropical upper stratosphere, where the SAO is larger than the
10AO (see Fig. 8), the SD-WACCM results match the observed SAO amplitudes slightly better than those from FR-WACCM.
1 1Despite the existence of a few model/data differences, these AO and SAO amplitude comparisons, coupled with our examination
120f model/data amplitude ratio plots as well as the time series (which include the phase information), do not elicit major concerns
13regarding the model characterization of the primary processes expected to govern these modes of O3 variability. The study of
14dynamical forcing mechanisms in relation to such modes continues to be an active area of research (e.g., see Ern et al., 2015, and

15Smith et al.. 2017).

19  For HyO, a similar overview of the AO and SAO amplitudes is given in Fig. 9, which covers the vertieat-range from 100 to

200.01 hPa. A peak in these amplitudes resulting from the-seasonal downward transport before the winter, followed by wintertime
2 1dehydration, is observed in the lower stratospheric southern polar region; we note that the-SD-WACCM results match this feature
22better than-the FR-WACCM simutation-does. Other interesting—features include the southern hemisphere’s upper stratospheric
23A0 peak in the extra-tropicsal-region. This has been seen by many satellite-based measurements_(see ;—as—disetssed—in—the
24 comparisons-by-Lossow et al., €2017a). Lossow et al. (2017b) have-explained this “island” feature in more detail;-with-the-help
2 Sef-medetsimulations-and-analyses; they argue that vertical advection tied to the upper branch of the Brewer-Dobson circulation
26largely explains the seasonal highs (lows), via downwelling (upwelling). They also show that an AO maximum is observed as
27well in other species in roughly the same region, including in N,O MIPAS data.: Wswe confirm this behavior (see also Fig. S5)
28from the N,O AO amplitude feature observed in MLS data, as well as in the model'WACEM runs (and more so in SD-WACCM).
29The derived AO and SAO amplitude patterns in H,O from Lossow et al. (2017a) are consistent with what we findshew-here; this

30includes the peak values in the upper stratosphere and mesosphere, attributed to the-combined effects of photochemistry and
3 1vertical transport. For ozone, a dominant feature in the SAO amplitude exists in the tropical upper stratosphere; see Lossow et al.
32(2017a) for a brief review of past work explaining such dynamically-driven features for H,O. While there is generally a good
33level of model/data agreement in the main H.O AO and SAO patterns, both WACCM comparisons tend to underestimate
34observed AO and SAO amplitudes in the lower stratosphere and overestimate AO amplitudes in the SH mesosphere, while

3 5slightly underestimating the-mesospheric SAO amplitudes in both polar regions. The largest amplitude differences reach a factor

360f two, in places, for the lower stratospheric model underestimates;whieh-eann

3 7average MESH:O-(asseeninFig—3Y); however, we note that this thetowerstratosphere-is also the region where AO and SAO
38amplitudes are smallest (typically < 0.1 ppmv).

39 Furning—brieflyto—the—other—speetes—diseussed—here;—Ffor N,O, we have-already mentioned the existence of the upper

40stratospheric AO peak (the “island” feature described by Lossow et al., 2017b) in the southern hemispheric extra-tropical region.
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1This is similar to the H,O AO amplitude maximum feature, but the N,O seasonal variations are anti-correlated with H,O, as

2demonstrated by Lossow et al. (2017b), using Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) data (and as

3is also apparent in the-MLS time series, not shown here). Furthermore, we observe in Fig. S5 a somewhat better match in the AO
4and SAO N,O amplitude patterns for SD-WACCM than for FR-WACCM versus MLS, in particular for tropical to southern
S5mid-latitudes.—We-note—that Tthis is also manifested in better time series fits for SD-WACCM, besides the closer match in
baverage values; as-mentioned-in-the ntroduetion—this is what one would generally expect ferom these two model versions. We
7 saw—also—in—Fie- hatFR-WACCM —overestimates—the—averase—vatues—of—upper—stratospherte—tropieal—N-O—
8__ For HCI and HNO;, the AO and SAO amplitudes are dominated by the variations at high latitudes (see Figs. S6 and S7). The

9model HCI upper stratospheric AO and SAO amplitudes match up fairly well with the observed amplitudes, despite the

10aforementioned issues relating to MLS upper stratospheric HCI trends. FheNHtower—stratospherie—polar—variations—ate

13model features follow the MLS patterns, although there is a model underestimation of the amplitudes in the upper stratospheric

14polar regions, because these models do not properly capture the observed recurrences of enhanced HNO;, as mentioned earlier

15(see also Sec. 4).

165  Time series comparisons

17 5.1  Anomaly time series: fits and variability

185.1.1  Fits

19  We wish to evaluate which of the two WACCM models provides a better match, or fit, to the temporal variations in observed
20deseasonalized anomalies. We would expect SD-WACCM to generally fit these anomalies better than FR-WACCM. We-anatyze
2 1the-modetand—data—deseasonatized—anomaly—time—series—obtained—by—differencing—each-month’s—zonal-mean—vatie—from
2 2tong-termaverages—for-the-same-month—We _-then calculate a diagnostic of model fit to the data, by using the RMS differences
23between these deseasonalized model and data series, and normalize by dividing this quantity by the RMS of the data anomalies
24themselves. AFhus;a diagnostic value thatis-much less than unity means that the match to the time-series is much smaller than
2 5the typical variability; this also implies a good fit to the-observed anomalies. In the-Appendix A2}, we provide the mathematical
26expression for this “RMS difference diagnostic”. A better model fit to the observationsed anomaly—series—will be
27givenrepresented by a smaller “RMS difference diagnostic” value. We also calculate the standard—(Pearson) correlation
28coefficients, R, between model and data anomalies, and we use R? as another measure of “goodness of fit” for the models. The
29first diagnostic is unitless and does not depart too much from the 0 to 1 range; R? is limited to the 0 to 1 range, with larger values
30indicating a higher degree of linear correlation. We also use these two diagnostics together, by calculating the ratio of R? over the
3 1RMS difference diagnostic to obtain a “combined diagnostic”. This diagnostic could have a large value (and-a good model result)
32from both a large R? vatue{in the numerator}, meaning a high correlation with observed anomalies, and a small RMS difference
33¢in the denominatory, implying a good fit-te-these-observations. This alse-tends to amplify the-differences between two model
34comparisons to the same data-series. An ideal model fit would correlate tightly in time to observed oscillations, but also exhibit
35the right magnitude for-these—variations-by “hugging” the anomaly series—without-being-offin-magnitude. Indeed, two model
36series could have oscillations in phase with data variations and—thus the same R? values, but with different amplitudes fand
3 7different-overall fitsy; conversely, two model series could have different R* values versus observations, if one is more out of

38phase than the other, but they could still produce similar RMS difference fits.
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1  IaFigure: 10_shows;we-display latitude/pressure contours plets-of the above diagnostics for FR-WACCM and SD-WACCM
20; anomalies in relation to MLS anomalies for 2005-2014. We immediately-see from the top two panels that the-SD-WACCM
3RMS difference diagnostic values (in the 0.2 to 1 range in the stratosphere) are smaller than those from FR-WACCM
4 (betweenwith—typieal—vatues—between about 0.8 and 1.2).—Valies—of R> values, between about 0.7 and 0.95 in most of the
Sstratosphere, fmiddtepanels)-show that SD-WACCM atse-correlates very well with the observations—frem—2605-20+4;; R with
6valuestypies i e;-and-sis somewhat smallerpoeerereerrelations in the UTLS. The
7FR-WACCM-ezene O; series tend-to-correlate fairhy-well with the data at low to mid-latitudes for pressure levels between abett
870 and 7 hPa, which is also where the FR-WACCM RMS difference diagnostic shows better performance -than-in-otherregions,

9and (as an explanation) where the dynamics are nudged (to tropical winds) in a similar way as for SD-WACCM. However,

10FR-WACCM shows peetrperformanee-falmost zero correlation) at high latitudes and in all of the uppermost stratosphere.

11 Figure 11 shows sample O; series for the upper stratosphere (at 2.2 hPa) for 0°-10°N as well as 40°N-50°N. Although the
12tropical series show good correlations everaH-for both models versus data, some of the details in_theef observed semi-annual
13peaks and the interplay between the AO, SAO, and the quasi-biennial oscillation (QBO) are better followed by the SD-WACCM
14curve. The differences in O; amplitude and phase are more clearly displayed in the bottom (left) panel, whieh-showings the
15deseasonalized anomalies. Diagnostic values provided in this panel for-beth-models-distinetty-show that SD-WACCM performs
16better than FR-WACCM-hete, with a much larger R? value and a smaller RMS difference diagnostic value, and hence, a much
17better-arger) combined diagnostic value. The same comments apply to the right two panels of Fig. 11, which showcase the NH
18mid-latitudes at 2.2 hPa. In the high latitude lower stratosphere, the poorer FR-WACCM results in Fig. 10 are generally caused
19by time series that are-observed-to-be less in-phase with the-polar winter/spring variations, as well as by more departures in the
i i tes. The bottom

20variation magnitudes-ofsteh—vati

21two panels in
22Fig. 10 amplify the-model differences-between—the-meodets, with vatues-of-the-combined diagnostic values mostly below 1 in
2 3mestregions—for FR-WACCM, but vaties—between 1 and 3 for—the—whetestratosphere—in the SD-WACCM case. The more
24realistic dynamics in SD-WACCM _eeupled-with-the-same-chemistry-as FR-WACEM-allow for better SD-WACCM fits-to-the
2 5data, as shown quantitatively-in Figs. 10 and 11. These plots also point to poor upper tropospheric results for both models (with
26SD-WACCM slightly better)in-the-upper-tropesphereatbeit-with-somewhat-betterresultsfor SD-WACEM, although this is not

2 7the focus of this paper.

