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

First, we would like to thank the reviewers for their critical, but useful comments. In view of their valuable
suggestionsinourrevised manuscript we have:
1 includedan additional model configuration containing full (troposphericand stratospheric) chemistry
withinthe whole atmosphere
2 revised our PSC-parameterization
3 extendedourmodel evaluation with one additional year
4 revised some of ourevaluations

The two reviewer’s comments are given in italic, and our responses in regular font; this text is identical to the
reviewer responses given before. Textual modifications to the manuscript are highlighted in bold. Figure
numbers refer to the revised manuscript. To the end of this document a marked-up version of the revised
manuscript with the changes to the original GMDD manuscriptis provided.

Anonymous Referee #1

The paper describes an update of the C-IFS model, including a stratospheric chemistry scheme in addition to the
existing tropospheric scheme, and using the tropopause to switch between the schemes. This method is also
used by other models, and the authors consider the possible inconsistency at the transition zone between the
domains. The paper is fairly short and concise, although there are a few issues that should be improved or made
clearer.

| therefore think minor revisions are necessary, although my questions on the relatively short simulation period
may require more effort than the other comments.

Abstract

The abstract should contain some more on the motivation for including stratospheric chemistry in CAMS. Is
forecasting skill part of the motivation?

It is stated that this is a first step, which makes me wonder how faraway the next step really is.

The essential motivation for including stratospheric chemistry within C-IFS is to enable the evaluation of ozone
and methane oxidation chemistry processes in the stratosphere, to achieve an improved representation of
ozone, water vapour and related trace gases within IFS. Combined with the availability of long-lived trace gases
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such as N,0O, evaluation of such an atmospheric composition analysis and forecast system is expected on the
longtermto lead to improvementsto IFS meteorological forecasts as well.

The reviewer is correct that the wording ‘first step” potentially implies to the reader that several major next
steps are still needed before operationalization. However, in our conclusions we list the steps that are still
foreseen, of which none of them prevents such operationalization. Also an extension of the simulation from 1.5
year to 2.5 year (see also below) showed that the stratospheric trace gas composition remains bounded, with
no obvious drift. Even though we acknowledge the system is not yet perfect overall a clear improvement is
obtained compared to the current system. Therefore, to clarify the status of this work, we now judge this as the
‘key’ step towards operationalization, where essentially the next steps concem the acceptance of ECMWF of
the model performance in operational conditions as well as the coding implementation. Depending on the
CAMS schedule, final implementation and testing in the operational environment, including a new
meteorological cycle, would be required. We now write in our abstract:

“This marks a key step towards a chemistry module within IFS that encompasses both tropospheric and
stratosphericcomposition, and could expand the CAMS analysis and forecast capabilitiesin the near future.”

1. Introduction

Page 1, Line 25: “Also analyses and forecasts of stratospheric ozone directly impact the forecast capabilities of
surface solar irradiance” is a bit difficult to understand. Suggest changing to e.g. “Also, the amount of
stratospheric ozone directly impact the forecast capabilities of surface solar irradiance, making good
stratosphericozone forecastimportant”.

We thank the reviewerforthis suggestion. We replaced this sentence into:
“Also, the amount of stratospheric ozone directly impacts the forecast capabilities of surface solar irradiance
(Qu et al., 2014), stressingthe relevance of good stratosphericozone forecasts.”

Page 3, Line 5: “We have developed a strategy”: Perhaps better to say “We present here a merging ...”. There is
no need to statethatthere is a strategy, and the work done is the actual merging.

We agree with the reviewer not to emphasize our strategy, but simply the approach we have taken in our the
work. In this section we now write:
“We have developed an approach for an optimized mergingthe CBO5 tropospheric chemistry scheme...“

While inthe nextsection we write:
“In this paper we describe two merging approaches...”
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2.1 Stratospheric chemistry
Page4, Line 15: Are the surface area densities (SAD) fixed? No size distribution?

The surface area density (SAD) field for stratospheric aerosol is constructed from a zonal mean aerosol number
density field assuming a constant lognormal size distribution with median radius of 0.07 um and geometric
standard deviation of 1.76. The aerosol number density is taken from SAGE Il extinction measurements
(Hitchman et al 1994). This is different from the ‘Daerden et al, ACP 2007’ reference as stated in the
manuscript. We apologize for this mis-represenation. For ice and NAT PSCs fixed SADs are assumed as reported
inthe manuscript. We now write:

“The surface area density of stratospheric aerosols uses an aerosol number density climatology based on
SAGE-Il observations (Hitchman et al., 1994).”

On the fact that you do not do sedimentation, but parameterise it using exponential decay of HNO3 and H20, is
this a good approximation? If you have a situation of very cold temperatures over a long period, the PSCs may
sediment out and the SAD will be reduced. Will the parameterisation cause too large
denitrification/dehydration? Figure 9 could perhaps indicate this?

Indeed Figures 6 and 9 in the original manuscript show lower HNO; and H,0 in BASCOE-CTM and CIFS-TS than
the MLS observations over the south pole, indicating a too efficient removal of HNO; and H,O through
sedimentation as consequence of the simplistic parameterization based on a temperature criterion. We have
worked on an improvement of the PSCscheme, see alsothe response to reviewer #2.

2.3 Merging procedure ...

Page 5, Line 24: 40 hPa as tropopause is very low. Does this occur often? To my knowledge, the tropopause
pressure is seldom lower than 80hPa. Using 40 hPa may be of small consequence, and may even cause O3
production to be better represented.

In practice the O; and CO concentrations always define the interface between tropospheric and stratospheric
chemistry, rather than the 40hPa level. This pressure criterion is only introduced to prevent any spurious
detection of tropospheric conditions at the top of the atmosphere where CO (0O;) increases (decreases), due to
CO, and O; photolysis. We specify thisnow more clearly by adding the sentence:
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“With this definition the associated tropopause pressure ranges in practice between approx. 270 and 80 hPa
for sub-tropics and tropics, respectively.”

Page5, Line 26: “Specificaly” -> “Specifically”.

We changed this, thank you.

Page 5, Line 34: 10-day decay rate in the stratosphere. What happens to the lost species? Are they assumed to
be converted to aerosols?

The trace gases affected by this decay rate are currently lost, i.e. they do not contribute to the aerosol, CO or
NOy components. Clearly, espedally a coupling of tropospheric aerosol to the stratospheric ozone chemistry
would be an interesting application, as we also mention in our conclusions section, but this is beyond the scope
of the current system. We add a sentence forclarification:

“These losses are currently not accounted for in the stratospheric chemical mechanisms and do not
contribute eitherto the load of stratospheric aerosols.”

Page 6, Line 11-14: It would be very interesting to see how chemical composition changes when compared to
this test. | think some more info should be given on this, as it could explain chemically why you use two domains.

Also in response to reviewer #2 we now indude an evaluation of this model setup where tropospheric and
stratospheric chemistry schemes have been fully merged into one single reaction mechanism, which we refer to
as C-IFS-Atmos. In addition we now show model profiles near the tropopause for a selection of components in a
new Supplementary Material. Even though we see significant differences in the troposphere for short-lived
chlorine and bromine-containing trace gases, the differences between C-IFS-Atmos and C-IFS-TS in the
stratospheric composition remain small, as confirmed by the extended model evaluation including C-IFS-Atmos.
This can be understood since N,0, methyl chloride, methyl bromide and CFC’s, which form the largest sources
of NOy, HCl and HBr reservoir trace gases in the stratosphere, are marginally affected by these tropospheric
reactions. This aspectisalsodiscussed atthe start of Sec. 2.3.

Near the tropopause level, at the interface between tropospheric and stratospheric chemistryin C-IFS-TS, some
vertical oscillations are visible in C-IFS-TS for CH,0O (Fig. S2), HBr and Br (Fig. S5), i.e. species with relatively short
lifetimes which have a different chemistry in the tropospheric and stratospheric modules (CH,0) or no
chemistry in the tropospheric module (HBr, Br). The limited difference between C-IFS-TS and C-IFS-Atmos for
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other short-lived components (NO,, OH, chlorine-containing trace gases, as well as the long-lived trace gases
such as 03, CO, N,0O, CFC's and CH,) supports the assumption that the chemical split between troposphere and
stratosphereis appropriate forkey components.

Also the CH;Cl (Fig. S4) and CH;Br (Fig. S5) components do show a limited discrepancy between C-IFS-TS and C-
IFS-Atmos in the troposphere, associated with the absence of chemical break-down in the tropospheric part in
C-IFS-TS. We acknowledge that an extension of the tropospheric reaction mechanism with halogen species also
impacts tropospheric ozone and, e.g., the methane lifetime. We found that differences in tropospheric OH, O;
and related components are generally small, whilea closerinspectionis beyond the scope of this work.

2.3.1 Merging photolysis rates
Pageé6, Line 26-27: How is the interpolation/merging done? Some weighting for different layers?

The photolysis rates are linearly interpolated with pressure between the BASCOE parameterization in the
stratosphere and MBA parameterization in the troposphere, at four pressure levels around a fixed tropopause
altitude. This altitude is somewhat different (a bit lower towards the troposphere) than the chemical
tropopause leveladopted forthe selection of the solver.

Page 7, Line 1: The merging only affects 4 layers, where some are in the troposphere, so | am not surprised the
over-all impact is small. Perhaps it could be noted that JO3 does not seem to be used in troposphere? Did you
check hourly composition atthese grid boxes?

Please note that the photolytic reaction JO; -> O'D is clearly also active in the troposphere, see also Table 4,
even though the O'D reaction product in the CBOS tropospheric chemistry scheme is only implicitly accounted
for (see also response to reff#f2). We now present instantaneous model profiles near the tropopause in the
Supplementary Material, where we also indude results from the C-IFS-Atmos version. We now add in the
manuscript:

“Even though such jumps are undesirable, no visible impact on local chemical composition was found, for any
of the trace gases involved in both tropospheric and stratospheric chemistry, see also Figures S1-S3 in the
Supplementary Material. This can be explained by the suffidently small difference in the photolysis rates at
the merging altitude of the photolysis and chemistry schemes, combined with the suffidently long lifetime of
the affected trace gases.”

2.3.2 Merging tracer transport
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This is perhaps notreally a merging.

The revieweris correct. We have changed the subsectiontitle to “Tracer transport settings”.

Regarding stratospheric H20 tracer: So you do not use tropospheric H20 (from q) as source of stratospheric
H207? | would expect some boundary condition is needed, at least in the tropics. How is this treated?

In fact we do use tropospheric H,O, as constrained by g, to serve as boundary condition for the stratosphere.
We clarify this better by changing the sentences as follows:

“While a chemical H,O tracer is defined in the full atmosphere, in the troposphere H,0 mass mixing ratios are
constrained by the humidity (q) simulated in the meteorological model in the IFS and provide a boundary
condition for water vapour in the stratosphere.”

3.1 Observational data...
Page 8, Line 21: “weighted part”: What kind of weight?

The weighted contribution of tropospheric NO, to the stratospheric NO, columns are due to the applied air
mass factor. We slightly revised this section and now write more explicitly:

“Stratospheric NO, columns from SCIAMACHY presented here are in fact total columns derived by dividing
retrieved slant columns of NO, by a stratospheric air mass factor and contains data over the clean Pacific
ocean (180°E - 220°E) only (Richter et al., 2005). Although in this region the contribution of the troposphere
to total column NO, is small, stratospheric column NO, from SCIAMACHY is still somewhat positively biased
by a tropospheric contribution. However, stratospheric air mass factors for NO, are usually large compared to
tropospheric ones, so that the uncertainty resulting from this should only have a minor impact on the data
analysis presentedin this study.”

