Response to the reviewer comments on the manuscript
C-IFS-CB05-BASCOE: Stratospheric Chemistryinthe Integrated Forecasting System of ECMWF
By V.Huijnenetal.

First, we would like to thank the reviewers for theircritical, but useful comments. In view of their
valuable suggestionsin ourrevised manuscript we have:

1 includedanadditional model configuration containing full (troposphericand stratospheric)
chemistry withinthe whole atmosphere

2 revised ourPSC-parameterization
extended our model evaluation with one additional year

4 revised some of ourevaluations

The reviewer’'scomments are giveninitalic,and ourresponsesin regular font. Textual modifications to
the manuscriptare highlighted in bold. Figure numbers referto the revised manuscript.

Response to anonymous Referee #2

The purpose of the paperis to describe and benchmark a new version of the IFS model. This version has
separate chemistry modules (mechanisms)forthe troposphere and stratosphere, where the decision of
which moduleto call is determined by the altitude of the grid box with respect to the tropopause. The
stratospheric chemicalmechanism comes from an assimilation system (BASCOE). The previous version of
the IFS had

troposphericchemistry plus linearized stratospheric O3. The paper concludes that a new simulation that
uses both chemical mechanisms (called CIFS-TS) has good stratospheric 03, NO2 and other reactive trace
gases compared to satellite data sets.

A goalofthe paperis to demonstrate that their method of using the tropospheric mechanism/solver for
troposphericgrid boxes and the stratospheric solver for stratospheric grid boxes is a computationally
efficient way to calculate the full chemistry of the atmosphere. The biggest problem with this paper is
thatthey did not actually test this. To demonstrate their method, they need to have run a simulation
wheretroposphericand

stratosphericreactions were solved TOGETHER and NOT split into 2 mechanisms.

Thoseresults could then be compared with their ‘split’ method. Ideally, this would show that their
method was faster (how much faster?) yet produced essentially the same results. | recommend they do
this and then rewrite this manuscript. This experiment would not only satisfy the stated goal of the paper
butit would also eliminate the confusion in the comparisons (see below) regarding transport/advection
differences between BASCOE-CTM and the CIFS-TS.

We thank the reviewerfor his/hervaluable comments on our manuscript. Indeed a system with
troposphericand stratosphericchemistry resolved throughout the atmosphere (in the remainder
referredto as ‘C-IFS-Atmos’), as opposed tothe reported more efficient approachin C-IFS-TS, had been
already developed and briefly mentioned in the manuscript butits evaluation was missing. The main
reason for not presenting this was that the stratospheric chemistry was treated very similarand hence
small differences in model results between C-IFS-Atmos and C-IFS-TS could be expectedin the



stratosphere. Discrepancies to the observations mainly raise from common stratospheric chemistry
model assumptions (e.g. PSCtreatment, photolysis) and differencesin transport treatment between C-
IFSand BASCOE-CTM. Larger differences can be only be expected when approaching the tropopause.
We would like to point out that the original manuscript does mention that C-IFS-Atmos is 50% more
expensive than C-IFS-TS (atthe end of Sec. 2.3), essentially due to the larger chemical mechanism
throughout the atmosphere that needsto be solved.

In response tothe reviewer we acknowledgethat an explicit evaluation of the differences between C-
IFS-TS and C-IFS-Atmos does clarify our goal, whichindeed also aims at presenting our methodology
with separate tropospherican stratosphericchemistry in C-IFS-TS. We therefore now include explicitly
C-IFS-Atmosin our model evaluation and show that the differences with the more efficientapproachin
C-IFS-TS are as small as expected.

This expansion of the model evaluation alsoincreases the usefulness of the comparison with BASCOE-
CTM sinceitis now possible to compare two models with the same stratosphericchemistry but different
transport schemes (BASCOE-CTMversus C-IFS-TS) and two models with the same transport but (slightly)
different chemical schemesinthe stratosphere (C-IFS-TS versus C-IFS-Atmos). A recent study by de
Grandpré et al. (2016) is now cited to illustrate the type of issues raised in the stratosphere by the semi-
lagrangian advection scheme.

I don’t agree with the statement in the abstractthatthe new model configuration shows good
performances of stratospheric 03, NO2, and other tracers. The figures chosen to demonstrate good
representation of various stratospheric constituents in the CIFS-TS model generally show fair to poor
agreement with observations. Stratospheric O3, forexample, often looks worse (or at least no better)
thatit did in the CBO5 (trop only) or BASCOE (strat only) versions. This new model does notappearto be
animprovementover previous modelversions.