28 Wenowturnte-Figure: 12 fer-a-describes iptierrof-the samee diagnostics as above, but for model/data H,O comparisons, and
29a top pressure-level at 0.01 hPa. We-observe-Aagain, thatthe diagnostics of fit are usually much better for SD-WACCM, which
30yields R? values of 0.6 to 0.9 and RMS difference diagnostic values below 1 for most of the stratosphere and lower mesosphere,
31land therefore better combined diagnostic results than FR-WACCM-as—weH. The SD-WACCM diagnostics themselves—are
32poorestworsen in the upper mesosphere and atin—the high latitude—regions near 215 hPa. In the upper stratosphere and apper
33mesosphere, the better diagnostic results for SD-WACCM are seen in-the time series (not shown-here) as a better match versus
34the MLS H,O series-anomalies in terms of the interannual variability at all latitudes, as well as for some seasonal peaks at high
35latitudes.: Wwe interpret this as the result of a better dynamical representation of the mesosphere for SD-WACCM. TWe-note
36that—the high-quality representation of mesospheric composition by SD-WACCM is also demonstrated in comparisons to
37measurements of CO profiles above Kiruna, Sweden, by MLS and the Kiruna Microwave Radiometer (Ryan et al., 2018). For
38H,0 near 200 hPa, poor fits at high latitudes occur where MLS data is-knewn-teexhibit-have a signifieant-dry bias versus sonde
39and Atmospheric Infrared Sounder (AIRS) data, as discussed previousty-in MLS data documentation (Livesey et al., 2018), as
40well as by Vomel et al. (2007) and Davis et al. (2016). MLS H,O is low by a factor of several here versus the WACCM runs
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1(which show values of 10-60 ppmv). The data variability may also be affected by the dry bias retrieval (and oscillation) issues at
2the lowest altitudes atfor—these high latitudes—regions, where observed anomalies are more poorly tracked by the models; a
3planned future update to the MLS H,O retrievals willmight help to mitigate this discrepancy.
4  Figure+3-Figure S8 displays results similar to Fig. 10 but for stratospheric HCl. SD-WACCM HCI results versus MLS are
Salse generatty-superior to those from FR-WACCM and show high correlations (R? > 0.7) in most of the lower stratosphere, with
6somewhat poorer results in the upper stratosphere, where the RMS difference fits as well as the combined diagnostic are poor for
7both models. Wetrace-Tthise upper stratospheric issue is caused byaek—+te—a a knewn-data problem in this region, where MLS
8HCI trends are known to be too flat_(close to zero)-and i
Onoetably-in-the RMS-differenee—diagnestie. Poorer correlations are observed for FR-WACCM at high latitudes, whieh—we-witt
1O0returntotaterfor-the towerstratosphere-but even fairky-subtle differences in the timing (phase) can lead to_—signifieantly-poorer
1 1correlations. PFhe-poorer fits at 100 hPa in the deep tropics are related to a large underestimate of the mean-data, which may be
12caused, -atteast-in part, by a_aMES-high bias_from MLS (Froidevaux et al., 2008b), but more so, for R?, by seme-out-of-phase
13model variability-as-wel. i i 15 i 1St i
14 the phasing-may-also-change-with-newretrievals:
15  For the-dynamteal-tracer-N,O, we also observe in Fig. S944- (showing model comparisons to the 68 to 1 hPa observations
16from the 190 GHz MLS N,O band for 2005-2014) that SD-WACCM fits the data better than FR-WACCM, in both the R? and the

17RMS difference categories. FR-WACCM exhibits poor results in the upper stratosphere and at high latitudes in the lower
18stratosphere. Both models exhibit poorer RMS fits and poorer correlations in the tropical lower stratosphere. Partly, this appears
19to be caused by a model underestimation of the MLS N,O variability in this region, with some QBO phasing differences as well.

20 HNO; results (see Fig. S10)Fig—+5) show, again, better fits to the-stratospheric MLS data from SD-WACCM than from
21FR-WACCM, and poor performance from FR-WACCM at high latitudes. Both models do poorly in the upper stratosphere, and
22Fig. 136 illustrates the magnitude of this discrepancy in the region (3.2 hPa and 70°S-80°S) where it reaches its maximum;in
2 3terms-of mixing—ratio—values. Since its launch, MLS has been observing very large values of HNOj; in the upper stratosphere,
24mostly in the polar regions during winter. The WACCM runs used here do not have-theright-chemistry—in-the-mesosphere-and

2 Supper-stratosphere-include the necessary photochemical pathways, including the effects of energetic particle precipitation on ion

26¢chemistry in the upper atmosphere. to adequately represent such variations; implementation of the many—necessary missing
27chemical reactions has not made its way into most CCMs. The solution_seems-is—behieved to—be-tied to ion cluster chemistry
28during energetic particle precipitation (EPP) events, which includes large solar proton events (SPEs) as well as more regular

29 auroral%-t—y-pe activity.

3 3Smyshtaev—<206H—Direct high altitude EPP effects enhance NOx, which can propagate downward in polar winter and increase

34stratospheric NOx and HNO; via this indirect effect and conversion of N>Os on ion water clusters (Bohringer et al., 1983). Large
3 5polar enhancements in upper stratospheric HNO; {and-other-speeiesy-were observed by the MichelsonInterferometerforPassive
3 6Atmoespherie-Sounding(MIPAS? after signifieant-SPE activity in 2003; aspresented-inseveral-papers-(Orsolini et al., 2005; von
37Clarmann et al., 2005; Lopez-Puertas et al., 2005; Stiller et al., 2005). More complex modeling using-modificd-chemistryand
3 Btransport-related-effeets(e.g.. e-gFackman-etal-2008Funke et al., 2011; Verronen et al., 2011; Kvissel et al., 2012; Andersson
39et al., 2016) has produced EPP-induced enhancements in high latitude HNO;, with related improvements in model/data

40comparisons into the mesosphereand-ineomparisons—ofotherspeetes. Regarding the-low latitude upper stratospheric HNO;
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leomparisens, the poorer model fits{evenfor-SD-WACEM) seem to be caused at least in part by more noisy and variable MLS
2data, under low HNO; conditions. Finally, tropical MLS HNOjs data at 147 and 215 hPa are not fit well by either model, as the
3data exhibit signifteant-seasonal oscillations between 0.2 and 0.5 ppbv-(with-targer-amplitudes-oeeurring-at+47-hPa), whereas
4model values are smaller than 0.1 ppbv. There have been very-few tropical UT validation comparisons for HNO; (see-Santee et
5al., 2007), but in situ HNO;-data from an airborne chemical ionization mass spectrometer hav_showne-indieated that UT HNO;
6tropical valuesmixingratios are mostly below 0.1-0.2 ppbv (Popp et al., 2007, 2009).
7  We saw in Sect. 4 that there are generatty-good climatological comparisons between SD-WACCM and MLS variations over
8the-Antarctica-region during polar winter/spring, except for the rate of HCI decline in-during early winter; also, poorer results are
9obtained by FR-WACCM. We also atse-find, not too surprisingly.} that interannual differences in lower stratospheric chemical
10evolution over Antarctica are not as faithfully reproduced by FR-WACCM as by SD-WACCM r-atthough-we-do-not-show-more
1 1relateddetatlshere. This is shown by the anomaly time series comparisons of Fera-meretn-depthlookatthe towerstratosphere
12everAntaretiea;Fig. S11Fig—+7_ d1spl-a=5+s—&ﬁem-a+y—t-1me~seﬁes—eempaﬁseﬁs—for O; and temperature at 68 hPa and 70°S-80°S,
13along with the associated model diagnostic values.

2 lup-etosely—to-the-observed-temperatures—fromMES—These plots also show that springtime anomalies dominate the variability,

22with warmer than usual springs (induring October in particular), such as in 2012 and 2013, leading to more positive ozone

2 3anomalies, i.e. less ozone depletion; conversely, years (2006, 2008, 2010, 2011) with colder than usual springstime-eenditions
24are correlated with negative ozone anomalies and more depleted conditions. —theﬁfaefefs—ébeﬁdes—}eeﬁ—me&ﬂ—eempef&&ﬁes)—eaﬁ

28saw in Sect. 4 that there are generally good comparisons between SD-WACCM and MLS variations over the Antarctic region

29during polar winter/spring, except for the rate of HCI decline during early winter; also, poorer results are obtained by
30FR-WACCM. We also find (not too surprisingly) that interannual differences in lower stratospheric chemical evolution over
31Antarctica are not as faithfully reproduced by FR-WACCM as by SD-WACCM, although we do not show more related details
32here-

335.1.2  Variability

34  Given our expectations that SD-WACCM would match observed time series of multiple species sp-better than FR-WACCM
3 Sto-the-observed-timeseries-of multiple speeies, and having demonstrated this in the previous section, we turn to what should be a
36more fair comparison between the two sets of model results, namely the variability aspect. We calculate the ratio of model to data
3 7interannual variability, as obtained from the root mean square values of deseasonalized monthly anomaly time-series, expressed
38as a percent of climatological (fiHpertod)-means; a simple linear trend is first subtracted from the time—series, so that the
39variability comparisons remove any significant trend differences. We do this for the MLS data-considered-previousty-{startingin
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120053, but also for longer-term time series, using the GOZCARDS data-reeerds. The models are sampled menthlyfollowing the
2monthly sampling of the data sets (but not at the daily sampling level of detail); sampling plays a role for the longer-term
3(merged) GOZCARDS data, which are comprised of some unevenly-sampled occultation data records (depending on latitude and
4pressure). Figure 14 +8-compares the Osezene variability ratios (fer-models versus data) using as a reference the MLS 2005-2014
Sdata (top two panels), and the GOZCARDS merged ozone (1992-2003) data (bottom two panels). To first order, we observe
6similar patterns for both time periods. The SD-WACCM variability is generally within 10-20% of the data variability (ratio
7values between 0.8 and 1.2). The FR-WACCM variability is generaly-somewhat smaller than the data variability in the polar
8regions and in the upper stratosphere. fa—a—reeent—stady—Bandoro et al. (2017) also found that the free-running version of
9WACCM displays semewhat—smaller ozone variability in the upper stratosphere, both for shorter-term and longer-term
10variabilities, than the observed variability, based on the merged SWOOSH O; data record. In the lower stratosphere at low to
1 1mid-latitudes, we—ebserve—that-FR-WACCM exhibits slightly larger variability than the data, whereas SD-WACCM shows
12slightly smaller variability than the data; Bandoro et al. (2017) found that FR-WACCM slightly overestimates the decadal

13variability in this region.

15&eﬁd—eﬁel=bafs—mefe&se—rf—the—vaﬁabﬂﬁy—mefe&ses—We also see in Flg 14148 that at hlgh latitudes, FR-WACCM tends—to

16underestimates the actual variability, which

1 7muted-inthe-modek-whereas this is less of an issue for SD-WACCM, with its more realistic representation of the dynamics; as an

18example, refer to Fig. 136, for model and data anomalies at 68 hPa and 70°S-80°S.