Page 8, Line 23: What is the model output frequency? It would be helpful to specify this and whether you use
instant modelvalues.

In all cases, including the NO, stratospheric column evaluation, three-hourly instantaneous model values are
used. In the case of SCIAMACHY NO, observations these model values are interpolated in time to 10:00 LT. We
now specify thisat the end of Sec. 3.1:
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“Three-houry C-IFS and BASCOE-CTM output has been interpolated in space and time to match with any of
these observations.”

4 Model evaluation
Page 9, Line 14-20: The equatorial low bias and high bias at NH mid-lat could indicate too fast transport away
from Equator?

Indeed potential biases in transport would impact on stratospheric composition. This issue is now discussed in
more detail in the revised manuscript (see reply to last comment of second reviewer). We believe the
stratospheric ozone biases are also associated to biases in NOx, which tend to be positive over the NH mid-
latitude, while neutral and/or slightly negative over the tropics from 2009 onwards (despite the corresponding
positive biasin N,0). We add the following sentence:

“The alternating biases in CIFS-TS and CIFS-Atmos are due to corresponding biases in chemically related
speciessuchas NO, and also to transport issues, as discussed in more detail below.”

Figure 2: The simulated time period is not long enough to make clear whether the bias will build up. This should
be furtherexplained.

The reviewer is correct that a 1.5 year simulation is relatively short to assess the evolution of stratospheric
composition, and the corresponding development of biases. For that, multi-year simulations are required. We
have extended all model runs with one extra year (2010) and expanded the corresponding evaluations. This
revealed that the biases in O; remained essentially the same in 2010 compared to 2009. We now include figures
showing time series of O; partial columns and total columns, as well as NO, total columns over the full period.
However, please note that the purpose of this system is to provide accurate analyses and short-term forecasts
of atmosphericcomposition, ratherthan good multiyear simulations, as also acknowledged by the reviewer.

Ozone hole: Do you overestimate PSCs (as commented earlier) and hence halogen activation?

We revised our PSC-parameterization (see also Ref#2), which indeed led to an improvement in halogen
activation. We now expand our assessment of O;, HNO; and CIO evolution during 2009 Austral spring. In the
revised setup the modeled CIO follows very well the observations, although its decrease is about two weeks
earlier than observed, as now documented in a new Figure (Fig. 6 in the revised manuscript) Still the O; appears
under-estimated to a larger amount than BASCOE-CTM, suggesting that transport-related elements also
contribute to biasesin Os.
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Page 9, Line 20-32: Is the comparison done by extracting the same profiles (location and time) as in sondes?
Should be specified.

For our methodology for comparing the model ozone with the sondes we use three-hourly model output which
has been interpolatedin time and space to match with the observations. We now specify this in the manuscript,
as discussed above.

The sonde comparison should include some variability in sondes (e.g. as standard deviation), and possibly also
fromthe model(Fig.3-5). (In Figure 3-4 this could be placed in either upperor lower row.)

We now present the standard deviation of the variability in the O; profiles, both for the observations and the
collocated model results. Also, in response to reviewer #2 Figures 3 and 4 now present the O; evaluation in
terms of ppmv ratherthan mPa. We have adapted the figure legends accordingly.

Figure 6: How is OH in IFS vs BASCOE? Do you have less HNO3 in stratosphere because of hotter photochemistry?
Some thoughts/explanation should be given for the higher low-SZA NO2 in IFS than in BASCOE. NO2+NQO3 <->
N205 at night? Photochemistry?

The OH between C-IFS-TS and BASCOE-CTM is essentially identical, as largely governed by O'D reaction with
H,0, and in turn on O; abundance and photolysis. This indeed does not give rise to the differences in HNO;
between C-IFS-TS and BASCOE-CTM, which occur mainly at an altitude of approx. 10-30 hPa. Considering the
equal photochemistry in the stratosphere the reduced HNO; in C-IFS-TS compared to BASCOE-CTM the
discrepancy points attransport-related features, as also discussed with Figure 9.

Note that the (reasonable) daytime NO, maximum, which is found at an altitude of ~10 hPa, is not directly
related to this aspect, nor to the anomalously higher NO, during night-time (i.e. at high SZA) in C-IFS-TS
compared to BASCOE-CTM and observations. This positive offset is largely occurring in the 5-1 hPa altitude
range, but remains limited to biases in daytime NO and nighttime NO, only, while other trace gases in this
altitude range (N,0, NOs, N,0Os, HNO3) do not explain this bias. The following sentence has been added at the
end of the paragraph:

Even though a clear improvement compared to run C-IFS-T is found, further investigation is necessary to
diagnose the origins of the biases in night-time NO, above 10 hPa and in HNO; between 10 and 70 hPa.
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Page 10, Line 3-4 (Figure 7): NH higher NO,: Could a possible reason be that SCIAMACHY assumes that a too
high fraction of the column is located in the troposphere?

The fact that model columns are generally larger than retrieved ones cannot be explained by the contribution of
the troposphere to stratospheric columns from SCIAMACHY alone, as stratospheric columns from SCIAMACHY
are positively biased by a tropospheric contribution to a minor extent only (see our earlier response above).
Moreover, the overestimation compared to SCIAMACHY retrievals cannot be explained by error estimates for
SCIAMACHY stratospheric NO, columns given in the manuscript (relative uncertainties of roughly 5-10% and
additional absolute uncertainty of 1x10** molec cm™) alone, which only account for about 0.3 x 10**> molec cm™
of the positive bias compared to SCIAMACHY. Hence the slight positive bias suggests a C-IFS model issue, as is
also confirmed with the NO, evaluation against MIPAS observations in Figure 6, where the model also shows
largervaluesthan the observations overthe NH, around the 8hPa altitude.

Page 10, Line 19: What abouttoo fast horizontaltransport? Is CH4fixed at surface?

We constrain CH, at the surface using a monthly and latitudinally varying climatology, which is somewhat
different than the null flux approach adopted in BASCOE-CTM. Nevertheless, the agreement with BASCOE-CTM
(and observations) at ~ 100hPa does not suggest issues with the tropospheric CH, concentrations that could
explain the discrepandes seen in the stratosphere. Indeed not only vertical transport, but also horizontal
transport and mixing could be causes for differences between C-IFS and BASCOE-CTM in the 100-10 hPa altitude
range. Thanks to the last comment by second reviewer, the discussion of the transport issue indicated by fig.9
has been completely re-writtenin orderto avoid any over-interpretation:

“Fig. 9 shows an evaluation of N,0 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 dirculation 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 experiment is 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
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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 seenbelow 10 hPa in Figures 3 and 4.”

5 Conclusions

Page 11, Line 3: | generally do not think 1.5 years is enough for evaluating the chemistry and chemistry. A
possible drift in the O3 column (Fig. 2) should be investigated. If chemistry is adjusted in an assimilation system,
a drift will probably not be very prominent orimportant, but used as a CTM 1.5 years is short.

We sympathize with the comment of the reviewer that a 1.5 year simulation is too short to assess and quantify
potential drifts. Therefore we have now extended the runs and corresponding evaluation with an additional
year (2010). This indeed shows that biases in O; partial and total columns for 2010 are essentially similar to

2009, and also the Antarctic O; hole period was modeled with similar skills. We extended the discussion in the
full manuscript on this additional year.

”

Page 11, Line 9-11: “a larger error” -> “larger errors”, “was”-> “were”, and fix rest of sentence.

We changed this, thank you for the suggestion.

Page 11, Line 12: Why is it necessary to do this first step? It seems another step is expected.

See also our comments above. We now modify this as follows:

“This benchmark model evaluation of C-IFS-TS marks a key step towards merging tropospheric and
stratospheric chemistry within IFS, aiming at a possible configuration for daily operational forecasts of lower
and middle atmosphericcomposition in the near future.”

Page 11, Line 18: What use would assimilation of long-lived species have in the IFS?

Assimilation of long-lived species ensures the provision of observationally constrained trace gas fields which will

intrinsically contribute to an improved quality of ozone chemistry specifically, and atmospheric composition
forecastsingeneral, whichis one of the essential purposes of the system.
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Page 12, Line 6: While monitoring capabilities may be important and interesting in the stratosphere, and also
provide global products of species which are not globally observed, it would be interesting to hear the
implications for forecasting.

Is it not only O3 that is important for radiation calculations? Better stratospheric O3 could improve stratospheric
temperatures?

Indeed better stratospheric O; is one of the key target products which are expected to lead to improved
stratospheric temperature fields, as shown e.g. by de Grandpré et al. (2009). Also stratospheric water vapour
which is also highly relevant to radiation, can potentially benefit from an improved representation of
stratospheric chemistry. Note that improvement in description of these tracer fields can either be obtained
through revised climatologies, as derived from stratospheric composition analyses, as well as through revised
parameterization of prognosticvariables.

We explicitly hint on these aspects in the introduction of our manuscript, as one of the motivations to develop
this system. As for the condusion, we believe the general statement ‘(...) stratospheric chemistry (...) may also
contribute to advances in meteorological forecasting of the ECMWF IFS model in the future’ is appropriate, as at
thisstageitistoo earlyto specify such applications.

Appendix
Table A1 should be sorted on names.
The reviewer is correct that the ordering was not optimal. We have re-ordered the list of trace gases, first

grouping trace gases active in the various regions (glb, trop, strat), and next sorting them more strictly on
functional groups (e.g. grouping the hydrocarbons, the chlorine-containing trace gases, etc.)

References
DOls are missing for some references; please update.

We have updated the list of references, including the missing DOls. The additional references in the revised
manuscriptare listed afterthe reply tothe second reviewer.
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Anonymous Referee #2

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

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

A goal of the paper is to demonstrate that their method of using the tropospheric mechanism/solver for
tropospheric grid 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 that they did not
actually test this. To demonstrate their method, they need to have run a simulation where troposphericand
stratosphericreactions were solved TOGETHER and NOT split into 2 mechanismes.

Those results 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 but it would also eliminate
the confusion in the comparisons (see below) regarding transport/advection differences between BASCOE-CTM
and the CIFS-TS.

We thank the reviewer for his/her valuable comments on our manuscript. Indeed a system with tropospheric
and stratospheric chemistry resolved throughout the atmosphere (in the remainder referred to as ‘C-IFS-
Atmos’), as opposed to the reported more efficdent approach in C-IFS-TS, had been already developed and
briefly mentioned in the manuscript but its evaluation was missing. The main reason for not presenting this was
that the stratospheric chemistry was treated very similar and hence small differences in model results between
C-IFS-Atmos and C-IFS-TS could be expected in the stratosphere. Discrepancies to the observations mainly raise
from common stratospheric chemistry model assumptions (e.g. PSC treatment, photolysis) and differences in
transport treatment between C-IFS and 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 (at the end of Sec. 2.3), essentially due to the larger chemical
mechanism throughout the atmosphere that needs to be solved.