The comparisons between CIFS-TS and BASCOE-CTM are confusing. When stratospheric species such as
NO2, HNO3, and O3 are compared, the results are different. | thought the primary goal of the paper was
to compare the chemical mechanisms, butsince the results are rather different, there must be transport
(or meteorologicalfield) differences too. Thisis alluded to on page 7, lines 26-28. The
transport/advection needs to be the same in the two simulations in orderto compare the chemical
mechanisms.

It should be made clearer in the text what the differences are between CIFS-TS and BASCOE-CTM.

My overall recommendation is to test a combined (strat+trop) solver and compare the results to trop
only, stratonly, and the ‘split’ method presented here. The results will provide a good benchmark and
will be easier to interpretif all experiments are performed with the same transport code and
meteorologicalfields.

The reviewerappears confused by the selection of model setups chosenin our manuscript. In essence,
the C-IFSis a Global Circulation Model (GCM) designed for meteorological analyses and forecasts where
a module for chemistry has beenincluded to extend its abilities in terms of atmospheric composition.
On the other hand, the BASCOE system is a dedicated data-assimilation system for stratospheric
composition, based on a Chemistry Transport Model (CTM) environment, i.e. acompletely independent
systemto C-IFS.

The impact of various chemical mechanisms was evaluated though comparison of C-IFS-T (with linear
ozone treatmentin the stratosphere) and C-IFS-TS (which uses the identical chemical parameterization
inthe stratosphere as BASCOE-CTM).



The BASCOE-CTM isdriven by meteorological fields from the C-IFS run, but still uses adifferent
numerical scheme forthe advection, andis runningon adifferent grid as compared to the C-IFSruns.
Note that in this setup of the BASCOE system the chemical data-assimilation is switched off, hence
purely reflectingthe forward model capabilities. Hence comparison between BASCOE-CTMand C-IFS-TS
isa clean method to evaluate differences due to the representation of transport with identical
meteorological fields, and not suited forthe evaluation of differences in the chemical treatment since
there are no such differences.

The additional model run, C-IFS-Atmos, where tropospheric chemistry is extended throughout the
stratosphere, andvice versa, is now included to assess the impact of assumptions of the reduced
chemistryin C-IFS-TS.

In response to the reviewer’s concerns we now extend the table describingthe model versions (seealso
the commentbelow), and extend the description between differences of the various setups. Notably in
the introduction we now write:

“The CBO5 tropospheric scheme has been combined with the stratospheric scheme from BASCOE-CTM
to form a single chemistry mechanism that encompasses tropospheric and stratospheric chemistry
throughout the atmosphere, here referred to as C-IFS-Atmos. However, this approach appears
computationally expensive, due to the extended chemical mechanism. Therefore ....”

And also:

“In this optimized approach we developed aflexible setup where -within a single framework- either the
troposphericorstratosphericchemistry modules are addressed, referred to as C-IFS-TS. In this
approach the parameterizations for the chemistry, including the respective chemistry mechanisms as
optimized fortroposphere and stratosphere separately, are retained.

In this paperwe describe ourtwo merging approaches and provide benchmark evaluations of the C-IFS-
Atmos and C-IFS-TS systems with focus on the stratosphericcomposition. The ancestor BASCOE-CTM is
also included in the comparison through a forward model run (without chemical data assimilation) in
order to provide insightin the differences caused by the treatment of transport between C-IFSand
BASCOE.”

The model evaluation has been extended to include results obtained with C-IFS-Atmos, as wellas an
evaluation of the stratosphericcomposition (including O3, HNOz and NO,) in C-IFS-T, to explicitly
identify the impact of the newly implemented stratospheric chemistry within the C-IFS framework.

Other points

It would be helpfulto add a table thatlists the specifications of each of the models used and notes how
dynamicalfields are obtained (e.q., forecast, assimilation, . ..?), chemical mechanism, resolution, etc. For
example, BASCOE is an assimilation system, butit’s only the BASCOE stratospheric chemical mechanism
thatused here, right? And BASCOE-CTM means the assimilated (renanalysis) fields have been saved and
then

are being used in an offline chemistry transport model? Presumably it is the same offline model that the
C-IFS forecast fields are used in? If what | am asking does not make sense, please take this as an
indication that! am confused by the descriptions of the models.