19 A similar overview of model/data variability ratios is provided for H>O in Fig. 1549, forwhieh-eovers both-the mesosphere
20and the stratosphere. Hereln-this-ease, while the variability from SD-WACCM is semewhat-closer than that from FR-WACCM to
2 1the data variability during both time-periods, the tendency for both models is to underestimate the observed variability, with
22FR-WACCM showexhibiting a stronger underestimate in the upper stratosphere and mesosphere. Such aAn—variability
2 3underestimate for FR-WACCM implies that any trend detection in the future will require more years of data—in—the—reat
24&3&&6‘8‘13-1&61‘6 if H,O continues to have larger Varlablhty than model—e*peef&ﬁens Adse-this—will-translate-inte-smallerestimated
25uncerte i i s}--The
26FR-WACCM underestimate of the variability is sometimes by as much as a factor of two, although it is more typically by ~30%

27(see Fig. 1549). For a time-series with RMS variability about the fit represented by o, the number of years needed to statistically
28detect a trend is proportional to 6° (Weatherhead et al., 1998), and thus, an increase of o, by factors of 1.3, 1.5, and 2.0, for
29example, will lead to an increase in the number of years for trend detection by factors close to 1.2, 1.3, and 1.6, respectively. In
30the tropical lower stratospheric case, H,O and temperature values and anomalies for 1992-2014 are shown for 100 hPa and
3110°S-20°S in Fig. 16.26- Again, we note the smaller-than-observed variability in the-model H,O oscillations, with SD-WACCM
32tracking the data better. This correlates with the temperature series, where smaller variability is seen in FR-WACCM, in
33comparison to SD-WACCM (which follows the—MERRA temperatures); we also note that FR-WACCM temperatures are
34somewhat larger (by ~1K on average) than SD-WACCM temperatures in this region._This poorer tracking of cold point
3 5temperatures for FR-WACCM (Fig. 16) has likely implications for poorer stratospheric trend results for FR-WACCM H,O as

36well, as we will actually observe in the trends section. It is well known that stratospheric entry level H,O is governed by

37temperatures near the tropopause “cold trap>; the monthly average variations shown here are similar to what has been shown in
38past H,O work (e.g., Randel et al., 2004, 2006; Randel and Jensen, 2013). Brinkop et al. (2016) used model runs from both
39free-running and nudged simulations to analyze the impacts of different constraints, including sea surface temperatures (SST)

40and meteorological fields, on “sudden” drops in H,Owater—vaper; they found that several of these factors play a role in the H,O
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lvariations, including the timing of ENSO and SST variability, the phasing with the QBO, cold point temperatures, as well as the
2correct dynamical model state. Many other analyses of the relation between entry level H,O, tropopause temperatures, transport,
3and convection have been carried out previously (e.g., Holton and Gettelman, 2001; Jensen and Pfister, 2004; Fueglistaler and
4Haynes, 2005; Rosenlof and Reid, 2008; Read et al., 2008; Schoeberl et al., 2013). Our point here is that the WACCM H,O
5anomaly series underestimate the observed variability. We note also that this model underestimate exists if we calculate relative

6variability using a maximum minus minimum range from yearly average anomalies rather than monthly averages.: the-resulting

tg—1+9—We provide a global view of lower
8stratospheric variability differences (models versus data) in the anomaly time-series comparisons at 83 hPa for all latitude bins in
9Fig. S128. This also shows that the observed interannual changes in H,O are elearty-better followed by the-SD-WACCM-tirre
10series than by FR-WACCM, including the drop in H,O after 2011 (see Urban et al., 2014). While lower stratospheric H,O
1 1variability is underestimated by SD-WACCM by ~20%, the aetual-correlation between SD-WACCM and the-observed anomalies
12is very good (as was shown in Fig. 12).
13 For HCI, we show the (detrended) variability ratios in Fig. 172+. The observed HCI variability is fairly well matched (within
14~20%) by both models in the MLS time period, with an edge given to SD-WACCM. The observed variability is often
15underestimated (by ~30%) by both FR-WACCM and SD-WACCM in the earlier period (1992-2003). We believe that the
16HALOE sampling plays a role in this, i.e. even if we limit the model comparison (as we do here) to just the same months as
17when HALOE observations occurred, incomplete sampling in latitude and time can lead to differences versus a fully sampled
18model (see Toohey et al., 2013), and more so in the polar regions where the HCI variability is large. In the upper stratosphere, the
19variability ratios are comparable to or somewhat smaller than those in the middle stratosphere, and there is a 20-30%
20underestimate of the observed variability, which is based on HALOE HCI observations for the-1992-2003-period. There have
2 1been difficulties in fully understanding (or modeling) observed upper stratospheric HCI variations before the declining phase that
22started after about 2000 (Waugh et al., 2001); see also Sect. 5._For 2005-2014, SD-WACCM actually matches the upper
2 3stratospheric MLS variability fairly well, although these variability values are small. There have been difficulties in fully
24understanding (or modeling) observed upper stratospheric HCI variations before the declining phase that started after about 2000
25(Waugh et al., 2001); see also Sect. 5.
26 Fo-complete-this—diseusston—efvartability,-Wswwe also show the ratios of model to data variability for stratospheric HNO;
27(2005-2014) and N,O (2005-2012) in Fig. S1322. We already discussed the issues with missing model chemistry for upper
2 8stratospheric HNOs variability, as well as the low signal-to-noise issue for HNO; data at low latitudes in this region-(see-bottom
29two—panecls—showingtow—variability—ratios—there). There is reasonably good agreement in the HNO; variability between
30SD-WACCM and MLS for the lower to mid-stratosphere, while FR-WACCM generally overestimates the HNO; variability in
3 1this region. Fig. S1322 shows N,O results extending-down to 100 hPa. Here, the-MLS N20-640 data (from the 640 GHz
32radiometer) for 2005-2012 are used; these retrievals were curtailed in the first half of 2013 as a result of degradation in the 640
33GHz radiometer signal chain. Based on results shown in SPARC (2017), there appears to be good agreement in the tropical
34interannual variability comparisons for N>O at 100 hPa between MLS and other satellite-derived results. The lower stratospheric
35N,0 time series behave more smoothly at low latitudes in the models than in the observations. The interannual variability in the
36MLS N,O measurements there is somewhat smaller than the standard deviations in monthly mean N,O values (of erder-20-30
37ppbv). The MLS N,O measurement noise itself for a monthly zonal mean (made up of about 5000-6000 profiles) should be less
38than 1 ppbv. Smoothing the model in the vertical domain to better match the MLS vertical resolution would not lead to a better
39fit to the observed variability. However, we should keep in mind that the MLS-derived N,O variability is a small percentage (<

403%) of the monthly zonal mean N,O abundances. In summary, SD-WACCM shows some underestimate of the observed lower
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1stratospheric tropical variability for all the species considered here, except for HNO;; FR-WACCM does so also for 3 species
2(H,0, HCI, and N;0). It may be that some of the larger variability in the measurements arises from effects not tied just to MLS
3radiance noise issues, or from variability caused by the proximity to the tropopause for measurements with finite vertical
4resolution; WACCM could also be genuinely underestimating the actual atmospheric variability near the tropopause (for

Sunknown reasons).

6 5.2 Trends

7  In this section, we discuss how the WACCM runs compare to stratospheric observations when it comes_to trends, from fairly

8short-term trends (from the Aura MLS time period) to longer-term trends based on comparisons with Os, H,O, and HCI

9GOZCARDS data records (see Sect. 2 and Froidevaux et al., 2015). Trend analyses have their own complexities in terms of
10analysis methods and uncertainty estimates. For example, O; trend assessments have had to deal with trend estimates from
11different long-term data records, each with its own characteristics (Tummon et al., 2015; WMO, 2014; Harris et al., 2015;
12Steinbrecht et al., 2017; Ball et al., 2017, 2018). This kind of analysis is especially difficult when investigating trends from time
13series with high variability compared to the size of the change over time, which is certainly an issue for the lower stratosphere-in
14partientar. Also. gGlobal modeling efforts have alse-led to improved characterizations of the expected long-term—impaet-of
1 Sdifferentforeings;ineluding-the-combined and separate impacts on ozone profiles of long-term changes in halogen source gases
16and greenhouse gases (WMO, 2014).

17 Here, we focus mostly on whether—we—obtain—significant—differenees—between—trend results from WACCM and frem
18observations, given the application of the same analysis methods for the differentthree-sets-of time-series;forozoneand-forother

19species. We have applied multiple (or multivariate) linear regression (MLR) to the time series of deseasonalized anomalies from
20the data, FR-WACCM, and SD-WACCM. In the Appendix (A3), we provide more details regarding the regression model, which
2 lincludes commonly used additive functional terms, namely a linear trend and a constant term, cosine and sine functions with
22annual and semi-annual periodicities, as well as functions describing well known variations arising from the QBO and the El

2 3Niifiro southern oscillation (ENSO3:-). the-same —Examples of

24observational time series from merged ozone observations for 1998 through 2014 are provided in Fig. A3, along with the fits to
2 5the series and the linear components (trends). Given the use of fairly short-term time series here (e-g—Aura MLS data alone), we
26have not included a solar cycle component in the fits, as it can be highly correlated with a linear trend, and more than one 11-yr
27cycle would be useful to better enable a separation of this signal. We also discuss our methodology for trend error evaluations in
28the Appendix (A3). We use a block bootstrap method, like the approach of Bourassa et al. (2014) for their trend analyses of
290zone from the OSIRIS retrievals. We use random resampling of the residuals in yearly blocks (with 20,000 samples) in this
30Monte Carlo approach to estimating errors, and we display the trend error bars as 26 values (which is very close to the 95%

31bounds on the distribution of linear trend results). Such calculations often lead to significantly larger error bars than more

32standard methods, which neglect the autocorrelation of residuals. A
33
34 For ozone, we give an overview in Fig. 1823 of percent deseasonalized anomaly time series {expressed-as—a—pereent-of
3 Sleng-term-means)-for 3 latitude bins (northern mid-latitudes, tropics, and southern mid-latitudes) and 2 pressure levels (3.2 hPa