In response to the reviewer we acknowledge that an explicit evaluation of the differences between C-IFS-TS and
C-IFS-Atmos does clarify our goal, which indeed also aims at presenting our methodology with separate
tropospheric an stratospheric chemistry in C-IFS-TS. We therefore now include explicitly C-IFS-Atmos in our
model evaluation and show that the differences with the more efficent approach in C-IFS-TS are as small as
expected.
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This expansion of the model evaluation alsoincreases the usefulness of the comparison with BASCOE-CTM since
it is now possible to compare two models with the same stratospheric chemistry but different transport
schemes (BASCOE-CTM versus C-IFS-TS) and two models with the same transport but (slightly) different
chemical schemes in the stratosphere (C-IFS-TS versus C-IFS-Atmos). A recent study by de Grandpré et al. (2016)
isnow citedtoillustrate the type of issues raised in the stratosphere by the semi-lagrangian advection scheme.

| don’t agree with the statement in the abstract that the 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 03, for example, often looks worse (or at least no better) that it did in the CBO5 (trop only) or
BASCOE (strat only) versions. This new model does not appear to be an improvement over previous model
versions.

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, but since the results are rather different, there must be transport (or meteorological
field) differences too. This is alluded to on page 7, lines 26-28. The transport/advection needs to be the same in
the two simulations in order to 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, strat
only, and the ‘split’ method presented here. The results will provide a good benchmark and will be easier to
interpret if all experiments are performed with the same transport code and meteorologicalfields.

The reviewer appears confused by the selection of model setups chosen in our manuscript. In essence, the C-IFS
is a Global Circulation Model (GCM) designed for meteorological analyses and forecasts where a module for
chemistry has been included 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 system to C-IFS.

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

The BASCOE-CTM is driven by meteorological fields from the C-IFS run, but still uses a different numerical
scheme for the advection, and is running on a different grid as compared to the C-IFS runs. Note that in this
setup of the BASCOE system the chemical data-assimilation is switched off, hence purely reflecting the forward
model capabilities. Hence comparison between BASCOE-CTM and C-IFS-TS is a dean method to evaluate
differences due to the representation of transport with identical meteorological fields, and not suited for the
evaluation of differencesinthe chemical treatment since there are no such differences.
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The additional model run, C-IFS-Atmos, where tropospheric chemistry is extended throughout the stratosphere,
and vice versa, isnow included to assess the impact of assumptions of the reduced chemistry in C-IFS-TS.

In response to the reviewer’s concerns we now extend the table describing the model versions (see also the
comment below), 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 a flexible setup where -within a single framework- either the
tropospheric or stratospheric chemistry modules are addressed, referred to as C-IFS-TS. In this approach the
parameterizations for the chemistry, induding the respective chemistry mechanisms as optimized for
troposphere and stratosphere separately, are retained.

In this paper we describe our two merging approaches and provide benchmark evaluations of the C-IFS-Atmos
and C-IFS-TS systems with focus on the stratospheric composition. The ancestor BASCOE-CTM is also induded
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-IFS and BASCOE.”

The model evaluation has been extended to include results obtained with C-IFS-Atmos, as well as an evaluation
of the stratospheric composition (induding O;, HNO; 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 helpful to add a table that lists the specifications of each of the models used and notes how
dynamical fields are obtained (e.g., forecast assimilation, . . .?), chemical mechanism, resolution, etc. For

example, BASCOE is an assimilation system, but it’s only the BASCOE stratospheric chemical mechanism that
used 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.
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In response to the reviewer’s concerns in Section 2.3 we 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 run in ‘nudged meteo’ mode, by relaxation of the meteorology towards ERA-Interim, as we also write in
Section 3. The BASCOE-CTM run is driven by the identical meteorology from the C-IFS experiment (and in tumn
from ERA-Interim), but applies its own advection algorithm which is clearly different from the one usedin IFS. In
Section 3 we also make more clear what are the differences between C-IFS and BASCOE-CTM. As discussed
above, the BASCOE-CTM results are included 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 similar to the 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 drculation
model and computational expenses of a one-month run on T255L60 in terms of system billing units (SBU) for
various C-IFSmodel versions. For completeness also the BASCOE-CTM system s indicated.
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C-IFS-T C-IFS-S C-IFS-Atmos C-IFS-TS BASCOE-CTM
No. trace
55 59 99 99 59
gases
Chemistry BASCOE BASCOE
schemein CBO5 (P<400hPa) CBO5+BASCOE CBO5
troposphere (P<400hPa)
Chemist
'Y cBosy
schemein Cariolle BASCOE CBO5+BASCOE BASCOE BASCOE
stratosphere
No.
i 93/3/18
reactions
( as/l het/ 93/3/18 142/9/52 211/11/60 or 142/9/52
& 142/9/52
photo)
Circulation
GCM GCM GCM GCM CT™M
model
SBU 2075 2500 4563 3076 -°

®BASCOE does not run on the ECMWF supercomputing facility and hence cannot be compared directly to C-IFS

in 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’ rather than tracer because that
can be used in a general way to talk about any type of constituent in 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? Or are you referring to the chemical

mechanisms when you say ‘chemical parameterization’? A parameterization for chemistry is not the same thing
15 as a chemical mechanism. Sometimes ‘chemical schemes’ is used, which is fine for referring to the mechanism.
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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. To accommodate 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 also below). In this
instance mentioned by the reviewer in Sec. 2.0 (p.3, 1.24) we only wish to guide the reader forward to the
spedific sections on stratospheric/tropospheric chemistry, but to prevent potential confusion we now write
“tropospheric(CB05-based) chemistry parameterizations”.

p. 4, |. 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 leading to polar ozone
depletion (Daerden et al., ACP, 2007), the corresponding microphysical module was removed (due to huge
computational costs) and replaced by this very crude parameterization. Indeed the BASCOE CTM is now
designed as a generic model which (until now) needs only to be good enough to allow the successful
assimilation of satellite observations of stratospheric composition. Yet both reviewers indicated a simple
improvement which could be implemented quickly enough fot this revision of the manuscript.

Hence we have revised the PSC-parameterization, which is no longer purely temperature-dependent. We now
remove H,0 and HNO; where their respective partial pressures exceed the equilibrium values, according to
Murphy and Koop (2005), and Hanson and Mauersberger (1988). The time scale for irreversible removal of
HNO; has been revised from 100 days in the original setup to 20 days, in accordance with the smaller regional
and temporal extent where NAT particles are assumed to exist. This led to significant improvements in the H,0
and HNO; bias in the region where PSC formation is possible, and accordingly to a slight improvement in O;
profile shapes in terms of a reduced positive bias at 100 hPa and reduced negative bias at 20hPa during August-
September over the Neumayer and 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 later than observed by Aura MLS observations, which may be attributed to our crude modelling
approach for the formation and sedimentation impact of NAT PSC.. We have modified the respective section as
follows:

“Ice PSCs are presumed to exist at any grid point in the winter/spring polar regions where water vapour partial
pressure exceeds the vapour pressure of water ice (Murphy and Koop, 2005). Nitric Acid Tri-hydrate (NAT)
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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 O'D is produced from O; photolysis and assumed to react instantaneously, with
only reaction products H,0 and again Os. As the O'D (and O) lifetime is much shorter than the integration time,
while only reactions with N2 and 02 are assumed in the troposphere, the O'D concentration can be considered
in equilibium over the integration time and hence does not need to be treated explicitly. The same
argumentation holds for OP, produced from O, photolysis in upper troposphere, and assumed to only react
with O3 to form O,, and with O, to form Os. This is different for the stratosphere, where O1D and O3P are
involved in many more reactions. To clarify in the manuscript we reformulate this as follows:

“It is worth mentioning that the constituents 0'D and O°P, produced from O; 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
differentfor the stratosphere, where O'D and O’P are involved in many reactions.”

p. 6, . 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 adifferenttiming:

“Also the 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 depletioninthe 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 O3 and NO2 profiles in
Fig. 1 to demonstrate the lack of a jump. What is the meaning of J03_TB’ in the title of one plot? No similar title
forthe otherplot.
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The reviewer is correct in that the presence or absence 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
dominating reaction (or photolysis) rate with the different chemical mechanism. For O; the photolysis is a
dominating loss term in this altitude range, but still the reaction rate is sufficiently low (i.e. the O; lifetime
suffidently long) such that jumps in the photolysis rate do not lead to jumps in Oz concentrations. For NO, the
photolysis rate is much larger, and resulting in a short (less than 1 hour) NO, lifetime. Jumps in photolysis rate
potentially resultin jumps in NO and NO, concentrations. Nevertheless, the jump is sufficiently small (for J-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 figures in the supplementary material
where we present instantaneous profiles of a range of trace gases at the tropopause interface. We extended
the discussion on this aspect with the following sentences:

“Even though such jumps are undesirable, no visible impact on local chemical composition was found, for any
of the trace gases involved in both tropospheric and stratospheric chemistry, see also Figures S1-S3 in the
Supplementary Material. This can be explained by the suffidently small difference in the photolysis rates at
the merging altitude of the photolysis and chemistry schemes, combined with the suffidently long lifetime of
the affected trace gases.”

Section 2.3.2, I. 8. It’s unclear whether you’re saying NO, NO2, and have the mass fixed applied or whether they
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 useful to see a 1-year time series of the
H20 mass above 100 hPa.

As explained in the manuscript the reason for switching off the mass fixer for the stratospheric H,0 tracer is
because otherwise mass conservation errors originating from the troposphere lead to spurious redistribution of
H,0 mass towards the stratosphere. Therefore, in fact due to switching off the mass fixer, the H,O mass in the
stratosphere remains very stable. We illustrate this by Figure R1 (below), which shows indeed absence of any
trend in stratospheric H,O columns over the years, indicating that H,O mass conservation is sufficiently well
ensured in the stratosphere. This figure also shows that H,O total columns are essentially identical in C-IFS-
Atmosand C-IFS-TS.
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Figure R1. Evolution of global, daily mean H,0 partial columns (left: 0.1-80 hPa, right: 0.1 — 100 hPa) for the runs
C-IFS-Atmos (blue) and C-IFS-TS (orange) forJanuary 2009 to December 2010. C-IFS-TSis on top 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,O tracer has
been switched off. This prevents spurious trends in stratospheric H,O columns over the years (not shown),
indicating that H,0 mass conservation is well ensured in the stratosphere.”

p. 7, last 3 lines. This sentence says you are looking to identify differences in transport schemes. This confuses
the issue of evaluating the chemical mechanisms (and their implementation). This evaluation should be
performed using the same dynamical fields 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 refer to our response to
the 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 stratospheric chemistry within the C-IFS framework. Indeed, the
BASCOE-CTM run uses identical chemistry to C-IFS-TS and is not introduced to assess the chemical mechanisms,
but rather differences due to the transport scheme while using the same dynamical fields. Here, the
‘parameterizations’ refer to the reaction mechanism, photolysis, heterogeneous chemistry and sedimentation,
as we now explicitly write.

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

p. 8 I. 30-31. Suggest to change to ‘. . .between 6-30 km agree to within 15% of independent . . .” For all the
figures that are 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 this according 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-generation from
the 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 purpose is to show that the TS mechanism looks more like the
observed total column O3 than does the trop-only code (with linearized strat 03). One would expect the TS O3 to
be better than the linearized O3 of CB05, but there 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, not having
the sametransportin all the simulations really interferes with a useful comparison.