In response tothe reviewer’s concernsin Section 2.3we expanded Table 2 which lists the specifics of
the various model systems, as also given below. Further, we want to make clear that the C-IFS
experiments have been runin ‘nudged meteo’ mode, by relaxation of the meteorology towards ERA-
Interim, aswe also write in Section 3. The BASCOE-CTM run is driven by the identical meteorology from
the C-IFSexperiment (and inturn from ERA-Interim), butappliesits own advection algorithm whichis
clearly differentfromthe one usedin IFS. In Section 3 we also make more clear what are the differences
between C-IFSand BASCOE-CTM. As discussed above, the BASCOE-CTMresultsareincluded as a
reference of what can optimally be achieved with C-IFS-TS and C-IFS-Atmos in the stratosphere, using
only simulations nudged with specified dynamics and unconstrained composition. Specifically we now
write:

“Meteorology in the C-IFS runs is relaxed towards ERA-Interim (...) The performance of the C-IFS runs
has further been compared against the BASCOE-CTM (without chemical data assimilation), using the
same chemical mechanism and parameterizations for photolysis and heterogeneous chemistry as
implemented in the C-IFS-TS. This serves as a model reference for the C-IFS implementation of
stratospheric chemistry. While C-IFS evaluates tracer transport on a reduced Gaussian grid, the
BASCOE-CTM uses a regular latitude-longitude grid. It is run here with a resolution of 1.125° lon / lat
similartothe resolution chosen for C-IFS, and on the same vertical grid of 60 levels. The BASCOE-CTM is
driven by temperature, pressure and wind fields simulated by the C-IFS runs. However, while BASCOE
adopts a flux-form advection scheme (Lin and Rood, 1996) the IFS uses the Semi-Lagrangian scheme
for advection, accounts for vertical diffusion and includes a parameterization for convection (ECMWF,
2015). Using essentially the same dynamical fields together with an identical implementation of the
chemistry code should allow to identify differences due to the different transport schemes between C-
IFS and the BASCOE-CTM. Common chemical biases between both systems also point at issues in the
chemical parameterizations such as reaction mechanism, photolysis, heterogeneous chemistry and
sedimentation.”

Table 2. Number of trace gases, the chemistry scheme in troposphere and stratosphere, and
corresponding number of reactions (gas-phase/ heterogeneous and photolytic), as well as specification
of the circulation model and computational expenses of a one-month run on T255L60 in terms of
system billing units (SBU) for various C-IFS model versions. For completeness also the BASCOE-CTM
system is indicated.



C-IFS-T C-IFS-S C-IFS-Atmos C-IFS-TS BASCOE-CTM

No. trace 55 59 99 99 59
gases
Chemistry BASCOE
scheme in CBO5 (Piﬁggf?;a) CBO5+BASCOE CBO5
troposphere (P<400hPa)
Chemistry CBOS/
scheme in Cariolle BASCOE CBO5+BASCOE BASCOE BASCOE
stratosphere
No. 93/3/18
reactions
93/3/18 142/9/52 211/11/60 or 142/9/52
(gas/ het/ 142/9/52
photo)
Circulation
GCM GCM GCM GCM CT™M
model
SBU 2075 2500 4563 3076 -2

*BASCOE does not run on the ECMWF supercomputing facility and hence cannot be compared directly
to C-IFSin terms of computational resources.

Regarding ‘tracer species’ or similar expression found in many places, ‘tracer’ means a species that is
unreactive and can be used to trace something, like transport. | think you mean ‘trace gas’ ratherthan
tracer because thatcan be used in a generalway to talk about any type of constituentin the model.
Please search on ‘tracer’ in the document to identify where you mean trace gas or constituent.

We thank the reviewerforthis comment, and changed the wording accordingly throughout the
document.

p. 3, 1.24. Are you saying the chemistry in the modules is parameterized? Orare you referring to the
chemical mechanisms when you say ‘chemical parameterization’? A parameterization for chemistry is
notthe samething as a chemical mechanism. Sometimes ‘chemical schemes’ is used, which is fine for
referring to the mechanism. This confusion occurs throughout the paper. Please check each occurrence of
‘parameterization’ to verify the right words were chosen.

In this occasion the phrase ‘chemistry parameterization’ referred to all chemical conversion processes
that require a parameterization, including aqueous phase and heterogeneous reactions as well as
photolysis and parameterizations for sedimentation. Indeed this refers to more than just the definition
of the chemical mechanism. Toaccommodate the concerns of the reviewer we had a critical look at our
terminology for ‘parameterization’ in the complete manuscript, and changed it where appropriate (see
alsobelow). Inthisinstance mentioned by the reviewerin Sec. 2.0 (p.3,1.24) we only wish to guide the



readerforward to the specificsections on stratospheric/troposphericchemistry, but to prevent
potential confusion we now write “tropospheric (CB0O5-based) chemistry parameterizations”.

p. 4, I. 15. The threshold temperature for NAT formation is pressure dependent. The manuscript indicates
that 194 K was chosen as the threshold regardless of pressure. That would not be the correct way to
calculate it.