36for upper stratosphere, 68 hPa for lower stratosphere). The series were first—-deseasonalized in 10° latitude bins and then
37averaged. The GOZCARDS data reeord-used here (version 2.20) is an update to the original (version 1.01) record (Froidevaux et
38al., 2015), as mentioned in Sect. 2. Fig. 1823 shows generally good agreement between the various time series, although if one
39looks carefully, SD-WACCM is generally closer to the observational time series than FR-WACCM is, as one might expect from
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1previous considerations of goodness of fit and variability; also, percent variability is larger in the lower stratosphere than in the
2upper stratosphere—(rote—the—y-axis—range—differeneefortheseregionsy, thus rendering trend detection more difficult at lower
3altitudes. We compare in Fig. 1924 the ozone profile trend results from MLS data alone, from the-period-2005 through 2014, to
4those from FR-WACCM and SD-WACCM, for the 3 aforementioned latitude bins. We show the error bars as 2o estimates, as we
5find this to be an easy way to visualize if there are reathy-significant differences between models and data, or indeed;-between the
6models. Figure 1924 provides-shews-that-there-is a robust indication from the MLS data that the-upper stratospheric ozone values
7have been on the upswing in the past decade, at a rate of abeut—0.2 to 0.4%/yr, depending on latitude region, with 2c
8uncertainties of ~0.2%/yr. While the 2c error bars (obtained using the bootstrap method mentioned earlier) are fairly large, there
Oare several independentlatitude regions and pressure levels with similar results, and thus—this positive trend is a robust
10near-global upper stratospheric result. These results are broadly consistent with O5 trends obtained by Steinbrecht et al. (2017),
11who use MLS as part of the longer-term merged data records, although they studied a longer time period (2000-2016). All things
12being equal, the errors in these trends should diminish as more years of data are added to the MLS O3 record, which, for the
13middle and upper stratosphere, has been characterized as “very stable”, namely within 0.1 to 0.2%/yr versus sonde and lidar
14network ozone data (Hubert et al., 2016); it eurrently-seems difficult to quantify “absolute stability” to much better than this,
15especially in the lower stratosphere. In the lower stratosphere, trend results arctend-te-be closer to zero, with larger variability
16and error bars (in %/yr), and unambiguous detection of post-1997 ozone trends in this region remains elusive (WMO, 2014;
17Harris et al., 2015). The 2005-2014 trends in Fig. 1924 show good broad agreement between model and data, with a tendency
18for SD-WACCM to agree better than FR-WACCM with MLS, albeit not significantly so, given the size of the error bars,
19especially in the lower stratosphere.: Tthe lower stratospheric tropical results from FR-WACCM are negative, in contrast to both
20the observationsatresttt ands—~wetas SD-WACCM, but with large overlapping error bars—given-the—variabitity-and-fairly-short
2 1time—period). In the tropical upper stratosphere, both models exhibit a somewhat more positive trend than observed for this
22period, although, again, these trend differences are not statistically significant. Nevertheless, we find it rather striking that, as a
2 3function of latitude (in 10°-wide bins) and pressure, the 2005-2014 SD-WACCM O;s trends de-follow the MLS trend results quite
24well; this is clearly shown in Fig. 20.25 for central latitudes from 55°S to 55°N._The agreement in these patterns is not quite as
25go00d for FR-WACCM (not shown in Fig. 20): this is mostly evident in the tropical lower stratosphere (see Fig. 19
26 For a consideration of longer time periods, we compareuse in Fig. 21 trends from the merged O; data—rtecord—from
27GOZCARDS record (version 2.20) to disptay-NH mid-latitude and tropical model trends frem-the-medets—for 3 different periods
2 8inFig—26. The top panels for 1985-1997 focus on the main “declining phase”, while the middle panels (1998-2014) show restlts

29fer-the (expected) “early recovery” stage; the 2005-2014 (bottom panels) results are basically essentiaty-thesame-trends-as-those
30from Aura MLS (Fig. 1924)-forthatperiod. The largest differences between the two GOZCARDS data versions occur in the

3 1tropical upper stratosphere for the declining ozone phase; Fig. S149 displays the tropical trend differences that we obtain for the
32same three periods as in Fig. 2194. In agreement with this are the trend differences provided by Ball et al. (2017), who showed
33results for the original (version 1.01) GOZCARDS data and for SWOOSH. GOZCARDS version 2.20 data are now in better
34agreement with the merged SWOOSH O; product (as both use SAGE 1II version 7 data); also, Steinbrecht et al. (2017) showed
35that these two merged records lead to similar (post-2000) trend results. As—mentioned—in—Seet—2—Tthe improvements in
36GOZCARDS version 2.20 ozone are a result of the incorporation of the SAGE II v7 retrievals (Damadeo et al., 2013), and the
37use of the MERRA temperatures (used in v7) for the conversion from density/altitude to the GOZCARDS mixing ratio/pressure
38grid. We note, however, that the lower stratospheric region exhibits interannual variability that is several times larger than that in
39the upper stratosphere, as seen in Fig. A3 for tropical 1998-2014 data versus SD-WACCM -anomaty—time—seties. Even fairly
40subtle differences in time series over a few years can lead to a sign change in the trends, although there is no statistical

118
2



1significance in the resulting trend differences (see Fig. A3 and Fig. 216, middle right panel at 68 hPa, for the data and
2SD-WACCM trend results).

3 To put in perspective what a statistically significant trend difference looks like, we show in Fig. S156 the O; anomaly-time

4series for 1998-2014 at 1 hPa for 30°N-60°N, where the SD-WACCM and GOZCARDS trend results lie outside their respective

520 erroraneertainties (based on Fig. 216 middletefipanel); hereinthis—ease, the-FR-WACCM results happen to be in better

6agreement with the data. One aspect that could impact model/data differences is that the models are not sampled, here, following

7the sparser (occultation) viewing, neither in latitude nor in time (time within each month and local time also, since model values

8arerepresent 24-hr averages). DMueh-denser spatial and temporal sampling is obtained during the MLS ebservation-period, with

9very regular sampling; while small systematic (sampling-related) differences may affect comparisons between average-models
10and MLS-abundanees, such differences should be very consistent from year to year, thus minimizing the impact on derived-trend
11differences. Also, some of the differences in the upper stratosphere might arise because the averaging of sunset and sunrise
12o0ccultation data is not as robust for 1998-2004 as for pre-1998, when SAGE II was operating more continuously in both sunset
13and sunrise modes (and O; varies more strongly with local time at 1 hPa than at lower altitudes). Also, HALOE had decreasing
14spatio-temporal coverage in the-later years;—but thus, these upper stratospheric trend differences cwould require morefurther
15detailed investigations. For the 30°S-60°S region (not shown here), we observe similar results ¢withinerror-barsy-as in Fig. 216
16for 30°N-60°N; this includes small negative trends in the lower stratosphere for all 3 time periods, although with no statistical
17significance (i.e., consistent with a zero or slightly positive trend). We also see the same sort of vertical shift in the SD-WACCM
18profile trends for 1985-1997, as compared to the observed trend profile, which reaches its most negative value at a slightly
19higher altitude—tower—presstre}, but the reason for this shift is unknown; theetetieatty—this could be tied to model/data
20differences in the C1O peak; and its evolution. Our ozone trend results are largely consistent with other previous work (references
2 1mentioned above), which (for records including MLS) typically used merged O3 from GOZCARDS or from SWOOSH (Davis et
22al., 2016). We find statistically significant trends (meaning that-assuming-Gatsstan-statisties; a zero trend is not included in the
2320 error bar range) mostly in the upper stratosphere, both pre-1997 and after 1998. While we observe some small O; decreases in
24the lower stratosphere post-1998, as obtained recently also by the novel analyses of Ball et al. (2018), our study finds little
2 Sstatistical significance there, and a fair level of sensitivity to the starting year or to the data sets used, with a swing to more
26positive (but marginally significant) results, if the starting year is 2005-and-onejust-usesMES-data. Past work (e.g., Harris et al.,
272015) has also shown sensitivity to the-sertes-starting and end points; also. different regression analysis methods can atse-lead to
2 8seme-non-negligible differences_(e.g.. rasshownfor-exampleby-Nair et al., £2013;)_and-Kuttippurath et al., €2015). We also
29note that past analyses of lower stratospheric tropical O; data have shown positive tendencies, based not just on satellite data as
30indicated here (with marginal significance)-fromMES-data—atone, but also based on eartier-SCIAMACHY data (Gebhardt et al.,
312014); in that workis—referenee, a positive trend was also scenebtained infrem averaged tropical ozonesonde data. This will

32continue to require further study, towards a longer-term result.

33  For H,O, there have been semewhat-conflicting past results on stratospheric trends, depending on whether one investigates
34sonde or satellite data (e.g., Oltmans et al., 2000; Scherer et al., 2008), and regarding mechanisms that could account for more
35than a few tenths of a %/yr increase in H,O, as CH, increases do not appear to be large enough for this. Beyond-the-potentiat
3 6impactof- CHytrends-ontpperstratospherie H.0-Cehanges in cold point temperatures or in the circulation need to be invoked in
37order to account for significant decadal-scale trends in H,O (e.g., Randel et al., 2000; Rohs et al., 2006; Tian and Chipperfield,
382006; Hegglin et al., 2014). Based on our analyses for 2005-2014-(MES-data—versus-models), we find in Fig. 227 that this recent
39decade shows a positive H,O trend both in the MLS data and in the-SD-WACCM-resutt, which tracks the-observations (versus
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llatitude as well as pressure) better than FR-WACCM does;—as—already—seen—in—terms—of quality—of fits—and —variability.
2FR-WACCM exhibits systematically smaller H,O trend values than both MLS and SD-WACCM at all pressures except near 100
3hPa, although the FR-WACCM and SD-WACCM trend error bars (26) overlap. This overlap for FR-WACCM and MLS is more
4marginal in the lower mesosphere, where the impact on H,O from CH, decomposition should be at its maximum, and cold point
Stemperature variability issues are smaller than near the tropical tropopause. An analysis of H,O HALOE profiles and
6ground-based microwave profiles over Hawaii (Nedoluha et al., 2009) showed that changes in upper stratospheric and
7mesospheric H,O are sensitive to the solar cycle (see also the mesospheric GOZCARDS HO time series in Froidevaux et
8al., 2015), but show only negligible overall trends between 1992 and 2008. We can also see this evidence for smaller trends in
Othe earlier portion of the H,O record in time series (not shown here) from the GOZCARDS data set, with the positive part of the
10trend (as shown in the Fig. 22 trend results) coming after 2007. The cause for CH, changes over the past few decades have been
11difficult to identify with confidence (see, Feldman et al., 2018; Turner et al., 2017). Simple algebra indicates that such CH,

12changes can lead to only part (about half) of the H,O increases reflected in the Fig. 22 trends. and there must be other reasons for

13these fairly large short-term trends. We believe that the significant decadal variability in H,O, which arises from cold point

14temperature variability, propagated upward as a “tape recorder’ signal, as well as QBO variability, account for a large part of the

15]arge positive H,O trends over 2005-2014. Indeed. Garcia et al. (2007) noted in their studies of WACCM trends that multiple