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 include results from C-IFS-Atmos
and C-IFS-T, as well as from BASCOE-CTM to assess the impact of different chemistry approaches, and different
transport scheme. The new evaluation shows more clearly the benefits and limitations of the new approach in
C-IFS-TS, as compared to C-IFS-T (with linearized 03), as well as differences with BASCOE-CTM (which contains
stratospheric chemistry 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 not include results from BASCOE-CTM, considering it's missing tropospheric
contribution. The manuscript text has been revised accordingly.

Furthermore, in Sec. 3 we now include a few general statements to darify 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.”
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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 over trop-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; profiles in terms of partial pressure biases in the original manuscript we intended to focus on
the contribution of each pressure region to the O; TC, with larger weights in the lower stratosphere. This is now
assessed in detail in 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; profiles in units ppmv, indeed
giving more focus to the altitude with maximum O; concentration, at around 10 hPa. Also we now average over
all profiles in 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 describing the 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-T lines in the figure. There is no line
color/style for the 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 —but the 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 near the 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 5 in the manuscript has been regenerated based on the revised model simulations. Color-coding has
been updated, and error-bars denoting the model and observation variability are now induded. Note that all
comparisons with observations, including fig. 5, use three-hourly model output which has been collocated in
time and space to the observations. This is now explained in Section 3. Please also note that in our section
describing Figure 5 we do not claim general good agreement, as the reviewer suggests, but rather point at
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, see also Figure R2, below, for an assessment of the differences to the C-IFS simulations presented in
the GMDD manuscript. This is due to the improved PSC parameterization, especially above 50hPa in August and
September where 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.”
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Additionally we now provide a closer analysis of the performance during polar ozone depletion, by presenting
time 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.
Spedifically we now show that denitrification, which is clearly not modelled in C-IFS-T, starts at the correct time
in the models with stratospheric chemistry, although it appears to last about one month too long as compared
to the observations. We note that in the original manuscript, where this parameterization depended only on T,
the denitrification started one month too late.

Syowa ( 39.6,-69.0), 7obs Syowa ( 39.6,-69.0), 9obs Syowa ( 39.6,-69.0), 5obs
August 1 September ' 1 QOctober
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Figure R2. Evaluation of ozone in units mPa against WOUDC ozone sondes at Syowa station during August-
October 2009. Black: ozone sonde, red: C-IFS-TS in the Revised model version, blue: C-IFS-TS in original GMDD
version. Error bars denote the 1-sigmaspreadin the 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 whether there is good agreement. As presented, the conclusion can’t be drawn that there are ‘small biases’.
Near the 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-CTM is especially useful to diagnose if model biases arise due to
different advection schemes or due to different chemistry schemes. To accommodate the reviewer’'s comments
to better quantify the C-IFS versions, as compared to BASCOE-CTM we now indude 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 figures in the Supplementary Material: the quantitative comparison is strengthened by a new
comparison of vertical profiles with Aura MLS (Fig. S7) and the discussion of Fig. 7 (top row) is confirmed with a
correspondingevaluation also using Aura MLS (Fig. S8). The discussion of ozone onfig. 7 now reads:
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“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 extent in 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. What is the message here? The CIFS has a terrible high bias in nighttime NO2 and a large low
biasin HNO3. Why is the CIFS simulation worse than BASCOE? There is no clear explanation here.

We acknowledge that these results are not satisfying; unfortunately at current stage we do not have a clear
explanation for this. 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 current
limitations of our model. We now write:

“Even though a clear improvement compared to run C-IFS-T is 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 residual mean 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 polar vortex
(descent). Above 10 hPa, profiles are more strongly influenced by chemical loss so the 2 simulations should look
very similar there. The CIFS-TS simulation tends to look worse than the BASCOE CTM or the observations
between 10-50 hPa. This suggests circulation and/or mixing problems in the tropics and SH.

03 at 20 hPa is strongly influence by chemistry, not just transport. 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 rather vague and mistakenly use Figure 8 as a diagnostic for “vertical”
transport. We thank the reviewerfor pointing this out and setting us on the right track.

The reviewer's suggestion about circulation and/or mixing problems confirms that figure 8 is a preliminary yet
valid diagnostic for transport processes in general, and that it indicates an unidentified issue for the
representation of these processes in C-IFS. We do not think that circulation is the culprit because the BASCOE
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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) a few 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 (Ritchie et al., 1995; ECMWF, 2014).”

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

“Fig. 9 shows an evaluation of N,0 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 drculation 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 experiment is 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,O, larger errors with respect to limb-sounding retrievals were found
between 10 hPa and 100 hPa than with the BASCOE-CTM, suggesting difficulties in representing slow
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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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Please add a version number or unique identifier either foreach of the models you
combined or for your newly created modelin the title upon your revised submission to
GMD.

We thank Dr Kerkeweg for referring to the requirements of papers published in GMD. In fact also the editor of
this manuscript, Dr Grewe, had pointed us to these requirements, where we responded that version labeling
was not yet introduced, in line with arguments given by Flemming et al. (2015): The cyde number of the IFS
reflect the development of the NWP code, but are not yet linked to the development of the chemistry modules.
The current chemistry scheme is used for several IFS cydes. As part of the Copernicus Atmosphere Monitoring
Service a proper version naming convention will be introduced. In case our response is not acceptable for
acceptance in GMD we will now introduce such aversion numberto this new modelimplementation.
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Abstract. We present a model description and benchmark evaluation of an extension of the tropospheric chemistry module
in the Integrated Forecasting System (IFS) of the European Centre for Medium-Range Weather Forecasts (ECMWF) with
stratospheric chemistry, referred to as C-IFS-CB05-BASCOE (for brevity here referred to as C-IFS-TS). The stratospheric
chemistry originates from the one used in the Belgian Assimilation System for Chemical ObsErvations (BASCOE), and is
here combined with the modified CBO5 chemistry module for the troposphere as currently used operationally in the
Copernicus Atmosphere Monitoring Service (CAMS). In our approach either the tropospheric or stratospheric chemistry
module is applied depending on the altitude of each individual grid box with respect to the tropopause. An evaluation of a
12.5 year long C-IFS-TS simulation with respect to various satellite retrieval products and in-situ observations indicates
good performance of the system in terms of stratospheric ozone, nitrogen—dioxide—as—well-as—other reactive tracers—in
comparisonto-various-satellite retrieval products-and a general improvement in terms of stratospheric composition compared

to the C-IFS predecessor model version. Possible issues with transport processes in the stratosphere are identified. This

marks a firstkey step towards a chemistry module within IFS that encompasses both tropospheric and stratospheric

composition,_and could expand the CAMS analysis and forecast capabilities in the near future.

1 Introduction

Existing earth observation systems in combination with global circulation models (GCMs) help to provide a better
understanding of the Earth’s atmospheric composition and changes therein (Hollingsworth et al., 2008). For the troposphere,
hemispheric transport and chemical conversion of atmospheric composition influences regional air quality (Pausata et al.,
2012; Im et al.,, 2015, Marécal et al., 2015). Also—analyses—andforecasts, the amount of stratospheric ozone directly
impactimpacts the forecast capabilities of surface solar irradiance (Qu et al., 2014).), stressing the relevance of good

stratospheric ozone forecasts. Stratospheric ozone further affects the chemical composition in the troposphere because of

stratosphere-troposphere transport of ozone (Stevenson et al., 2006, Gaudel et al., 2015), and its radiative properties

influencing the tropospheric photolysis rates. Beyond such direct implications_on the troposphere a comprehensive
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description of stratospheric composition allows a more complete understanding of processes taking place in the stratosphere,
ranging from tracking the ozone hole (Lefever et al., 2015) and understanding the concentrations of ozone depleting
substances (Chipperfield et al., 2015), to the assessment of dynamical effects such as the Quasi-Biennial Oscillation (QBO,
Baldwin et al., 2001), and from implications of sudden stratospheric warmings on circulation patterns (Manney et al., 2015)
to general radiative feedbacks of ozone, water vaporvapourand CO, on weather and climate (Solomon et al., 2010).

These aspects have long been studied in the framework of Chemistry Transport Models (CTMs) and, more recently, in
GCMs, see, e.g., the SPARC Chemistry-Climate Model Validation Activity (CCMVal, 2010). In GCMs the role of
stratospheric ozone chemistry on the tropospheric climate can explicitly be studied (e.g. Scaife et al., 2011). But also
meteorological models can benefit from having a good representation of the stratospheric composition and its variability,
considering the radiative effects and the resulting impact on stratospheric as well as tropospheric temperatures (Monge-Sanz
et al., 2013), which becomes relevant for tropospheric forecast skills on long-range to seasonal time scales (Maycock et al.,
2011).

Within a series of MACC (Monitoring Atmospheric Composition and Climate) European research projects a global forecast
and assimilation system has been built, which is the core for the global system of the Copernicus Atmosphere Monitoring
Service, (CAMS, http://atmosphere.copernicus.eu ). In CAMS, forecasts of atmospheric composition are carried out
(Flemming et al., 2015, Morcrette et al., 2009, Engelen et al. 2009), which benefit from assimilation of satellite retrievals
(Inness et al., 2015, Benedetti et al., 2009), to improve the initial conditions for composition fields in terms of reactive gases,
aerosols and greenhouse gases. Here a tropospheric chemistry scheme has been embedded in ECMWF’s Integrated Forecast
System, referred to as Composition-IFS (C-IFS, Flemming et al., 2015). Even though the current operational version of C-
IFS based on the Carbon Bond chemistry scheme (CBO05) provides good model capability on tropospheric composition
(Eskes et al., 2015), the stratosphere is only realistically constrained in terms of ozone. This is because so far the model
ozone is based on a linear scheme (Cariolle and Tyssédre, 2007) which is suitable owing to the data-assimilation capabilities
of C-IFS of both total column and profile satellite retrievals (Flemming et al., 2011; Inness et al., 2015; Lefever et al., 2015).
Also it is recognized that the applicability of radiation feedbacks of tracerfieldstrace gases, such as ozone and water
vaporvapour, as produced through CH, oxidation, are hampered by schemes that are based on linearizations (Cariolle and

Morcrette, 2006; de Grandpré et al., 2009), This is due to theirthe intrinsic dependencies to climatologies which are used to

construct such schemes and hence they may behave poorly in anomalous situations. Having full stratospheric chemistry
available in the IFS therefore would not only allow to study a wider range of atmospheric composition processes, but also a
more independent assessment of radiation feedbacks on temperature, hence providing the potential for improvements in
stratospheric and tropospheric meteorology. These considerations drive the need for extension of C-IFS with a module for
stratospheric chemistry. For this we use the chemistry scheme from the Belgian Assimilation System for Chemical
ObsErvations (BASCOE), Errera et al. (2008), which was developed to assimilate satellite observations of stratospheric

composition.
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BASCOE is based on a Chemistry Transport Model (CTM) of the stratosphere which is used to investigate stratospheric
photochemistry (Theys et al., 2010; Muncaster et al., 2012). The assimilation systemuses the 4D-VAR algorithm (Talagrand
and Courtier, 1987) to produce reanalyses of stratospheric composition (Viscardy et al., 2010) which compare favourably
well with similar systems (CGeer et al., 2006; Thornton et al., 2009) and facilitate detailed studies of transport processes in the
stratosphere (Lahoz et al., 2011). The photochemistry module fromthe BASCOE-CTM was implemented into the Canadian
assimilation system GEM, demonstrating the potential of a coupled chemical-dynamical assimilation system for
stratospheric studies (de Grandpré et al., 2009; Robichaud et al., 2010). BASCOE has been used and evaluated within the
framework of MACC as an independent system for the provision of Near Real-Time analyses of stratospheric o zone and for
the validation of the corresponding product by the main assimilation system (Lefever et al., 2015; Eskes et al., 2015).