While the BASCOE CTM was used some time ago for detailed studies of the processes leadingto polar
ozone depletion (Daerden etal., ACP, 2007), the corresponding microphysical module was removed
(due to huge computational costs) and replaced by this very crude parameterization. Indeed the BASCOE
CTM isnow designed asagenericmodel which (until now) needs only to be good enough to allow the
successful assimilation of satellite observations of stratosphericcomposition. Yet both reviewers
indicated asimple improvement which could be implemented quickly enough fot this revision of the
manuscript.

Hence we have revised the PSC-parameterization, whichis nolonger purely temperature-dependent.
We now remove H,0 and HNO; where their respective partial pressures exceed the equilibrium values,
accordingto Murphy and Koop (2005), and Hanson and Mauersberger (1988). The time scale for
irreversible removal of HNO; has been revised from 100 days inthe original setup to 20 days, in
accordance with the smallerregionaland temporal extent where NAT particles are assumed to exist.
Thisled to significantimprovementsinthe H,0 and HNO; bias in the region where PSC formationis
possible, and accordingly to aslightimprovementin O; profileshapesin terms of areduced positive bias
at 100 hPa and reduced negative bias at 20hPa during August-September overthe Neumayerand Syowa
stations (see also below). Nevertheless, the HNO; timeseries for the BASCOE-CTM, CIFS-TS and C-IFS-
Atmos models suggest that denitrification proceeds more slowly and ends one month laterthan
observed by Aura MLS observations, which may be attributed to our crude modelling approach for the
formation and sedimentation impact of NATPSC.. We have modified the respective section as follows:

“Ice PSCs are presumed to existatany grid pointinthe winter/spring polarregions where water vapour
partial pressure exceeds the vapour pressure of water ice (Murphy and Koop, 2005). Nitric Acid Tri-
hydrate (NAT) PSCs are assumed when the nitric acid (HNO;) partial pressure exceeds the vapour
pressure of condensed HNO; at the surface of NAT PSC particles (Hanson and Mauersberger, 1988).”

p. 5, 1. 31. I don’tunderstand whatis meant by O1D and O3P being described implicitly,
as opposed to being treated explicitly.

Within the troposphere the 0'Dis produced from O; photolysis and assumed to reactinstantaneously,
with only reaction products H,O and again O;. Asthe 0'D (and O) lifetimeis much shorterthan the
integration time, while only reactions with N2and 02 are assumed in the troposphere, the 0'D
concentration can be considered in equilibrium overthe integration timeand hence does not need to be
treated explicitly. The same argumentation holds for O*P, produced from O, photolysisin upper
troposphere, and assumed to only react with O; to form O,, and with O, to form O;. Thisis different for



the stratosphere, where O1D and O3P are involved in many more reactions. To clarify in the manuscript
we reformulate this asfollows:

“It is worth mentioning that the constituents O*Dand 0°p, produced from Oz and O, photolysis, are not
explicitly computed in the troposphere, as 0'D and O’P are assumed to react with O,, O; and N, only.
This is different for the stratosphere, where 0'D and O®P are involved in many reactions.”

p. 6, 1. 24. ‘solar radiation reaches the stratosphere earlier than the surface. . .” as written this sounds like
it is referring to delay caused by the speed of light! | doubt this was intended, it needs better wording.

The revieweris clearly technically correct. We changed the formulation to a more compact formulation,
leaving out the suggestion of adifferent timing:

“Alsothe presence of sunlight at solar zenith angles (SZA) larger than 90° at high altitudes needs to be
accounted for in the stratosphere due to the Earth’s curvature, but may be neglected in the
troposphere. This plays a role in the timing of springtime ozone depletion in the polar lower
stratosphere. “

p. 7, Section 2.3.1. For JO3, the lack of a ‘jump’in O3 may be because photolysis is unimportant (slow)
near 100 hPa, so O3 is probably long-lived relative to the photochemical lifetime. INO2 is much larger so
I’m not sure why there isn’t a jump —can you explain this? It would be useful if you showed the simulated
03 and NO2 profiles in Fig. 1 to demonstratethe lack of a jump. Whatis the meaning of JO3_TB’ in the
title of one plot? No similar title forthe other plot.