16decades are likely needed to enable detection of the underlying secular rise in stratospheric H,O. given the variability arising
17from ENSO. cold point temperature changes, the QBO and other factors. Also. a sudden drop in water vapor after 2000 can lead
18t0 a stronger post-2000 stratospheric H,O trend, if one is considering a rather short time period: in our view, this plays a role in
19the large H,O trends of Fig. 22. The fact that FR-WACCM trend results for the 2005-2014 period (see Fig. 22) are significantly
20smaller for the mid-stratosphere to lower mesosphere than the SD-WACCM and observed trends appears to mainly be a result of
21slightly different decadal variability in this run; we also see instances in longer time series (not shown) where FR-WACCM
22short-term changes appear to be larger than those from SD-WACCM. FinallyAdse, the FR-WACCM trends have smaller error
2 3bars, given the lower variability typieatty-found in this model_over the time period investigated here. With such lower variability,
24detection of a given trend would take less time than with the actual (observed) variability.; hewever—if-the—trend-istarger{as
26  We should also note that seme-drifts have been detected between coincident MLS and sonde H,O data, mostly since about
272010, with imphying-that MLS-derived trends beingare more positive than those from frost point profiles at-severatsites-(Hurst et
28al., 2016). This relative drift (of as much as 0.5-1.6%/yr for 2010-2015, depending on altitude and location) could therefore-play
29a role in the (small, in comparison) discrepancy between model (SD-WACCM) and MLS trends. Fhe-SD-WACCM results agree
30guite-well with MLS in Fig. 227, but they would become larger than MLS (adjusted) results if one were to subtract more than
310.1-0.2%/yr from these MLS trends. Possible causes foref-ebserved drifts between MLS and sonde H,O data are stit-being

32investigated, with only a small part of this discrepancy currently attributable to a known instrumentat degradation issue for MLS
33H,0, which probably alse-impacts other MLS data from the 190 GHz spectral region (notably N,O-inpartiewtar). We note from
34Fig. 227 that H,O trend-valaes from beth-models and MLS data-agree better at 100 hPa. Also, we see that tropical H,O in-the
3 Stropieatregion-at 80 to 100 hPa (near the stratospheric water vapor entry level) does not display much of a trend. SOtherreeent
36studies of entry-level H,O using large-seate-satellite data andtonger-termanalyses—(starting—inthe-mid-1986s>-have concluded
37that no significant long-term trend is discernible (Hegglin et al., 2014; Dessler et al., 2014). The former study led to slightly
3 8negative lower stratospheric H,O trends (although with no statistical significance).

39—7For the 1992-2014 period and using GOZCARDS H,O data (not shown here), we also find negative, although not statistically

40significant, trends in the lower stratosphere, with small (< 0.2%/yr) positive trends in the upper stratosphere and lower
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1mesosphere.; Tthere is close agreement (within ~0.1%/yr) between the-FR-WACCM and SD-WACCM trends (typteatly—within
263%#ye)-for that period. Fhis-GOZCARDS H,Oreeord, however, does not include SAGE II data back to the late 1980s, as was
3the case in the workferthe-analbysis by Hegglin et al. (2014), who also obtained positive longet-term (1980-2010) trends in the
4upper stratosphere from satellite-derived H,O anomaliesy—+eeerds, merged using a global CCM as a transfer function. As found
Sby others, especially when dealing with relatively-large decadal-type variability-iretudingthe-QBO3, the choice of start and end
6points, as well as the length of period studied, can significantly influence the-trend values, whetherit-be it for H,O or for-Os.

7Eong-term-Llower stratospheric H,O trend detection is rendered difficult by such variability, including significant short-term
8water-vapor-changes (Randel et al., 2006; Hurst et al., 2011; Fueglistaler, 2012; Urban et al., 2014), as noted here also ({for-the
retatively-shorttimesertesof Fig. S12)&).
10  For HCI, the-changes in stratospheric valuesabundanees have been non-linear, with a rapid rise prior to 1998, and a slower
1 1rate-of-decrease after 2004, as expected from the-time-shifted abundances of total surface chlorine-at-the-surfaee (Froidevaux et
12al., 2015). Focusing first on 2005-2014, we show the corresponding model and data HCI tren dé-resuits for the lower stratosphere

13in Fig. 238. The agreement between the-SD-WACCM and MLS trends is gite-good, especially for the-30°S-60°S-bir, although
14the error bars are fairly large. However, the (negative) HCI trend results from both models nearlypraetieathy always lie below the
150bserved trends, forthe-threetatitude bins-showninFie—28-The upper portion of this model/data bias follows what we observe
16alsos—welt in the upper stratosphere (not shown), where MLS-derived HCI trends are eleathy—too flat{shallow) compared to
17expectations (from model and surface-derived chlorine trends), whereas the—upper stratospheric regative)—trends from the
180riginal MLS HCI product were more negative (see Froidevaux et al., 2006; Livesey at al., 2018). As a reminder, the MLS team

19recommends that atien-is-for-data users not te-include upper stratospheric MLS HCl data (post-2006) in any trend studies. For the
20lower stratosphere, where the HCI line is broader, there is less concern about the inability to track the HCI trend . Aalso, the
2 Inear-zero drifts (e-drifts < 0.1%/yr) obtained between two separate MLS Osezene band retrievals (not shown-here), one from
22the same radiometer as HCI, and one from the main (very stable) standard MLS Osezene product (see Hubert et al., 2016),
2 3provide some confidence regarding the stability of lower stratospheric HCI trends. At low latitudes, MLS HCI shows a positive
24trend (largest and statistically significant at 68 hPa, per Fig. 238). The vertical gradient-straeture in these ebservedHEHtrends is
2 5duplicated to some extent by the-SD-WACCM results, although the model trends are always less than those derived-from MLS.
26Latitude/pressure trend variability, including positive tendencies, could be related to circulation changes, as implied by analyses
27of short-term increases in lower stratospheric HCI seen in both ground-based and GOZCARDS data (Mahieu et al., 2014). Given
28the rapid rise in chlorine prior to 1998 and the non-linear changes near the peak period, we show in Fig. 249 seme-ofthe-lower
29stratospheric time series (for3tatitudebinsand3—pressures-from GOZCARDS merged HCI (Froidevaux et al., 2015) and the
30WACCM-+uans for 1992-2014. There is fairly good agreement in the non-linear behavior observed in both data and model tewer
3 1stratospherte-series. The scatter in HCI data decreases after 2005, and the earlier time series suffer from more inhomogeneous
32sampling, which may at least in part explain the larger scatter and model/data differences (there is no attempt here to sample the
33models within each month like the data, and this would be difficult for a merged data set). There are also regions and periods of
34slow HCl increases i HEHn both data and models (Fig. 249), as well as hemispheric differences in the-short-term tendencies_(;
3 Sas—disenssed-before-by-Mahieu et al., 2014;) and-Froidevaux et al., €2015). The HCI time series are tracked faitly-well by
36SD-WACCM, which generally matches the data better than FR-WACCM; this is consistent with the understanding that
37dynamically-driven variations are better captured by the incorporation in SD-WACCM of realistic meteorological fields
38(MERRA). Stolarski et al. (2018) haverecentty-investigated the removal of dynamical variability from MLS lower stratospheric
39HCI time-series by using MLS N,O datameastrements as a fitting functionparameter in the regression—anakbysts; this led to
40retrieved-HCI trends that that-generalty-match expectations based on the—rates-of-changdeereases in surface total-chlorine. The
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1search for detailed explanations of such short-term increases and variability in lower stratospheric HCI (and other ehanges—in
2composition_changes) continues to be an interesting area of investigation.

3 In the upper stratosphere, it has been difficult to explain the details of the-observed HCI variations frombetsween 1998 toand
42002, including the dip between these years (Waugh et al., 2001). We show in Fig. S16+ the—near-global (60°S-60°N)
5GOZCARDS HCI time-series fromGOZEARDS-at 1 hPa. This showshelps—to—tnderseore—thatthere—is a systematic model
6underestimate of HCI in the uppermost stratosphere; the model/data difference is much smaller #-ene-meves—to-at pressures
7closer to 5 hPa. While the systematic data-uncertainties (of ~0.2 ppbv;-based-onFrotdevawx—etal;2615) in the data encompass
8the model values, the model total should aetuatty-be increased by the chlorine contribution from very short-lived halogenated
9substances (VSLSs) to the stratosphere; although this contribution is only of order betieved-to-betess-than-0.1 ppbv (Carpenter et

10al., 2014), recent evidence suggests that there could be a somewhat larger stratospheric chlorine contribution from VSLSs (Oram

11et al., 2017). Nevertheless, the historical maximum for total tropospheric chlorine-abundanee was about 3.65 ppbv (WMO,
122014), and this should be the maximum total chlorine expected in the uppermost stratosphere. Yppetr—stratospherie HE-shoutd

14 effeets-fand-age-of air-speetram;e-g5see-WMO;:2040)—While WACCM includes the proper abundance and evolution of chlorine
15source gases-at-the-strface, maximum WACCM HCI in the upper stratosphere (and lower mesosphere) is just under 3.4 ppbv. It

16is also interesting that the gap between the models (both versions) and the data worsens from 1992 to 2000, with the HCI peak
170ccurring later in the data (with a broader peak than in the models). After about 2002, the decrease in near-global HCI roughly
18follows the model decrease; additional years of HCI data from ACE-FTS should help refine this comparison. In terms of HCI

19trends. Hossaini et al. (2018) have recently shown that there are positive changes (by ~15%) in model upper stratospheric HCI

20trends since 2000, i.e. the HC] decreases are smaller. if one takes into account the likely impact of changes in stratospheric
2 1chlorine from VSLS.