We have developed astrategy for mergingThe 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 we have developed an approach for an optimized merging of the CB05

tropospheric chemistry scheme and the stratospheric chemistry scheme used in BASCOE within C-IFS. An assessment of
the two chemistry schemes showed that there is only partial overlap in tracerstrace gases and reactions that are essential in
both regimes. For instance, 15 out of the full list of 99 tracerstrace gases need to be treated in the chemical mechanisms for
both troposphere and stratosphere. Also the modelling of the photolysis rates and heterogeneous reactions have been
optimized for application in troposphere and stratosphere separately. Fherefore we didnot aim-atafull-integrationof the
chemistny schemes—butrather choose In this optimized approach we developed a flexible setup where -within a single

framework- either the tropospheric or stratospheric chemistry modules are addressed, referred to as C-IFS-TS. In this

approach the parameterizations for the chemistry, including the respective chemistry mechanisms as optimized for

troposphere and stratosphere separately, are retained.
In this paper we describe curmodeling-strategytwo merging approaches and provide a-benchmark evaluationevaluations of
the mergedC-IFS-Atmos and C-IFS-TS systemsystems with focus on the stratospheric composition. The ancestor BASCOE-

CTM is also included in the comparison through a forward model run (without chemical data assimilation), in order to

provide insight in the differences caused by the treatment of transport between C-IFS and BASCOE. The paper is organized

as follows: In Sect 2 the chemistry modules for the stratosphere are described and the merging with the tropospheric scheme
is explained.. Section 3 provides details on the setup of the model runs, and the observational data used for the model
evaluation. Section 4 provides a basic model evaluation of the system. We finalize this manuscript with conclusions and an

outlook for further work.
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2. Atmospheric chemistry in C-IFS

For general aspects related to chemistry modeling in the-C-IFS the reader is referred to Flemming et al. (2015). The

meteorological ~ model in the current vesion of C-IIFS is based on IFS cycle 41rl1

-ECMWEF, 2015). The advection is

simu lated with a three-dimensional semi-Lagrangian advection scheme, which applies a quasi-monotonic cubic interpolation

of the departure values.

In the following two subsections we describe the C-IFS modules for the stratospheric (referred-toas BASCOE-based) and
tropospheric (CB05-based) chemistry parameterizations, continued by a section describing the merging procedure of these
two modules to form the C-IFS-TS system. The full list of trace gases is given in Table Al in the Appendix, including the

domains where they are actively treated within the chemistry.

2.1 Stratospheric chemistry

Fromthe BASCOE system (Errera et al., 2008) the chemical scheme and the parameterization for Polar Stratospheric Clouds
(PSC) has been implemented in the-C-IFS. The BASCOE chemical scheme used here is labelled “sh14a”. It includes 58
species interacting through 142 gas-phase, 9 heterogeneous and 52 photolytic reactions. This chemical scheme merges the
reaction lists developed by Errera and Fonteyn (2001) to produce short-term analyses, with the list included in the
SOCRATES 2-D model for long-term studies of the middle atmosphere (Brasseur et al., 2000; Chabrillat and Fonteyn,
2003). The resulting list of species (see Table Al) includes all the ozone-depleting substances and greenhouse gases
necessary for multi-decadal simu lations of the couplings between dynamics and chemistry in the stratosphere, as well as the
reservoir and short-lived species necessary for a complete description of stratospheric ozone photochemistry.

Gas-phase and heterogeneous reaction rates are taken from JPL evaluation 17 (Sander et al., 2011) and JPL evaluation 13
(Sander et al., 2000), respectively. Lookup tables of photolysis rates were computed offline by the TUV package (Madronich
and Flocke, 1999) as a function of log-pressure altitude, ozone overhead column and solar zenith angle. The photolysis
tables used in chemical scheme sb14a are based on absorption cross-sections from JPL evaluation 15 (Sander et al., 2006).
The kinetic rates for heterogeneous chemistry are determined by the parameterization of Fonteyn and Larsen (1996), using
classical expressions for the uptake coefficients on sulfate aerosols (Hanson and Ravishankara, 1994) and on Polar
Stratospheric Clouds (PSCs) (Sander et al., 2000).

The surface area density of stratospheric aerosols uses the-same-an aerosol number density climatology as-Baerdenbased on
SA GE-1l observations (Hitchman et al- i i

pointparameterization.., 1994). Ice PSCs are presumed to exist at any grid point in the winter/spring polar regions where the
temperature-is-colderthan 186 K water vapour partial pressure exceeds the vapour pressure of water ice (Murphy and Koop,
2005).
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Nitric Acid Tri-hydrate (NAT) PSCs where-the-temperature—is—colderthan194-Kare assumed when the nitric acid (HNOs)

partial pressure exceeds the vapour pressure of condensed HNO; at the surface of NAT PSC particles (Hanson and
Mauersberger, 1988). The surface area density is set to 2x10°® cm?/cm® for ice PSCs and 2x10°7 cm?/cm® for NAT PSCs.

The sedimentation of PSC particles causes denitrification and dehydration. This process is approximated by an exponential
decay of HNO3; with a characteristic time-scale of 20020 days for gridpoints where NAT particles are supposed to exist, and
an exponential decay of HNO; and H,O with a characteristic time-scale of 9 days for gridpoints where ice particles are
supposed to exist.

Mass mixing ratios for N,O, CO, and a selection of anthropogenic and organic halogenic trace gases are constrained at the
surface by a global mean constant value, Table 1. Assuming that trace gases are well mixed in the troposphere, this

essentially serves as lower boundary conditions for the stratospheric chemistry.

2.2 Tropospheric chemistry

The tropospheric chemistry in the C-IFS is based on the CB05 mechanism (Yarwood et al., 2005). It adopts a lumping
approach for organic species by defining a separate tracer species for specific types of functional groups. The scheme has
been modified and extended to include an explicit treatment of C1 to C3 species as described in Williams et al., (2013), and
SO,, di-methyl sulphide (DM S), methyl sulphonic acid (MSA) and ammonia (NH3) (Huijnen et al., 2010). A coupling to the
MACC aerosol model is available (Huijnen et al., 2014), but not switched on for this study. The reaction rates follow the
recommendations given in either Sander et al. (2011) or Atkinson et al. (2006). The modified band approach (M BA), which
is adopted for the computation of photolysis rates (Williams et al., 2012), uses 7 absorption bands across the spectral range
202 — 695 nm. At instances of large solar zenith angles (71-85°) a different set of band intervals is used. In the MBA the
radiative transfer calculation using the absorption and scattering components introduced by gases, aerosols and clouds is
computed on-line for each of the predefined band intervals. The complete chemical mechanism as applied for the

troposphere is extensively documented in Flemming et al. (2015). AThere a specification of the emissions and deposition of

tropospheric reactive trace gases is provided as well.

2.3 Merging procedureprocedures for the tropospheric and stratospheric chemistry
In-this-section-we-describe-the strategy for mergingHere we investigate two options to merge tropospheric and stratospheric

chemistry, as also summarized in Table 2. The chemistry mechanism for C-IFS-Atmos is composed by simply combining

the reaction mechanis ms for troposphere and stratosphere into one large mechanis m, removing reactions that are duplicated.

In contrast to this model version here we propose an approach fora more efficient merging of the chemistry modules for the

troposphere and stratosphere to form the C-IFS-TS system. Key chemical cycles differ between troposphere and

stratosphere, hence reguiringallowing different parameterizationschemical mechanisms. For example, the oxidation of non-

methane hydrocarbons (NMHC’s) is essentially taking place in the troposphere and represents an important driver for

tropospheric O3 production. The chemical evolution of PAN and organic nitrate can be neglected in the stratosphere. On the
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other hand, N,O and CFC’s are essentially chemically inactive in the troposphere and will only phetelysebe photolysed by
UV radiation in the stratosphere. Therefore, only—the t&anspon—of—thgswacechemlcal reactions involving these gases

needsdo not need to be accounted for in the troposphere. A

Br—Cl—can—onlybe producedin-the stratosphere. Also the parameterization of the photolysis rates leads to different

requirements for the troposphere and stratosphere, as will be discussed in the next subsection. Finally the numerical solver of

the chemical mechanism contributes substantially to the total costs of the model run in terms of run-time, depending on the
size of the reaction mechanism. These elements have motivated us to divide the chemistry in the C-IFS-TS system into a
tropospheric and stratospheric part. Note that there is only one set of transported atmospheric trace gases and only the
position of the grid box above or below the tropopause determines if the tropospheric or stratospheric chemistry is applied.

The tropopause can be defined based on a different criteria. A common approach is to use dynamical criterion such as the
isentropic potential vorticity (e.g., Thuburn and Craig, 1997) but this fails in regions of small absolute vorticity, notably in
the tropics. A definition based on the lapse rate (WMO, 1957) is an alternative, but may not be well defined in the presence
of multiple stable layers. We therefore choose to base our criterion on the chemical composition of the atmosphere
considering that the tropopause is associated with sharp gradients in trace gases (e.g., Gaudel et al., 2015). This has the
advantage that parcels with tropospheric/stratospheric composition can be traced dynamically, and the most appropriate
chemistry scheme can be adopted to it. In our simulation we use a chemical definition of the tropopause level, where
tropospheric grid cells are defined at O3<200 ppb and CO>40 ppb, for P > 40 hPa. With this definition the associated

tropopause pressure ranges in practice between approx. 270 and 80 hPa for sub-tropics and tropics, respectively.

For both troposphere (CB05) and stratosphere (BASCOE) the numerical solver is generated using the Kinetic Pre-Processor
(KPP, Sandu and Sander, 2006) software. SpecificalySpecifically we adopt the standard four-stages, third order Rosenbrock
solver (Rodas3). This is different from the-hard-coded Eulerian backward implicit solver as used in Flemming et al. (2015),
and is motivated by the improved coding flexibility andaccuracy.

Most of the gas phase reactions that take place both in the troposphere and stratosphere, such as NOx and HOx reactions, are
simulated in identical ways in both chemistry schemes. It is worth mentioning that the tracersconstituents O'D and O°P,
produced from O3 and O, photolysis, are described-implicitly not explicitly computed in the troposphere, while-theyas 0'D
and O°P are treated-explicitly-in-assumed to react with O,, O; and N, only. This is different for_the stratosphere, where O'D
and O°P are involved in _many reactions. For trace gases whose chemistry is currently neglected in the stratosphere (the
NMHC'’s, PAN, Organic nitrate, SO,) we adopt a 10-day decay rate to prevent their spurious accumulation efthese tracers-in

the stratosphere. Hence these losses are currently not accounted for in the stratospheric chemical mechanisms and do not

contribute either to the load of stratospheric aerosols. Note that tropospheric halogen chemistry, which contributes to_near-

surface ozone depletion in spring-time polar region and to changes in oxidative capacity in the tropical marine boundary
layer (von Glasow and Crutzen, 2007) is currently neglected, even though related trace gases are available. By inspection of
individual tracerconstituents fields we have ensured that the merging strategy does not result in spurious jumps at the
interface between troposphere and stratosphere—n-case-ofrunning, see also Supplementary Figures S2-S5. When the system
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is_run with stratospheric chemistry only (C-1FS-S), all chemistry and emissions are switched off at altitudes below 400 hPa
and replacedconstrained by surface boundary conditions.