The revieweris correctin that the presence orabsence of jumps associated to the change in the
reaction mechanism depends on the lifetime of the species, in combination with the magnitude of the
change in the dominatingreaction (or photolysis) rate with the different chemical mechanism. For O;
the photolysisisadominatingloss terminthis altitude range, but still the reaction rate is sufficiently low
(i.e.the Os lifetime sufficiently long) such that jumpsin the photolysis rate do notlead to jumpsin O;
concentrations. For NO, the photolysis rate is much larger, and resultingin ashort (lessthan 1 hour) NO,
lifetime. Jumpsin photolysis rate potentially resultin jumpsin NOand NO, concentrations.
Nevertheless, the jumpis sufficiently small (forJ-NO, we verified that the difference in photolysis rates
around the tropopause is generally below 5%), such that the NO, concentrations do not show a
significant jump. We now provide figuresin the supplementary material where we present
instantaneous profiles of arange of trace gases at the tropopause interface. We extended the discussion
on thisaspect with the following sentences:

“Eventhough such jumpsare undesirable, novisible impact onlocal chemical composition was found,
for any of the trace gases involved in both troposphericand stratospheric chemistry, see also Figures
$1-S3 inthe Supplementary Material. This can be explained by the sufficiently small differencein the
photolysis rates at the merging altitude of the photolysis and chemistry schemes, combined with the
sufficiently long lifetime of the affected trace gases. ”

Section 2.3.2, I. 8. It’s unclear whetheryou’re saying NO, NO2, and have the mass fixed applied or
whetherthey are the few species where the mass fixed isn’t applied. How badly is H20 not conserved in
the stratosphere? This will conceivably cause problems for stratospheric chemistry. It would be usefulto
see a 1-yeartime series of the H20 mass above 100 hPa.



As explainedinthe manuscriptthe reason for switching off the massfixerforthe stratosphericH,0
traceris because otherwise mass conservation errors originating from the troposphere lead to spurious
redistribution of H,O mass towards the stratosphere. Therefore, in fact due to switching off the mass
fixer, the H,O massin the stratosphere remains very stable. We illustrate this by Figure R1(below),
which shows indeed absence of any trend in stratosphericH,O columns overthe years, indicating that
H,O mass conservationis sufficiently well ensured in the stratosphere. This figure also shows that H,O
total columns are essentially identical in C-IFS-Atmos and C-IFS-TS.
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Figure R1. Evolution of global, daily mean H,0 partial columns (left: 0.1-80hPa, right: 0.1 — 100 hPa) for
the runs C-IFS-Atmos (blue) and C-IFS-TS (orange) for January 2009 to December 2010. C-IFS-TSisontop
of C-IFS-Atmos.

In the manuscript we now write:

“The global advection errors in H,0 that essentially originate from the tropospheric part because by
far most H,0 mass is located in the troposphere and the spatial gradients are much more pronounced.
This should not affect the stratospheric H,O mass budget, therefore the global mass fixer for the
stratospheric H,0 tracer has been switched off. This prevents spurious trends in stratospheric
H:0 columns over the years (not shown), indicating that H-0 mass conservationis well

ensured in the stratosphere.”

p. 7, last 3 lines. This sentence says you are looking to identify differences in transport schemes. This
confuses theissue of evaluating the chemical mechanisms (and theirimplementation). This evaluation
should be performed using the same dynamicalfields with the same model. If the advection schemes are
also different, then we cannot actually test the impact of chemical mechanisms alone. And does
‘parameterization’ in line 28 refer to the different chemical mechanisms?

For a discussion on the selection of the model setups evaluated in our manuscript we referto our
response tothe reviewer’s first general comment. We now extend the evaluation with results from run
C-IFS-T, to explicitly identify the impact of the newly implemented stratosphericchemistry within the C-
IFSframework. Indeed, the BASCOE-CTMrun uses identical chemistry to C-IFS-TSand is notintroduced
to assess the chemical mechanisms, but rather differences due to the transport scheme while using the



same dynamical fields. Here, the ‘parameterizations’ referto the reaction mechanism, photolysis,
heterogeneous chemistry and sedimentation, as we now explicitlywrite.

p. 8, 1. 27, ‘first Science Satellite’?
Indeedthisisthe meaning of the abbreviation ‘SCISAT-1".

p. 8, 1. 30-31. Suggesttochangeto ‘.. .between 6-30 km agree to within 15% of independent...” Forall
the figures thatare line plots (starting with Figure 2), the blue and black lines are hard to distinguish.
Please do something with the line thickness and colors to improve readability.