22 For N,O and HNO;, lower stratospheric model trends are compared to the corresponding MLS data trends in Fig. 2530. We
2 3note that the MLS standard product right after launch was N20-640 (retrieved from the 640 GHz radiometer band-data), but it
24was discontinued after mid-2013, as-mentioned-earkier-as a result of a raptd-hardware degradation issue affecting that band (N,O
250nly). The current MLS standard-product, N20-190, is retrieved from the 190 GHz band. Figure S172 provides evidence of
26negative drifts in lower stratospheric N20-190, apparently accelerating in the last few years, since the SD-WACCM and actual
27N,0 values would be expected to continue to rise slowly after the end date on this plot, notably in the tropical lower stratosphere,
28where N0 should follow tropospheric trends. Indeed, tropospheric N>O has been increasing at a fairly steady rate of ~0.26%/yr
29(WMO, 2014), consistent with the urdertying-model N,O and MLS N20-640 lower stratospheric increases at low latitudes (see
30Fig. S172 and especially the tropical trends ebtained-in Fig. 2536 at 100 hPa). Fhe-FR-WACCM N,O trends show slightly poorer
3 lagreement than SD-WACCM versus N20-640, although this is not statistically significant. The-tropical lower stratospheric MLS
32N20-190 trend-resutts (not shown-here) are negative (albeit with error bars that encompass small positive trends), but show some
33differences versus expectations and the N20-640 results. As for HCI, interhemispheric differences in lower stratospheric N,O
34trends are interesting in terms of their implications for effects relating to transport (age of air) and changes in the circulation. At
35lower pressure values, the N,O trends do not mirror the tropospheric N,O trends (in %/yr), and other factors play a role (age-of
3 6airand-changes in circulation, QBO, ;as—weHl2asN,O photodlssomatlon) ?he—asyﬁfﬁefﬁe—&eﬁd—pa&efﬁ—be’fweeﬂ—heﬁnmes—
3 7eventtisnotatong-termtrend—may-wel-pet i g g ait—a

3 Bthereforein-the-eirettation—The asymmetry in age of air resubts-obtained by analyses of (2002-2012) MIPAS SF; data (Haenel et

39al., 2015) could also be related to asymmetries in-the N,O tendencies. They found relatively older air in the northern extra-tropics

40and younger air in the southern extra-tropics; —tFhis could also imply opposite trends for N,O betweeninthe southern and
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1northern lower stratosphere. However, Bonisch et al. (2011) have pointed out that different-tracers_(e.g., 7 ke-O; and N,O); can
2be impacted #-differently sways-by both vertical and quasi-horizontal transport effects, depending on their relative vertical and
3meridional gradients-inboth-vertical-and-meridtonal-domains. Moreover, their work indicates that detailed attribution of tracer
4variations to structural changes in the Brewer-Dobson circulation is a complex matter, and short-term and longer-term changes
Smay well have different characteristics. Our work here-mainly identifies seme-similarities between some of the trend patterns
6versus pressure and latitude from SD-WACCM, in particular, and the observed trends, for certain time periods. For the HNO;
7trends (Fig. 2536), we also see good agreement between models and data for 2005-2014; latitudinal tendencies and
8interhemispheric differences therein are similar for model and data. The spatial gradients of these species are different in the
9lower stratosphere (HCI and HNOj; increase with height, in contrast to N>O), and we see that the decreasing HCI trends for
102005-2014 at 30°S-60°S (Fig. 238), in particular, are qualitatively similar to those from HNO; in this region. For lower

1 1stratospheric HNOs, there is an underlying trend part caused by the slow increases in N,O, as we can observe in longer-term

12(1980 to present) model time series (not shown here). N,O and H,O (source gases for HNO3) are significantly affected by the
13QBO and there is a strong related variability in lower stratospheric HNO;. Furthermore—substantial-inereases—instratospherie

—at-high-latitades—Some observed
17short-term trend patterns in HC1, HNO3, and N,O are better captured by the-SD-WACCM, -modet-overall, than by FR-WACCM,

18as we show in Fig. S183+ for the 2005-2010 period, relevant to the results offrert Mahieu et al. (2014), who emphasized

19short-term HCI increases during this time. We note the correlation in these short-term trend results for HNO; and HCI, but an
20Qanti-correlation for N,O versus HCI (and HNO;).
21 inallytore-emphasize how-difficultiteanbeto-deteetsma

346  Summary and discussion

35 CFhe-elimatological averages from FR-WACCM and SD-WACCM for O;, H,O, HCI, N,O, and HNO; generally compare

36favorably (within the-2c estimated systematic errors) with the-Aura MLS data averages for 2005-2014. Model ozone values are
37usually within £5-10% of the average—dataebservations, except in the UTLS. In the lowest pertion—of—the—stratosphere,
38SD-WACCM generally exceeds the observed ozone means by abett-30-50%, with FR-WACCM showing a smaller overestimate;
39both models also tend—te—overestimate (by ~60%) the amplitude of the annual cycle in this region. Such differences require
40further investigations, but would appear to implicate (in part) a transport-related issue in the models. There is also a model low
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1bias (by ~10-30%) from 215 to 261 hPa at low latitudes, which could largely be caused by a known MLS high ozone bias in this
2region. For H,O, there is a model low bias (by 5-15%) versus MLS data in the upper stratosphere and most of the mesosphere,
3although some of this arises from a small high bias in MLS H,O versus other satellite data-sets (see-Hegglin et al., 2013). Also,
4the models significantly underestimate the-average HNO; valuabundanees in the upper stratosphere, notably at high latitudes;
Sthis targely-appearsto-stems from missing model ion chemistry, as it relates to particle precipitation effects in the mesosphere,
6followed by downward wintertime polar transport of enhanced NOx, and subsequent seaserat-increases in HNOs. There is also
7some model overestimation by SD-WACCM of MLS HNO; (by about 40%) at high latitudes for pressures larger than 100 hPa,
8although there is a need for further validation of the-HNO; data in this region. In the lower stratosphere at high southern
Olatitudes, the-variations in polar winter/spring composition observed by MLS are generally well matched by SD-WACCM, the
10main exception being for the early winter rate of decrease in HCI, which is too slow in the model. GrooB et al. (2018) have
11provided somefurther discussion of this discrepancy, which should have little impact on winter/spring polar ozone depletion;
12indeed, we find good erbetter-agreement between the-seasonal high latitude observations and SD-WACCM for Osezene and
13other species.
14  Regarding the fitted variability tied to the AO and SAO, there are a few discrepancies between model-derived amplitude
15patterns and the corresponding MLS climatology features, but FR-WACCM and SD-WACCM appear to properly capture the
16primary processes governing these modes of variability. SD-WACCM generally matches the data sets slightly better than
17FR-WACCM does. The O; AO stratospheric amplitudes are within ~25% of the MLS AO amplitudes. For H,O, both WACCM
18versions exhibit AO and SAO patterns that are generally consistent with the observations, and with recently published
19satellite-derived results (Lossow et al., 2017a); we also note the WACCM underestimation of H,O AO and SAO amplitudes in
20the lower stratosphere, although this is the region with the smallest amplitudes (< 0.1 ppmv).
21  We have provided diagnostics for the fits between the-WACCM runs and the-MLS deseasonalized anomaly time-series. These
22consist of the correlation coefficient (R? diagnostic) as well as a diagnostic of RMS differences (model versus data), divided by
2 3the RMS variability in the data; a combined diagnostic (the ratio of the above two diagnostics) is also used to help differentiate
24between the two model runs, which are often not too far apart. Not too surprisingly, SD-WACCM, which is driven by realistic
25dynamics versus time, generally matches the observed zonal monthly mean anomalies significantly better than does
26FR-WACCM. This holds for all five species that we considered, with larger values of R? and smaller values of the RMS

2 7difference diagnostic. In the tropical lower stratosphere, where there is seme-nudging to equatorial winds for FR-WACCM (and

28even more so for SD-WACCM, see Sect. 2), the FR-WACCM fits to the data are generally improved. However, some details of
29the observed interptay—between—SAOAO—and-OBO—variations in tropical upper stratospheric ozone are better matched by
30SD-WACCM watiations—than by FR-WACCM. Also, FR-WACCM shows poorer agreement with observed seasonal polar
3 1winter/spring lower stratospheric variations than does SD-WACCM. Finally, in the mesosphere, the water vapor anomalies are
32better matched by SD-WACCM than by FR-WACCM.

33  Variability comparisons represent a more fair and useful metric in terms of the characterization of model quality, in particular
34for a free-running model. Thuse—this—end, we have-compared the RMS interannual variability from the anomalies in both
35WACCM models and observations, using data from +we-have-tused-both-MLS data-(2005-2014) and data-from longer-term series
36based-on-GOZCARDS data—reeords—for-O;, H,O, and HCl_series. One of the main features from-these-eomparisons-is that the
37H,0 variability from the-lower stratosphere to the-upper mesosphere is underestimated by both model-tuns—tsed—here; this

38underestimate can reach a factor of two, although more typically, it is of order 30%. This implies that a larger number of years
39would be needed to detect an actual trend in H,O than if one uses a model-based prediction (from FR-WACCM); this number of

40years would be increased by a factor of 1.2 to 1.6, if one uses the two variability factors mentioned above. Apart from the
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1WACCM underestimate of observed H,O variability, the observed lower stratospheric variations, including significant drops in
2the-H,O-abundanee, are better tracked by SD-WACCM than by FR-WACCM._This also seems to have implications for the
3model/data trend comparisons. OFhe-ozone variability is better represented by the-WACCM-medels, with model/data variability
4ratios typically within a factor of 0.8 to 1.2. Observed HCI variability is underestimated somewhat by FR-WACCM for the
51992-2003-period, but not for thetater€2005-2014)petriod; the sparser HALOE sampling, compared to MLS, could explain

6some of the underestimate for the early period, especially in the-polar regions. For N,O, there is also a model underestimate

7(from both FR-WACCM and SD-WACCM) of MLS-derived the-lower stratospheric low latitude variability-ebserved-byMES,

8although this variability is a small percentage of the mean values.