The threefour options to run this type of C-IFS experiments and the computational costcosts are given in Table 2. As
compared to the C-IFS-T experiments, the costs of running an experiment including full stratospheric chemistry with the C-
IFS-TS systemhave increased by ~50%. Fhe-additional-burdenforMost of this increase is caused by the co mputation of the
chemistry and not the tracer transport due to the increase—in—the number of tracersonly marginally increases—the
computational time —because of the efficiency of the semi-Lagrangian advection scheme for multiple tracers. A—test
experimentThe C-IFS-Atmos setup where tropospheric and stratospheric chemistry were merged into a single reaction
mechanis m—where all reactions—are activated-inthe whole atmosphere, led to an increase in costs by ~50% compared to C-
IFS-TS, indicating the benefit of having separate solver codes for tropospheric and stratospheric chemistry. Einally-thisalso

allows foran-easy switch-between-systemsetups-The C-IFS-TS implementation allows for an easy switch between system

setups _compared to the C-IFS-Atmos implementation. For completeness also specifications of the BASCOE-CTM are

provided in Table 2, which is identical in terms of stratospheric chemistry parameterization compared to C-IFS-TS and C-
IES-S. Clearly the essential difference compared to the C-IFS setup refers to the fact that BASCOE is used here as a CTM,

while C-IFS is a GCM. Most notably this implies a different advection treatment and a different horizontal grid (see section

3).

2.3.1 Merging photolysis rates

For parameterization of the photolysis rates the Modified Band Approach (MBA, Williams et al., 2012) and the lookup table

approach (Errera and Fonteyn, 2001) asare retained, see Table 3, as these have been optimized in the past for applications in

the troposphere and stratosphere-are—retained—seeTable-3, respectively. While for tropospheric conditions scattering and
absorption properties of clouds and aerosol strongly impact the magnitude of photolysis rates and hence the local chemical
composition, this is of less relevance in the stratosphere. Wavelengths shorter than 202 nm, on the other hand, are largely
blocked by stratospheric ozone and oxygen and do not contribute to radiation in the troposphere (Williams et al., 2012). At
higher altitudes these short wavelengths contribute to the Chapman cycle and to the break down of CH,;, CFC’s and N,O
either directly or through oxidation by O'D. Also the presence of sunlight at solar zenith angles (SZA) Iargerthan 90° at high
altitudes needs to be accounted for in the stratosphere i

stratosphereearlerthan-the Earth’s surface—due to the Earth’s curvature-which—amongstotherstriggers-the polarspring
stratospheric, This plays a role in the timing of springtime ozone depletion-_in the polar lower stratosphere, but may be

neglected in the troposphere.

Table 4 lists the photolysis rates that are active both in the troposphere and stratosphere. Photolysis rates for reactions
occurring both in the troposphere and stratosphere are merged at the interface, in order to ensure a smooth transition between

the two schemes. This is done by an interpolation at four model levels around the interface level between both
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parameterizations, for SZA<85°. For larger SZA the original value for the photolysis rate is retained in case of stratospheric
chemistry, while it is switched off for the troposphere.

Note that even though the reaction rates have been merged, the products from the same photolytic reactions are sometimes
different as a consequence ofthe different reaction mechanisms between the troposphere and stratosphere.

An example of the merging strategy is given in Fig. 1. It shows that at the interface for J O3 and J NO, on average a small
increase of the merged photolysis rate is seen towards lower altitudes, with the switch to MBA in the troposphere, which is a

consequence of the combination of differences in the parameterizations. Even though such jumps are undesirable, no visible

impact on local chemical composition was found-, for any of the trace gases involved in both tropospheric and stratospheric

chemistry, see also Figures S1-S3 in the Supplementary Material. This can be explained by the sufficiently small difference

in_the photolysis rates at the merging altitude of the photolysis and chemistry schemes, combined with the sufficiently long

lifetime _of the affected trace gases.

2.3.2 Merging-tracerTracer transport_settings

Tracer transport is treated identically for all individual chemical tracerstrace gases. Since the semi-Lagrangian advection

does not formally conserve mass (Flemming and Huijnen, 2011; de Grandpré et al., 2016) a global mass fixer is applied

(Diamantakis and Flemming, 2014) to all but a few tracersconstituents, including NO, NO, and H,0. Rather than conserving
mass during the advection step of the individual components NO and NO,, this is enforced to a stratospheric NOy tracer
defined as the sum of NO and NO,. While a chemical H,O tracertrace gas is defined in the full atmosphere, in the
troposphere H,O mass mixing ratios are constrained by the humidity (q) simulated in the meteorological model in IES and
provide a boundary condition for water vapour in the I=Sstratosphere. Stratospheric H,O (i.e. above the tropopause level) is
governed by chemical production and loss. Stratospheric-H,O-mass-ishnotstricthy conservedconsidering-that theThe global
advection errors in H,O that essentially originate from the tropospheric part {wherebecause by far most H,O mass is located
with—large—in the troposphere and the spatial gradients}—and_are much more pronounced. This should not affect the

stratospheric H,O mass budget-{where-total, herefore the global mass fixer for the stratospheric H,O tracer has been switched

off. This prevents spurious trends in stratospheric H,O columns over the years (not shown). indicating that H,O mass is

muchlower and H,O mixing—ratiogradients-are-much-smoother).conservation is well ensured in the stratosphere.

3. Model setup and observations used

We have executed a—wun—ofruns with C-IFS-TS and C-IFS-Atmos for the period April 2008 until December
2009December2010. Stratospheric ozone in C-IFS-TS is further compared to that of the C-IFS-T system (Flemming et al.,
2015)-which). This uses the ECMWEF standard linear ozone scheme (version 2a, Cariolle and Teyssédre, 2007) in the

stratosphere-, while stratospheric HNO3_is constrained through a climatological ratio of HNO3/Os at 10 hPa (Flemming et al.,

2015).
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We have initialized all C-IFS-I-S-ard-CH=S-T runs on 1 April 2008 using assimilated concentration fields from the BASCOE
system in the stratosphere for this date. The horizontal resolution of these runs is T255 (i.e. approx. 0.7° lon / lat) with 60

levels in the vertical. Meteorology_in the C-IFS runs is relaxed towards ERA-Interim.

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.

The performance of the C-IFS-FS_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—he BASCOE-CTFM-is—-TS. This serves as a model reference for the C-IFS implementation of

stratospheric chemistry. While C-1FS 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 1.0125° lon / lat similar to the resolution efchosen for C-IFS
used-here, and on the same vertical grid of 60 levels. tusesThe BASCOE-CTM is driven by temperature, pressure and wind
fields simulated by the C-IFS runs. UsingHowever, 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 (ECMWE, 2015). Using essentially the same dynamical fields together with an identical

implementation of the chemistry code should allow to identify differences indue 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

parameterizationparameterizations such as reaction mechanism, photolysis, heterogeneous chemistry and sedimentation.

3.1 Observational data used for validation

We evaluate the C-IFS-T-S runs in terms of stratospheric Oz, NO,, N,O, CH,4, H,O and HCI, and for this purpose use a range

of observation-based products.

Model results are compared with retrievals (version 3) of Os, (Froidevaux et al.. 2008a), CIO (Santee et al., 2008), H,O

(Read et al., 2007) and HCI (Froidevauxet al., 2008b) fromthe Microwave Limb Sounder (MLS) onboard the satellite Aura
and with retrievals (version 6) of Os (Ceccherini et a 008), HNO- (Wang et a 007) and NO, (Wetzel et a 007) from

limb_emission spectra recorded by the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) onboard the

European satellite Envisat.
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Total column Og is validated against KNM I’s multi sensor reanalysis version 2 (MSR, van der A et al., 2015) which, for the
2008-20092010 time period is based on Solar Backscattering Ultraviolet radiometer (SBUV/2), Global Ozone Monitoring
Experiment (GOME), SCanning Imaging Absorption spectroMeter for Atmospheric CartograpHY (SCIAMACHY) and
Ozone Monitoring Instrument (OMI) observations. The satellite retrieval products used in the MSR are bias-corrected with
respect to Brewer and Dobson Spectrophotometers to remove discrepancies between the different satellite data sets. The
uncertainty in the product, as quantified by the bias of the observation-minus-analysis statistics, is in general less than 1 DU.
05 profiles are compared to ozonesonde data that are acquired from the World Ozone and Ultaviolet radiation Data Centre
(WOUDC). The precision of the ozonesondes is on the order of 5% in the stratosphere (Hassler et al., 2015), when based on
electrochemical concentration cell (ECC) devices (~85% of all soundings). Larger random errors (5-10%) are found for other
sonde types, and in the presence of steep gradients and where the ozone amount is low. Sondes at 19, 12, 2 and 1 individual
stations are used for the evaluation over northern hemisphere mid latitudes, tropics, southern hemisphere mid latitudes and
Antarctic, respectively.

Stratospheric NO, columns are compared to observational data from the SCIAMACHY (Bovensmann et al., 1999) UV-VIS
(ultraviolet-visible) and NIR (near-infrared) sensor onboard the Envisat satellite. The satellite retrievals are based on
applying the Differential Optical Absorption Spectroscopy (DOAS) (Platt and Stutz, 2008) method to a 425-450 nm
wavelength window. Stratospheric NO, columns from SCIAMACHY presented here are in fact total columns derived
usingby dividing retrieved slant columns of NO, by a stratospheric air mass factor {Richteret-al—2005)—Fo-—rinimize-the
impactofthe troposphereonlyand contains data over the clean Pacific region-are-usedocean (180°E - 220°E)—Still-the
ameunt-considered-here-as-being) only (Richter et al., 2005). Although in this region the contribution of the troposphere to
total column NO, is small. stratospheric ircludescolumn NO, from SCIAMACHY is still somewhat positively biased by a

weighted-part-efthe-tropospheric baskground-NO,-contribution. However, stratospheric air mass factors for NO, are usually
large compared to tropospheric ones, so that the uncertainty resulting from this should only have a minor_impact on the data

analysis presented in this study.

Monthly mean stratospheric NO, columns are associated with relative uncertainties of roughly 5-10% and an additional
absolute uncertainty of 1x10™ molec cm. To account for differences in observation and model output time, simulations are
interpolated linearly to the equator crossing time of SCIAMACHY (10:00 LT). In addition, only model data for which
satellite observations exist are included in the corresponding comparisons.

Furthermore, satellite-based observations are used from the Atmospheric Chemistry Experiment - Fourier Transform
Spectrometer (A CE-FTS), onboard of the Canadian satellite mission SCISAT-1 (first Science Satellite, Bernath et al., 2005).
This is a high spectral resolution Fourier transform spectrometer operating with a Michelson interferometer. Vertical profiles
of atmospheric volume mixing ratios of trace constituents are retrieved from the occultation spectra, as described in Boone et
al. (2005), with a vertical resolution of 3-4 km at maximum. Here we use level 2 retrievals (version 3.0) of N,O and CHj.
ACE-FTS N,O observations between 6-and--30 km ateagree to within £15% compared-againstof independent observations,
while above they agree to within £4 ppbv (Strong et al., 2008). The uncertainty in ACE-FTS CH,4 observations is within 10%
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in the upper troposphere — lower stratosphere, and within 25% in the middle and higher stratosphere up to the lower
mesosphere (<60 km) (De Maziere et al. 2008).