We changed thisaccording to the reviewer’s suggestions, thank you. We have improved color-coding
and general figure quality, which unfortunately also had seen some degradation in the stage of pdf-
generationfromthe word-document.

Section 4, Model Evaluation p. 9, lines 14-19. This paragraph would benefit by a general statement of the
purpose of this comparison. It appears the purposeis to show that the TS mechanism looks more like the
observed totalcolumn O3 than does the trop-only code (with linearized strat 03). One would expect the
TS O3 to be better than thelinearized O3 of CBO5, butthere should also be a comparison with the
stratonly code. Comparing with the O3 results in Fig. 6, | think the strat chem O3 columns would be lower
than the TS mechanism. | guess they aren’t the same because the BASCOE-CTM has different transport.
Again, nothaving thesametransportin all the simulations really interferes with a usefulcomparison.

We now replace this figure with an evaluation of the partial columns (10-100hPa) against Aura MLS
observations, to emphasize the performance in the stratosphere. We now also includeresults from C-
IFS-Atmos and C-IFS-T, as well as from BASCOE-CTMto assess the impact of different chemistry
approaches, and different transport scheme. The new evaluation shows more clearly the benefits and
limitations of the new approachin C-IFS-TS, as compared to C-IFS-T (with linearized 03), as well as
differences with BASCOE-CTM (which contains stratosphericchemistry only and uses the same
dynamical fields as C-IFS but with a different transport algorithm). We have moved the assessment of O,
total columns against the Multi-Sensor Reanalysis to the Supplementary Material . This does notinclude
results from BASCOE-CTM, consideringit’s missing tropospheric contribution. The manuscript text has
beenrevisedaccordingly.

Furthermore, inSec. 3 we now include afew general statements to clarify the purpose of the various
model evaluations:

“Intercomparison of the runs C-IFS-TS and C-IFS-Atmos aims to provide a justification of our approach
to split the chemistry into two regions, while intercomparison of C-IFS-TS with C-IFS-T can be used to
identify the changes to stratospheric composition modelling between full stratospheric chemistry and
the baseline approach with the linear ozone scheme.”

p. 9, discussion of Figs. 3-4. | do not agree that there are meaningful, reduced biases in the TS version.
The linearized O3 chemistry of the trop mechanism gives different results from the TS version, but not



really worse. These figures show that TS is not an improvement overtrop-only. | think the use of mPa for
the O3 bias (lower panels) is misleading and probably minimizes the appearance of the disagreement in
the middle stratosphere.

By evaluating O; profilesin terms of partial pressure biases in the original manuscript we intended to
focus on the contribution of each pressure regiontothe O; TC, with larger weightsin the lower
stratosphere. Thisis now assessed in detailin the revised Figure 2 that presents the evolution of the O,
partial columns (10-100hPa). Hence in accordance with the reviewer request we now present results of
O; profilesin units ppmyv, indeed giving more focus to the altitude with maximum O; concentration, at
around 10 hPa. Alsowe now average overall profilesin 2009 and 2010, to improve the statistics, and
include results from C-IFS-Atmos. We agree with the reviewer that we have been too positive when
describingthe C-IFS-TS results as compared to C-IFS-T (with linear chemistry). We have rewritten this
section to provide amore balanced discussion.

p. 9, discussion of Fig. 5. | cannot tell the difference between obs and CIFS-Tlines in the figure. There is
no line color/style forthe observations in each panel’s legend. The TS O3 agrees with one of the black
lines (obs or CIFS-T??) near and below 100 hPa —sometimes — butthe TS O3 consistently has poor
agreement above 50 hPa. Why? Since the TS (red) line often does not agree with either black line — | see
no basis for claiming good agreement. Additionally, Syowa is often nearthe vortex and has large daily
variability. Were the simulated profiles used in this figure calculated from the same days of the month as
the Syowa data?

Figure 5in the manuscripthas beenregenerated based on the revised model simulations. Color-coding
has been updated, and error-bars denotingthe model and observation variability are now included.
Note that all comparisons with observations, including fig. 5, use three-hourly model output which has
been collocatedintime and space to the observations. Thisis now explained in Section 3. Please also
note that in our section describing Figure 5we do not claim general good agreement, as the reviewer
suggests, butrather pointat regions and months where C-IFS-TS performs well, and others where it
shows biases compared to observations.