9  Regarding trends, the model comparisons versus the longer-term ozone data record from GOZCARDS (version 2.20-being
10used-here) show generally good qualitative agreement in the time series in different latitude bins for both upper and lower
1 1stratospheric change. It is clear from such time-series that the larger percent variability in the lower stratosphere will continue to
12render trend detection in this region more difficult than in the upper stratosphere. Based on the Aura MLS O; data record itself,

13which has been deemed very stable (Hubert et al., 2016), we observe robust evidence, considering the 2c error bars of ~0.2%/yr

14 ¢estimated-using-a-bloek-bootstrap-method), that there is a positive upper stratospheric Osozene trend for 2005-2014, at a rate of
15~0.2-0.4%/yr. This is true for all three-broad-mid-latitude-and-tropieal-latitude regions considered here (30°N-60°N, 30°S-60°S,
16and 20°S-20°N), although the evidence is more marginal forinthe SH mid-latitudes. The WACCM trends estimated using the
17same regression model as used for the MLS data (anomaly) series show generally good agreement with the data trends, although
18the error bars are fairly large-(for-both-dataand-moedels). Furthermore, the observed trend trefative}-dependence on latitude and
19pressure is swweH-matched quite well by the-SD-WACCM trend results. We have not considered the high latitudes in detail herein
20this—work, in part because of the significant dynamical variability in that region. fa—this—+egard—Stone et al. (2018) recently
2 lanalyzed model results at high latitudes in the upper stratosphere, and showed that the large variability in that region, including
22the effects of solar proton events, is likely to mask detection of recovery (for now), although autumn and winter should exhibit
2 3the strongest recovery signals. In the lower stratosphere, where larger variability exists, the trends we deduce from the data-sets
24and models agree within fairly large error bars, butaltheugh there is generally no statistical significance. While there is a
2 5tendency for the GOZCARDS merged Os record to show small decreasing trends for the-1998-2014, the-trend results reverse to
26near-zero or slightly positive tendencies (albeit with no robust statistical significance) if one considers the-MLS data alone (for
272005-2014). SD-WACCM trend—tesults seem to track these positive tendencies, although with not muchrebust statistical
2 8significancesbased-on-ouranatyses. The recent work by Ball et al. (2018) indicates a net O; decrease in the lower stratosphere
29from about 1998 to the recent few years; this does not contradict the possibility of a turn-around towards a more positive
30trendrate-of-change in this region during the mostre recent decadet6-+2-years. The positive tendency noted here may get more
3 Lrobust through with-the-analyses of more years of high quality global ozone profiles, and possibly more aligned with longer-term

32model cxpectations. luture-detailed-analyses—oftheseissues—with-differentregression-models—and-other-methods—are—certainhy
3 3indicated:

34  For H>0, the most statistically significant trend result is an upper stratospheric increase for the post-2005 time period, peaking
35at slightly more than 0.5%/yr in the lower mesosphere, with MLS and SD-WACCM results agreeing fairly well, and
36FR-WACCM showing significantly smaller increases. The larger discrepancies for FR-WACCM are likely to arise from its
37poorer correlations (than SD-WACCM) with cold point temperatures, as well as with QBO variations.: As shown before by
38others, there are multiple factors that can influence low-frequency variability in H,O; indeed, these recent short-term trends go

39beyond what on would expect from changes associated with a slow. secular increase in methane. even if some of the recent

40methane changes have been non-linear (Schaefer et al., 2016; Nisbet et al., 2016)._Also, tFhe fact that the last decade has seen
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1more of an upper stratospheric and mesospheric H,O increase than the previous decade appears to correlate with the very shallow
2maximum that occurred in the last cycle (number 24) of the solar flux, which seems tied to the shallower dip, and broader overall
3maximum, in upper mesospheric H,O (see the H,O and solar flux time series in Fig. 16 of Froidevaux et al., 2015). Howevet-the
Aronti . . . . .

6caveat regarding MLS-derived H,O trends, given the existence of ren-neghegible-drifts between sonde and MLS H,O data (Hurst

7et al., 2016), at least since about 2010. Such drifts can only be partlyiatty explained by currently known instrumental degradation

8issues affecting the MLS retrievals of H,O, with some impact on other data from the 190 GHz radiometer (N,O, in particular).

9Thus, the-MLS-derived H,O trend-resuits obtained here are likely to be upper limits; this couldan—prebably explain why the
10model H,O trends (at least from SD-WACCM) currently lie on the low side of the observed trends. An upcoming update to the
11MLS retrievals shouldwil lead to a reduction (but not an elimination) of the aforementioned drifts between MLS and sonde H,O
12data. There is a continued need for cross-comparison of the various (diminishing number of) satellite H,O data sets, as well as
13H,0 profiles from satellites and sondes, hopefully leading to a better understanding and mitigation of instrumental issues and
14drifts between different-water vapor observations.

15  Our HCI trend analyses reveal broad agreement between the lower stratospheric MLS data (2005-2014) and the models, but

16with some systematic differences. 2

18global lower stratospheric HCI deereases are generathy-indicated for 2005-2014, there are some hemispheric differences, and a

19significant increase is suggested in the tropical data at 68 hPa, where +hewever-there is only a slight positive trend there-from

20the-SD-WACCM resttt—(with no statistical significance). However, there have been past indications of short-term increases in
2 1lower stratospheric HCI (Mahieu et al., 2014). While_-the lower stratospheric vertical gradients of MLS HCI trends-—restits from
22MESHEare duplicated to some extent by SD-WACCM, the model trends are always more negativeen-thetovw-side. There is no
2 3etearpreference for SD-WACCM or FR-WACCM trend-results, based on thein comparisons to the-observed lower stratospheric
24HCI trends.Fhere-have-also-beenpastindications-of short-termtnereasesintowerstratospherie Mehietet-al52014); the
25st:

2 6scope—of—this—work)—We secThere—s a need for more comparisons of the various HCl measurements, satellite-based and

27ground-based, as well as models, in order to better understand circulation influences on stratospheric composition, as well as

28potential measurement-related issues (e.g., from potential sampling differences or measurementpetentiat drifts). Part of the

29model/data systematic difference in HCI trends could be explained by the omission (in WACCM) of the impact of VSLS on

30stratospheric chlorine, as indicated by the work of Hossaini et al. (2018).
31 For N,O, the asymmetry in MLS-derived trends (for 2005-2012) between hemispheres, with negative trends (of up to about

32-1%l/yr) atin—the NH mid-latitudes and positive trends (of up to 3%/yr) atin—the SH mid-latitudes, is in agreement with the
33asymmetry that exists in SD-WACCM results. SFhe-small observed positive trends of ~0.2%/yr in the 100 to 30 hPa tropical
34region are atse—consistent with model results (SD-WACCM in particular), which in turn are very close to the known rate of
35increase in tropospheric N,O (at a—rate-of-about +0.26%/yr, see WMO, 2014). In the case of HNOs, the MLS-derived lower
36stratospheric trend differences (for 2005-2014) between hemispheres are opposite in sign to those from N,O (whose spatial
37gradients are largely of a sign opposite to those from HNO3) and in reasonable agreement with both WACCM results, despite
38large error bars compared to the size of the trends. More detailed analyses would be needed to try to relate such trend

39asymmetries to changes in age of air, or circulation, but the QBO is a large contributor to short-term trend results in the middle

40stratosphere. for these species and more generally. -
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1 Overall, the models and observations show good agreement in the trends, with somewhat better results for SD-WACCM,
2which displays good correlations in the trend behavior versus latitude and pressure. However, the error bars are non-negligible,
3and the choice of start and end dates can have a significant impact on trends or tendencies. Given the existence of significant
4short-term and decadal-type variations for several lower stratospheric species, one should be cautious not to assign, or
Sextrapolate, a tendency based on even a decade of data, to an underlying longer-term trend.
6 The diagnostics provided in this WACCM model evaluation can help distinguish even fairly subtle differences between
7models and observations, as well as between models. The improved fits to observations from a specified dynamics model versus
8a free-running model are to be expected, but also need to be documented. We are also reminded that observations have their own
9systematic issues, and close collaboration between modeling groups and instrument teams can help untangle issues that might be
10more—drivenby—oratteast-influenced by; species-dependent instrumental effects. WEspeetatly—when comparing longer-term
11model time series to observations, even small systematic effects such as measurement drifts, or data merging issues, can become
12important for trend diagnostics. Finally, independent CCMs are not created in the same exaet-way, and nudging approaches for
1 3free-runningand-speeified-dynamies-models—can vary; also, some models have an internally-generated QBO, but most do not.
14While this study focused on (CESM1) WACCM-runs, further studies of the differences between high quality observations and
15various international-models of atmospheric composition would be useful, to put this work in perspective. This could also be

16expanded to include seme-species not considered in this work, and/or with more of a focus on the upper troposphere.
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Appendix A

Al Examples of model grades

A grading method that has been applied in some previous comparisons (e.g., see Douglass et al., 1999; Waugh and Eyring,
2008) between atmospheric model values (M,) and observed values (Oy) utilizes Eq. (A1) below to arrive at grades between 0
and 1 (and if a grade is < 0, it can be set to 0):
grade = 1 — Z’l"l—;jn)%n—l (A1)
with index n (in a given time series) varying between 1 and N (the total number of monthly values being compared for a given
latitude/pressure bin), and o representing the error in the observations. While the error factor E; should probably be set to 2 or
3, this gives grades that are too small (close to zero or negative) if one applies such a formula to the MLS O3 or H,O time series,
specifically to data sets with pretty well defined total measurement errors (provided as 2o error estimates, per Sect. 4, meaning
an error factor of 2). The grades shown here in Figs. A1l and A2 correspond to error factors (Ef) of 2 and 4, respectively. Figure
A2 leads to O3 and H,O grades that are more useful than Fig. Al; it also shows similarities with the diagnostic based on the RMS

of the differences between model and data, as shown in Sect. 4 (see the description of this diagnostic in Appendix A2).

WACCM versus Aura MLS O3 (2005-2014)
Error factor =2

FR-WACCM SD-WACCM
1.0
o
=
= 10.0-
2
Z
5
=
100.0
0.1 02 03 04 05 06 07 08 09
Grade
WACCM versus Aura MLS H20 (2005-2014)
Error factor =2
FR-WACCM SD-WACCM
0.01
0.1~
n.-":!
=
2 1.0
7
g
= 100:
100.0

01 02 03 04 05 06 07 08 09
Grade

Figure Al. Examples of grades for model evaluations of Os (top two panels) and H20 (bottom two panels), using a grading methodology that
has been used in the past (see Eq. Al), applied to both FR-WACCM (left panels) and SD-WACCM (right panels) time series versus Aura MLS
time series from 2005 through 2014. These grades are for an error factor of 2 (in Eq. Al).
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Figure A2. As in Fig. Al, for model evaluation grades of Os and H20 (WACCM versus Aura MLS data), but for a value of 4 (rather than 2)
for the error factor (see Eq. Al).