2 shows the mean O partial columns (PC) against observations from Aura MLS v3.0 over the poles and the tropics. In C-

IES-T, applying the Cariolle parameterization, the annual cycle over the Arctic is very well simulated but a constant

overestimation of 50 DU (20%) is found. In the Tropics the bias is much smaller, with a slight underestimation (10 DU, 5%).

In_the Antarctic, the results are remarkably good during the ozone hole episodes but there is a serious overestimation

developing from February until the beginning of August, when it reaches 50 DU (30%) i.e. as much as in the Arctic. CIFS-

Atmos and CIFS-TS provide very similar results over the full time period, suggesting that our approach to keep two different

solvers in each region is valid for stratospheric ozone. Also after an initialization period of a few months the model runs do

not present any obvious drift, and the differences with BASCOE-CTM are very small. This_implies that differences due to

the model configuration regarding transport are not crucial for lower stratospheric ozone at these timescales. In the Tropics
the C-IES-TS and C-1FS-Atmos results are slightly better than those with BASCOE-CTM, potentially due to the missing
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parameterization for convection. In the Antarctic, the parameterization of PSC leads to an overestimation of springtime

ozone depletion while the Cariolle parameterization simulates very well the lowest columnar values observed in September,

as discussed in more detail below. The recovery of ozone is overestimated by 20DU (10%) in Dece mber-January. While the

amplitude of the annual cycle is overestimated above the Antarctic, its structure matches well the observations.

An evaluation of Og total columns (TC) against the MSR at various latitude bands is given in Figure S6 in the

Supplementary material. Considering the missing tropospheric chemistry in the BASCOE-CTM this system is not well

constrained in terms ofthe Os TC which implies that it is not useful to include its results here. The TC comparison confirms

the evaluation with PC from Aura M LS observations, showing a strong positive bias over the NH mid latitudes and Arctic

for C-IES-T, which is reduced for C-IFS-Atmos and C-IFS-TS. These model versions do not show a significant trend during

the 2009 — 2010 period. For the tropical and southern hemisphere mid-latitudes all C-IFS versions show a similar

performance with C-1FS-Atmos showing a small positive offset with respect to C-IFS-TS of approx. 2-8 DU depending on

the latitude band and season.

Closer inspection of O3 profiles against sondes averaged over the NH-mid latitudes, tropics and SH-mid latitudes for the DJF

anad 4 =1 [a' NO\A aYal ed hiasec mao nrominen isihle ne 0 0NnP Hude nae inthe

and JJA seasons {Figu and-4)-3 duced-bia a 0-30-hPa 3 derang
sub-tropicsfor C-1ES-TS. Nevertheless this experiment stil showsin 2009 and 2010 (Figures 3 and 4) shows biases in

generally similar order of magnitude, although frequently with opposite sign, for C-IFS-TS and C-1FS-Atmos compared to

C-1ES-T. Especially over the extra-tropics the C-1IFS-TS and C-1FS-Atmos model versions show lower mixing ratios than C-

IES-T at the middle stratosphere (~10 hPa), generally leading to an improvement compared to the observations. For the NH

mid-latitudes this also explains the improved O3 TC and O; PC in these runs compared to C-1FS-T as discussed above.

Nevertheless, these experiments still show a positive bias near the ozone maximum in terms of partial pressure (~50 hPa)

and also at lower altitudes during the northern hemispheric spring season. IaFurthermore, in the tropics the use of the full

stratospheric chemistry implies a slight degradation against the linear scheme around the ozone maximum, where the
Cariolle parameterization is very well tuned-while-the. The negative bias in the lower stratosphere; as alse-found in C-IFS-
TS is notimproved-

compared to C-IES-T. These alternating biases in CIFS-TS and C-IFS-Atmos are due to corresponding biases in chemically

related species such as NO, and also to transport issues, as discussed in more detail below. The very similar performance of

C-IES-TS with respect to C-IFS-Atmos, especially in this altitude range, once again gives confidence in our approach to split

chemistry scheme for tropospheric or stratospheric conditions. A similar evaluation against MLS observations, but for the

period September-October-November 2009, provides very similar conclusions (Figure S7, supplementary material). For the
2009 Antarctic ozone hole season (Fig. 5) the C-IFS-TS showsand C-IFS-Atmos show a positive bias at ~100 hPa for
August and September, butand negative bias at higher altitudes (50-10 hPa), where C-1FS-T shows a positive bias. Still the

depth of the ozone hole is well modelled in October. During the closure phase in November and December the O3 variability
with altitude is better captured in C-IFS-TS than in C-IFS-T.

40



10

15

20

25

30

A closer analysis of the processes responsible for springtime polar ozone depletion is given in Fig. 6. In both the C-IFS-TS

and C-IFS-Atmos runs as well as BASCOE-CTM there is an HNO; deficit at the beginning of the winter. Denitrification.

which is not modelled in C-IFS-T, starts at the correct time in the models with stratospheric chemistry indicating that NAT

PSC appear at about the right time. However, denitrification proceeds more slowly and ends one month later than observed

by Aura-MLS. We attribute this shortcoming to the crude modelling of NAT PSC which does not calculate the amount of

condensed nitric_acid and water, keeps the surface area densities of PSC particles fixed at an arbitrary value and

parameterizes sedimentation through irreversible removal. Chlorine activation starts at exactly the right time and is as strong

in the C-IFS runs as in the Aura-MLS observations until the beginning of September, but starts decreasing afterwards while

it lasts two more weeks in the observations. Hence the overestimation of ozone depletion during August and September in

the models with explicit stratospheric chemistry is probably not due to an overestimation of chemical removal. This feature
is_more pronounced in CIFS-TS and CIFS-Atmos than in the BASCOE-CTM, suqggesting that it may be associated to

differences in the modelling of transport.

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 Oz mixing ratio at 10 hPa is under-

estimated in all experiments but to a larger extent in 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 Oz sondes for June-July-August (figure

4). The same evaluation against MLS observations provides exactly the same conclusions (Figure S8, supplementary

material).

The assessment of NO, against MIPAS daytime NO, observations, acquired by sampling the ascending orbits from Envisat,
shows good agreement with both-models—Also-the C-IES-TS describesthe models, although C-IFS-TS and C-1FS-Atmos
tend to show a positive bias. The C-IFS-TS and C-IFS-Atmos runs describe well the seasonal variation in zonal mean

stratospheric NO, columns at different latitude bands, Fig. 8, with monthly mean biases with respect to the SCIAMACHY

observations of less than £0.5_1 x 10" molec cm? in the tropics and at mid-latitudes. The positive bias is larger in C-IFS-

Atmos than C-IFS-TS. In contrast, poor performance can be seen for C-IFS-T. due to the lack of stratospheric NO,

chemistry in that version.

However, a positive NO, bias with respect to night-time MIPAS NO, observations appears larger for C-IFS-TS and C-IFS-
Atmos than for the BASCOE-CTM (Fig. 67). In contrast, this figure also shows a negative bias in HNO3; with respect to
MIPAS observations in both-the BASCOE-CTM, and C-IFS-TS—againAtmos, and even more marked in the C-IFS-TS
experiment. Considering-that daytime NO,-biasinEven though a clear improvement compared to run C-IFS-FST is small
and-simiarto-that for BASCOE-CTM found. further investigation is necessary to diagnose the largernegative-bias-in-C-H=S

HNO-is—Hkehynot-caused-byorigins of the biases in its—chemical-precursors-night-time NO, above 10 hPa and in HNOs
between 10 and 70 hPa.
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Fig. 89 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 {verticab—transport-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 hlgher)—wmm—ls-alse-re&hepsuwlerpas—feund—m

simiar) where their abundance is more strongly influenced by chemical loss but at lower altitudes (100-10 hPa) C-IFS-TS

and C-1FS-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 sharpergradient in the extra-tropical Northern Hemisphere.

This discrepancy cannot be due to different wind fields because the BASCOE-CTM experiment is driven by three-hourly

output of the C-1ES 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-IES 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 o0 zone 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.
Fig. 910 shows a good consistency between H,O modelled by C-IFS-TS and the BASCOE-CTM results, albeit with a slight
negative bias with respect to MLS observations above 5 hPa, and a positive bias around 30 hPa in the tropics, associated

with corresponding biases in CHy. This figure also shows globally a good agreement between HCI modelled by C-IFS-TS

and MLS observations, although with a positive bias of 0.8 ppbv confined in the region of ozone depletion above Antarctica.

5. Conclusions

We have presented a model description and benchmark evaluation of an extension of the C-IFS system with stratospheric
ozone chemistry of the BASCOE model added to the already existing tropospheric scheme CB05—+eferred. We refer to_this
system as C-IFS-CBO05-BASCOE, or C-IFS-TS in short. In our approach we have retained a separate treatment for
tropospheric and stratospheric chemistry, and select the most appropriate scheme depending on the altitude with respect to

the tropopause level. This has the advantage that parameterizationsmechanisms which are optimized for tropospheric and
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stratospheric chemistry, respectively, can be retained, which also substantially reduces the computational costs of the

chemical solver compared to an approach where all reactions are activated in the whole atmosphere-,_referred to as C-IFS-

Atmos. Also, it allows for an easy switch between system setups. To avoid jumps in tracertrace gas concentrations at the
interface the consistency in gas-phase reaction rates has been verified while the photolysis rates from the two

parameterizations are interpolated across the interface. We showed that differences between C-1FS-TS and C-IFS-Atmos are

overall small, hence our basic assumption to have different chemistry solvers for troposphere and stratosphere is valid for

our applications.
An evaluation of a 12.5 year simulation of C-IFS-TS indicates good performance of the system in terms of stratospheric

ozone, of similar quality as its ancestor BASCOE-CTM model results—, and a considerable general improvement in terms of

stratospheric composition compared to the C-1ES-T predecessor model version which applied a linear ozone scheme in the

stratosphere.
The O3 totalpartial columns (10-100 hPa) show biases mostly smaller than £20 DU when compared to the MSR-/2Aura

MLS observations. Also the profiles were generally well captured, and show an improvement with respect to the C-IFS-T

linear ozone scheme in the stratosphere over mid-latitudes. The depth and variability of the ozone hole over Antarctica is

modelled well._While also the C-IFS-T shows a remarkably good agreement to the observations during the ozone hole

episodes it develops a significant overestimation of the partial columns during other months. The tropical maximum of the

mixing _ratio, around 10 hPa, is the only stratospheric region where C-IES-T agrees betterall-year-long with observations.

Also evaluation of other trace gases (NO,, HNO;, CH4, N,O, HCI) against observations derived from various satellite

retrievals (SCIAMACHY, ACE-FTS, MIPAS, MLYS) indicates-a-good-performanceButfor CHy-and N,Oa largererrorwith

especttolimb-soundinaretrievalswas found-at-around-30-hPa than-the BA a M—This-could-po

C-IFS-TS compared to C-IFS-T, even though C-IFS-TS still suffers from positive biases in stratospheric NO,, whereas

HNO;_is biased low. For the long-lived tracers CHy and N,O, larger errors with respect to limb-sounding retrievals were
found between 10 hPa and 100 hPa than with the BASCOE-CTM. The BASCOE-CTM experiment shown here was driven

by three-hourly wind fields output of the C-IFS experiments. 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-IES but neglected in BASCOE CTM) or the

diffusion (parameterized in C-IES but not explicitly considered in the CTM). Hence, stratospheric transport in C-1ES will be

an area for further evaluation and developments.