The revised simulations have seen some improvement in terms of vertical profile shape during ozone
hole conditions, seealso Figure R2, below, foran assessment of the differences to the C-IFS simulations
presentedinthe GMDD manuscript. Thisis due to the improved PSC parameterization, especially above
50hPa in Augustand Septemberwhere PSCs were allowed to existin the C-IFS-TS run for the original
GMDD version. The remaining discrepancies could still be caused by the limitations of the revised PSC
parameterization. We now write:

“For the 2009 Antarctic ozone hole season (Fig. 5) the C-IFS-TS and C-IFS-Atmos shows a positive bias at
~100 hPa for August and September, and negative bias at higher altitudes (50-10 hPa), where C-IFS-T
shows a positive bias.”

Additionally we now provide a closeranalysis of the performance during polar ozone depletion, by
presentingtime series of HNO;, CIO and O; during the 2009 ozone depletion over Antarctica (the new
Figure 6). This new figure clearly shows the abilities and limitations of the different versions of C-IFS to
describe this event. Specifically we now show that denitrification, which is clearly not modelled in C-IFS-
T, starts at the correct time inthe models with stratospheric chemistry, although itappearsto lastabout
one month too longas compared to the observations. We note thatin the original manuscript, where
this parameterization depended only on T, the denitrification started one month too late.
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Figure R2. Evaluation of ozone in units mPaagainst WOUDC ozone sondes at Syowa station during
August-October 2009. Black: ozone sonde, red: C-IFS-TSin the Revised model version, blue: C-IFS-TSin
original GMDD version. Error bars denote the 1-sigmaspreadinthe models and observations.

p. 9, lines 31-32. If you made a difference plot between MIPAS and the simulations, then you might be
able to say whetherthereis good agreement. As presented, the conclusion can’t be drawn that there are
‘small biases’. Nearthe tropical maximum the TS looks slightly better than the BASCOE-CTM. Again,
assuming that some of the differences are due to dynamicalfields or advection scheme, this comparison
isn’t very useful.

As argued before, the inclusion of BASCOE-CTMis especially useful to diagnose if model biases arise due
to different advection schemes or due to different chemistry schemes. Toaccommodate the reviewer’s
comments to better quantify the C-IFSversions, as compared to BASCOE-CTMwe now include results
from C-IFS-Atmos and C-IFS-T, and provide a more balanced discussion. Finally we have strengthened
the evaluation of ozone with two new figuresin the Supplementary Material: the quantitative
comparisonisstrengthened by anew comparison of vertical profiles with Aura MLS (Fig. S7) and the
discussion of Fig. 7 (top row) is confirmed with a corresponding evaluation also using Aura MLS (Fig. S8).
The discussion of ozone onfig. 7 now reads:

“The evaluation of the zonal mean ozone mixing ratios against MIPAS observations shows good general
agreement, Fig. 7, with all four modelling experiments providing similar features. The tropical
maximum of O; mixing ratio at 10 hPa is under-estimated in all experiments but to a larger extentin
those which model stratospheric photochemistry explicitly (BASCOE CTM, C-IFS-TS, C-IFS-Atmos) than
in C-IFS-T, in line with the evaluation against O; sondes for June-July-August (figure 4). The same
evaluation against MLS observations provides exactly the same conclusions (figure S8, supplementary
material).”

p.10, lines 5-9. Whatis the message here? The CIFS has a terrible high bias in nighttime NO2 and a large
low bias in HNO3. Why is the CIFS simulation worse than BASCOE? Thereis no clear explanation here.



We acknowledgethatthese results are not satisfying; unfortunately at current stage we do nothave a
clearexplanationforthis. Nevertheless, we want to highlight that the model performance has still
improved compared to C-IFS-T, whose results we now include. Also we explicitly provide these figures to
indicate currentlimitations of our model. We now write:

“Even though a clear improvement compared to run C-IFS-Tis found, further investigation is necessary
to diagnose origins of the biasesin night-time NO, above 10 hPa and in HNO; between 10 and 70
hPa.”

Alsointhe conclusions section we include such asentence.

p. 10, lines 10-20 (Fig. 8). N20 and CH4 profiles do NOT assess vertical transport. Their profiles below _10
hPa represent a balance between the vertical and horizontal components of the residualmean
circulation. That balance depends on latitude, that is, whether the profile is from the tropical upwelling
region or somewhere in the midlatitudes (horizontal and vertical motions matter and so does mixing), or
isolated inside the polarvortex (descent). Above 10hPa, profiles are more strongly influenced by
chemical loss so the 2 simulations should look very similar there. The CIFS-TS simulation tends to look
worsethan the BASCOE CTM or the observations between 10-50 hPa. This suggests circulation and/or
mixing problems in the tropics and SH.