A2 RMS difference diagnostic

Oi(t), the difference values between the two anomaly series are simply given by

Given a model time series M;(t) and an observational time series (both series here representing deseasonalized anomalies)

M) = My(®) = 0,()

and the root mean square (RMS) of these anomaly differences (RMSdif) is expressed as

RMSdif = /% Y A

The RMS value (variability) of the observational series (of anomalies) in this case is

’1

One of the diagnostics that we use in Sect. 4 to compare how well different models match up with the observed time series is

given by

RMSdif

DRumsdif = “rms,

(A2)

(A3)

(A4)

(A5)
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A3 Regression model
Functional form: The MLR model and fitting methodology used here is similar to the methods used by many others in the
past, with a linear model description that uses annual, semi-annual, QBO, and ENSO terms. Thus, the model function to be fitted

for coefficients a, b, cn, dy, f1, f2, and f; has the familiar form:

y@®) = a+b(t—ty + X, (cysin2nt/Py + d, cos2mt/Py)
+f1 QBO1(t)+f2 QBOZ(t)+f3ENSO(t) (A6)

with the (monthly series) time variable expressed by t, and tn chosen as the series mid-point; the linear trend term is coefficient b
above. The sine and cosine functions provide for periodic variations with periods P,. For our work, we use the two primary
shorter-term periodic oscillations, annual (12-month period) and semi-annual (6-months), in Equation (A6). The QBO is also a
major source of variability in stratospheric composition time series. As a QBO proxy, we include the variability in monthly mean
tropical wind series; we use the linear combination of (roughly orthogonal) equatorial wind series at 50 hPa and 30 hPa as the
QBO; and QBO, functions above, to account for phase shifts in the series at different locations. Monthly mean zonal equatorial

wind data are made available by the Freie Universitat Berlin (see http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/gbo/ for

data access information and references). We have also tested fits with the zonal mean wind vertical shear (gradient) rather than
the wind itself as a proxy, but this did not make significant changes in the trends (or improvements in the residuals). The ENSO
proxy follows the monthly mean multivariate ENSO Index (MEI), which combines data from six main geophysical variables

over the tropical Pacific (see Wolter and Timlin, 1993, 1998; https://www.esrl.noaa.gov/psd/enso/mei/index.html). Also, since

the solar cycle 11-yr term can be highly correlated with the linear term, especially for shorter-term records like the time series
from MLS data alone, we have not added a proxy solar term in this study. For further discussions of alternate fitting methods
(e.g., methods using effective equivalent chlorine time series as a proxy), the reader is referred to the abundant literature on trend
assessments (see WMO, 2014 and references therein). Our main goal here is to retrieve trends and trend errors from the data and
the models in the same way. An example of deseasonalized ozone time series in the tropics at two pressure levels is provided in
Fig. A3, which shows MLS data and SD-WACCM time series, along with the fits and the linear trends.

Trend errors: For the evaluation of error bars in the linear trends, we have used the method of bootstrap resampling (Efron
and Tibshirani, 1986). As others have done for ozone trend analyses (Randel and Thompson, 2011, Bourassa et al., 2014), we
have applied this using block bootstrapping (using yearly blocks of data), thereby preserving some of the dependency in the time
series. Basically, one samples and (randomly) replaces blocks of yearly data for a large number of resampling cases (on the
residuals), and then calculates the standard deviation of the large number of trend results (linear fits) to arrive at the trend
uncertainties; note that we use 2c values as error bars in our comparisons (which is very close to 95% bounds). We have used
20,000 samples in our bootstrap analyses; changing this number (e.g., by several thousand) does not alter the results
significantly, as long as one chooses a large enough total number of cases. An alternative method is to attempt to correct trend
uncertainties for the autocorrelation of the residuals after the regression fit (Tiao et al., 1990; Weatherhead et al., 1998; Santer et
al., 2000). The existence of non-random residuals effectively implies that the number of independent data points is less than the
number making up the original time series. The end result is that trend uncertainties are larger than if one neglects these effects.
We find that trend errors from this bootstrap method for our time series examples are often larger than more simplistic/standard
calculations by factors ranging from about 1.2 to 2 or more. We have checked our trend error calculations with the OSIRIS team,

based on a sample time series, as they have used the same block bootstrap approach (Bourassa et al., 2014).
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Figure A3. Deseasonalized monthly mean anomaly time series for O3 (%) at 2.2 hPa (top panel) and 68 hPa (bottom panel), for
1998 through 2014, for averages over 20°S-20°N. Note that the y-axis range for 68 hPa (bottom) is 3 times larger than for 2.2
hPa (top). The data set (black) is from the GOZCARDS ozone record, with the SD-WACCM (simulated) series (red) also shown.
Fits to the observational series are in purple, and fits to the model series are in orange; the fitted time series functions (curves)
and the fitted linear components (straight lines) are shown.
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Figure 1. The left panels show percent differences ((model-data) divided by data) for binned climatological average Oz from
2005 through 2014 (see Fig. S1 for these averages), for (top panel) the free-running model (average of 3 realizations) FR-
WACCM, (middle panel) the specified dynamics model version SD-WACCM, and (bottom panel) SD-WACCM minus FR-
WACCM, also as a percent difference. The two top right panels give ratios of the absolute value of average model (FR-WACCM
in top panel, SD-WACCM in middle panel) minus average MLS Os to the MLS systematic O errors, based on the climatological
fields and estimated MLS errors (2c estimates, see text and Fig. S2). The bottom right panel gives the ratios of average absolute
differences between SD-WACCM and MLS to those differences for FR-WACCM and MLS; e.g., this shows that upper
stratospheric tropical SD-WACCM mean Og is larger than O3 from FR-WACCM, which is why SD-WACCM matches MLS
better there (see top 2 right panels).
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Figure 3. Same as Fig.1, but for stratospheric and mesospheric water vapor.
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Figure 6. Same as Fig. 1, but for stratospheric HNO:s.
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Figure 7. Each of the panels shows average seasonal changes from 2005-2014 for the 70°S-80°S region at 46 hPa. Data values
(black) are from Aura MLS and model comparisons (FR-WACCM in blue, SD-WACCM in red) are provided for HCI (top left),
HNOs (top center), H2O (top right), O3 (bottom left), temperature (bottom center), and N.O (bottom right). For each month, the
error bars represent twice the standard errors in the means, based on the set of 10 monthly averages (from 2005 through 2014).
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Figure 8. Amplitude of the stratospheric ozone annual cycle (left panels) and semi-annual cycle (right panels) for Aura MLS

(top), FR-WACCM (middle), and SD-WACCM (bottom), based on fits to time series from 2005 through 2014.
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Figure 9. Same as Fig. 8, but for H,0 annual and semi-annual cycles in the stratosphere and mesosphere.
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Figure 10. Latitude/pressure contours of diagnostics that show how well the deseasonalized anomalies of model ozone
time series (FR-WACCM at left, SD-WACCM, at right) compare to MLS O3z anomaly series for 2005-2014. Top panels show
the RMS difference diagnostic (see text) and middle panels show R2values; small RMS difference values represent a
closer fit, while large RZvalues represent highly correlated results. The bottom panels provide a combined diagnostic,

namely the ratio of R2to the RMS difference diagnostic from the top panels; larger values here represent a better result
for comparisons to the observed time series.
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Figure 11. Time series of monthly zonal mean O3 mixing ratios at 2.2 hPa (top panels) and deseasonalized anomalies
(bottom panels), with the 0-10°N and 40°N-50°N latitude bins on the left and right, respectively. The two model time
series (FR-WACCM in blue and SD-WACCM in red) are compared to the MLS series (in black) for 2005-2014. Diagnostic
values (see text for a description) are shown in parentheses in the bottom two panels, with the 1st number referring to
FR-WACCM and the 2" number to SD-WACCM.
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Figure 17. Same as Fig. 14, but for ratios (model/data) of HCI stratospheric variability.
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Figure 18. Sample time series of deseasonalized ozone anomalies (%) from 1979 through 2014 from the GOZCARDS data
record (version 2.20) compared to the corresponding model anomalies from FR-WACCM (blue) and SD-WACCM (red). Upper
stratospheric series at 3.2 hPa are shown in left panels and lower stratospheric series at 68 hPa are on the right; three latitude bins
are displayed (30°N-60°N, top; 20°S-20°N, middle, and 30°S-60°S, bottom).
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Figure 19. Ozone stratospheric trends for 2005 through 2014 obtained from monthly zonal mean data (version 4.2 Aura MLS)
and models (FR-WACCM and SD-WACCM), after multiple linear regression analyses of deseasonalized anomaly time series, as
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Figure 20. Ozone trends in different latitude bins for SD-WACCM (red) versus MLS data (black) for 2005-2014. Closed and
open circles are for northern and southern latitude bins, respectively. For clarity, error bars are omitted here, as these generally
show that model/data trend differences are not significant for this time period.
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Figure 21. Same as Fig. 19 for ozone trend comparisons, except for the use of two latitude bands (30°N-60°N on left side and
20°S-20°N on right side) and three different time periods (from top to bottom panels, see legend); the data record here is from

GOZCARDS merged ozone version 2.20 (see text).

34

Pressure / hPa Pressure / hPa

Pressure / hPa

O3 Trends for 20S-20N

1F 19851997

i GOZCARDS 2.2 -

i - FR-WACCM |
100 —  SD-WACCM -

100 - —— —

1.0 05 0.0 05 1.0
i 3 1998-2014|
10; =
1001 == ‘ E
1.0 05 0.0 05 1.0
1:— H%m-zom
I
iti*: ]

g _——= T S— — ]
100 E — 2
1.0 05 0.0 05 1.0

Trend / %l/yr



O 0O NOUH W

10

12
13
14
15
16
17
18

Pressure / hPa Pressure / hPa

Pressure / hPa

Figure 22. Trends in three latitude bins for stratospheric and mesospheric H,O from an analysis of the 2005-2014 MLS data and

H20 Trends for 2005-20

14

30N-60N -

001 =
0.10 2 Aura MLS b N
- FR-WACCM St

1.00 £ SD-WACCM

10.00
100.00 £

Jave

0.011

0.10 -
1.00 -

10.00 -

100.00 £

-15 -10 -05

0.0
Trend / %lyr

the two WACCM models over the same time period.
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Figure 23. Same as Fig. 19, but for HCI data and model trends in the lower stratosphere.
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Figure 24. Time series (1992-2014) of lower stratospheric HCI (ppbv) for the GOZCARDS HCI merged data record (black), as
well as models (FR-WACCM in blue and SD-WACCM in red). Each panel is for a different pressure level and latitude bin, as
labeled (15 hPa, top; 32 hPa, middle; 68 hPa, bottom); the three latitude bins used in this work are 30°S-60°S (left panels), 20°S-
20°N (middle panels), and 30°N-60°N (right panels).
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Figure 25. Same as Fig. 23, but for N,O (left 3 panels) and HNOj3 (right 3 panels) data and model trends in the lower
stratosphere. The N2O data results are from the N20-640 MLS product (retrieved from the 640 GHz radiometer band data),
which was discontinued in 2013 because of an instrument issue affecting this band (see text), and these data and model trends
apply to the 2005-2012 period. The HNOs trend results (data and models) are for 2005-2014.
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