O3 at 20 hPa is strongly influence by chemistry, not justtransport. These paragraphs indicate a lack of
understanding of transport circulation and its diagnosis, as well as any understanding of what controls
stratosphericozone distributions.

These two paragraphs are indeed rathervague and mistakenly use Figure 8 as a diagnosticfor “vertical”
transport. We thankthe reviewer for pointing this out and setting us on the right track.

The reviewer’s suggestion about circulation and/or mixing problems confirms that figure 8isa
preliminary yetvalid diagnosticfortransport processesin general, and thatitindicates an unidentified
issue forthe representation of these processesin C-IFS. We do not think that circulationis the culprit
because the BASCOE CTM is driven by meteorological fields which are the output of C-IFS. As noted
above, the revised manuscript gives (atthe beginning of section 3) afew more details about the
modelling of transportin both models:

“The BASCOE-CTM is driven by temperature, pressure and wind fields simulated by the C-IFS runs.
However, while BASCOE adopts a flux-form advection scheme (Lin and Rood, 1996) the IFS uses the
Semi-Lagrangian scheme for advection, explicitly accounts for horizontal diffusion and includes a
parameterization for convection (ECMWF, 2015).”

The revised manuscriptalso lists the relevant transport processes in the stratosphere along with a
general reference onthistopic(Shepherd, 2007) and states what specific pieces of C-IFS may be
responsible forthe problem(s). Since O3 at 20 hPa is strongly influenced by both chemistry and
transport, we stand with the statementthat this transportissue “could also contribute” (directly) to the
ozone biases noted below 10 hPa. But theirattribution to an “excess of vertical transport” was clearly a
mistake. No furtherstatement can be made on this topic because further evaluation of stratospheric
transport processesin C-IFSis beyond the scope of this paper. The two problematicparagraphsin
section 4 have thus beenre-written as follows:



“Fig. 9 shows an evaluation of N,O and CH, profiles during September 2009 against observations by
ACE-FTS. Owing to their long lifetimes these trace gases are good markers for the model ability to
describe transport processes - i.e. not only the Brewer-Dobson circulation but also isentropic mixing,
mixing barriers, descent in the polar vortex, and stratosphere-troposphere exchange (Shepherd,
2007). Moreover, N,O is the main source of reactive nitrogen in the stratosphere while CH, is one of
the main precursors for stratospheric water vapour. The figure suggests reasonable profile shapes for
both CH, and N,O in the upper stratosphere (10 hPa and higher) where their abundance is more
strongly influenced by chemical loss but at lower altitudes (100-10 hPa) C-IFS-TS and C-IFS-Atmos
show larger discrepancies to the observations than the BASCOE-CTM run, with weaker vertical
gradients in the tropics and SH-mid latitudes and a sharper gradient in the extra-tropical Northern
Hemisphere.

This discrepancy cannot be due to different wind fields because the BASCOE CTM experimentis driven
by three-hourly output of the C-IFS-T experiment. We attribute it instead to the different numerical
schemes for advection and/or to differences in the representation of sub-grid transport processes in
the GCM and in the CTM. Convection and diffusion are indeed explicitly modelled in C-IFS but
neglected in BASCOE CTM, which relies on the implicit diffusion properties of its flux-form advection
scheme to represent sub-grid mixing (Lin and Rood, 1996; Jablonowski and Williamson, 2011). Since
lower stratospheric ozone is strongly determined by both chemistry and transport, the transport issue
indicated by fig. 9 could also contribute directly to the ozone biases seen below 10 hPa in Figures 3
and 4.”

The revised conclusions mention that this area deserves furtherinvestigation:

“For the long-lived tracers CH, and N,0O, larger errors with respect to limb-sounding retrievals were
found between 10 hPa and 100 hPa than with the BASCOE-CTM, suggesting difficultiesin representing
slow transport processes. The BASCOE CTM experiment shown here was driven by three-hourly wind
fields output of the C-IFS-T experiment. Hence this discrepancy is due to a difference in the
representation of the transport processes between the GCM and the CTM, i.e. the numerical scheme
used for advection (Semi-Lagrangian versus Flux-Form), the convection (parameterized in C-IFS but
neglected in BASCOE CTM) or the diffusion (parameterized in C-IFS but not explicitly considered in the
CTM). Hence, stratospheric transport in C-IFS will be an area for further evaluation and
developments.”
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