This benchmark model evaluation of C-IFS-TS marks a firstkey step towards merging tropospheric and stratospheric
chemistry within IFS, aiming at a possible configuration for daily operational forecasts of lower and middle atmospheric
composition fofin the entire-atmosphere-near future. Future work wilicould focus on the following aspects:

- Chemical data-assimilation: initial tests with data-assimilation of Oj total column and profile retrievals suggest that

stratospheric ozone is successfully constrained in C-IFS-TS. However, observational constraints on other components
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driving ozone chemistry are currently lacking in the assimilation system. Our extension opens the possibility for assimilation
of additional tracerstrace gases such as N,O and HCI. However, for the 4D-VAR assimilation of short-lived species such as
NO; and CIO an adjoint chemistry module would likely be required as implemented the BASCOE DA system.

- Alignment of the reaction mechanism and photolysis rates: while at current stage the gas-phase and photolytic reaction
rates of the parent schemes are retained, we foresee a further integration to ensure better alignment of the chemical
mechanisms. Especially the existing jumps in photolysis rates as a consequence of the different parameterizations are not
desirable, even though they are not harmful for model stability nor visibly lead to any degradation in model performance.
The alignment in terms of gas-phase reaction rate expressions can be achieved by the introduction of the KPP solver in C-
IFS, for both tropospheric and stratospheric chemistry, which allows for a better traceable model develop ment than the hard-
coded Euler Backward Integration solver as adopted in Flemming etal. (2015).

- _Improvement of the representation of stratospheric_sulphate aerosols and Polar_Stratospheric Clouds: the current

climatology for these aerosols, and parameterization for PSCs could easily be improved. While the current results are

satisfactory for a general-purpose monitoring system, these improvements would especially allow better simulations of the

composition in in the polar lower stratosphere during springtime.

- Extension of tropospheric and stratospheric chemistry schemes: the availability of a comprehensive set of tracertrace gas
fields allows for a relatively easy extension of the tropospheric reaction mechanism by including selective reactions
originating from the stratospheric chemistry, and vice versa. Examples are the introduction of halogen chemistry in the
troposphere (von Glasow and Crutzen, 2007), or SO2 conversion to sulphate aerosol in the stratosphere, relevant in case of
strong volcanic events (Banda, et al., 2015).

- Optimization of solver efficiency: even though the use of KPP has simplified the code maintenance and may result in a
higher numerical accuracy of the solution, it also caused a considerable slow-down of the numerical efficiency as compared
to the Euler Backward Integration solver, as that solver had been optimized for tropospheric ozone chemistry in C-IFS-
CBO05. Solutions could be an optimization of the initial chemical time step for the KPP solver, depending on prevailing
chemical and physical conditions, and an optimization of the automated solver code, which allows for a more efficient code
structure (KP4, Jockel et al., 2010).

In summary, the extension towards stratospheric chemistry in C-IFS broadens its ability for forecast and assimilation of
stratospheric composition, which is beneficial to the monitoring capabilities in CAMS, and may also contribute to advances

in meteorological forecasting of the ECMWEF IFS model in the future.

Code availability

The C-IFS source code is integrated into ECWMF’s IFS code, which is available subject to a licence agreement with

ECMWEF, see also Flemming et al. (2015) for details. The stratospheric chemistry module of C-IFS was originally developed



in the framework of BASCOE. Readers interested in the BASCOE code can contact the developers through

http://bascoe.oma.be.
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Appendix A

Table Al. Trace gases in C-IFS-TS, along with their chemically active domain: troposphere (Trop), stratosphere (Strat) or beth-(Glbwhole
atmosphere (WA).
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Short name Long name Active domain
03 ozone GlbWA
OH hydroxy| radical WA

H202 Hydrogenrhydrogen peroxide GlbWA
HO2 Hydreperoxy-hydroperoxy radical GlbWA
oH Ehyecleesarlradical Glb
[ sacthane ()
CO Carboncarbon monoxide GlbWA
CH20 formaldehyde GIbWA
CH302 Methylperoxy-methy Iperoxy radical GlbWA
CH300H methy Iperoxide GlbWA
CH4 methane WA
NO Nitregennitrogen monoxide GlbWA
NO2 Nitregennitrogen dioxide GlbWA
NO3 Nitratenitrate radical GIbWA
HNO3 Nitrienitric acid GlbWA
HO2NO2 Rernitriepernitric acid GlbWA
N205 Binitregendinitrogen pentoxide GlbWA
Rn radon WA
PARPH paraffinslead Trop
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C2H4 ethene Trop

C2H6 ethane Trop
C2H50H ethanol Trop
C3H8 propane Trop
C3H6 propene Trop
C5H8 isoprene Trop
C10H16 terpenes Trop
CH3COCHO methy lgly oxal Trop
CH3COCH3 acetone Trop
CH30H methanol Trop
HCOOH formic acid Trop
MCOOH methacrylic acid Trop
PAR paraffins Trop
OLE olefins Trop
ALD?2 aldehydes Trop
PAN Peroxyracebybnitrate Frop
ROOH peroxides Trop
PAN peroxyacetyl nitrate Trop
ONIT Otganicorganic nitrates Trop
SO2 Sulfursulfur dioxide Trop
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SO4 sulfate Trop
DMS Dimethyddimethy| sulfide Trop
MSA methanesulfonic acid Trop
NO3_A nitrate Trop
NH2 amine Trop
NH3 ammonia Trop
NH4 ammonium Trop
MSA Methanesulfonicacid Trop
CH3COCHO rethylghroxal Trop
C203 PeroxyracetyHp eroxyacety| radical Trop
1SPD methacrolein M VK Trop
ACO2 acetone product Trop
IC3H702 IC3H702 Trop
HYPROPO2 HYPROPQO2 Trop
ROR Organic ethers Trop
RXPAR PAR budget corrector Trop
X02 NO to NO2 operator Trop
XO2N NO to alky| nitrate operator Trop
OCH30H methaneloxygen atom (ground state) FropStrat
HCOOHO1D Formic-acidoxygen atom (first StratFrep
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MGCOOHH Methacrnylic-acidhy drogen atom StratFrep

C2H6H?2 ethanehydrogen FropStrat

G2H50HH?20 ethanelWater StratFrop
S2=e BEeBaRe e
S8 BEeB-CRe el
G5H3 isoprene Frop
SLRDELE orpanes e
CH3COGCH3 acetone Trop
1SPD Methasrolein- MK Trop
ACO2 Acetone-produst Trop
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ERRORO2 HMRPRORO2 el
NH2 amine Trop
Rn radon Gl
Rb lead Tep
CH3 Meethydmethy | radical Strat
CH30 Methoexymethoxy radical Strat
HCO Formydformy | radical Strat
C0o2 carbondioxide Strat
N nitrogen atom Strat
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N20 Nitrousnitrous oxide Strat

H20CL waterchlorine atom Strat
ClL2ecio Chlerine-diexidechlorine Strat
HCL Hydrogerhydrogen chloride Strat
HOCL hypochlorous acid Strat
CH3CL methy| chloride Strat
CH3CCL3 methy| chloroform Strat
CCL4 tetrachloromethane Strat
CLONO2 chlorine_nitrate Strat
HOCLCLNO?2 Hypochlorous-acidchloro(oxo)azane Strat
cL2CLO chlorine_monoxide Strat
OCLOHBR Hy-drogen-bromidechlorine dioxide Strat
BRONO2CLOO Bromine-nitrateasy mmetric chlorine Strat
CL202 dichlorine_dioxide Strat
BR bromine atom Strat
BR2 bromine atomic ground state Strat
CH3BR methy | bromide Strat
CH2BR2 dibromomethane Strat
CHBR3 bromoform Strat
BRONO?2 bromine nitrate Strat
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Table 1. Trace gases relevant for the stratosphere which are constrained at the surface. The constant surface volume mixing ratios are also

given.

N,O CFC11 CFC12 CFC113 CFC114 CH3CCl3
3.22E-7 2.59E-10 5.37E-10 7.93E-11 4.25E-12 1.02E-10 4.53E-11
HCFC22 HA1301 HA1211 CH3Br CHBR; CO,
1.70E-10 3.30E-12 4.62E-12 9.08E-12 1.17E-12 5.44E-10 3.80E-4

Table 2. Number of tracers;trace gases, the chemistry scheme in troposphere and stratosphere, and corresponding number of reactions
(gas-phase / heterogeneous and photolytic), andas 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 systemis indicated.

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

No. trasaretrace 55 59 99 99 59
gases
Chemistry scheme BASCOE BASCOE
in troposphere CB05 (P<400hPa) CB05+BASCOE CB05 (P<400hPa)
Chemistry scheme .
in stratosohere CBO05/Cariolle BASCOE CB05+BASCOE BASCOE BASCOE
No. reactions 93/3/18

: 93/3/18 142/9/52 211/11/60 or 142/9/52
(gas / het / photo) 142/9/52
Circulation model GCM GCM GCM GCM CTM
SBU 2075 2500 4563 3076 -2

®BASCOE _does not run on the ECMWE_supercomputing facility and hence cannot be compared directly to C-IES in terms of

computational resources.
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Table 3. Parameterization of photolysis rates for troposphere (CB05-based) and stratosphere (BASCOE-based)

Troposphere Stratosphere
(Williams et al., 2012) (Errera and Fonteyn, 2001)
No. J-rates 18 52

Lookup table approach,

Method 2-stream online solver, 204<A<705nm 116<A<705nm

O overhead, pressure, solar zenith angle, .
3 P g O3 overhead, pressure, solar zenith

Dependencies cloud, aerosol, surface albedo,
angle
temperature
. J>0 for sza<96°,
terminator treatment J>0 for sza<85°

Chapman approximation
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Table 4. Selection of photolytic reactions that are merged between troposphere and stratosphere. The reaction product O, is not shown.

Name reaction (stratosphere) reaction products (troposphere)?
JO3 O3 +hv —» 0O'D

JNO2 NO, + hv—>NO +0O NO + O,

JH202 H,0,+ hv —-20H

JHNO3 HNOz;+ hv — OH + NO,

JHO2NO2 HO,;NO;, +hv — HO,+ NO,

JN205 N,Os + hv — NO, + NO;

J CH20-a CH,O +hv—>HCO +H CO +2HO,
JCH20-b CH,O0+hv—CO +H, Cco

JNO3-a NO; + hv— NO, + 0O NO,+ O3
JNO3-b NO3;+ hv — NO

JO2 0, +hv — 20

J CH300H CH300H +hv — CH30 + OH CH,0 + HO,+ OH

2Only specified in case this is different from the stratospheric reaction.
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Figure 1. lllustration of the merging procedure for photolysis rates between the tropospheric and stratospheric parameterizations for the

reaction O; — O'D (left) and NO, — NO+O (right) as zonally averaged over thetropics for 1 April 2008.
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Figure 78. Time series of stratespherictotal column NO, above the clean Pacific ocean (180°E-220°E) for April 2008 — Dec 2009-6f-C-
1ES-TS against SCIAMACHY2010, in units 10™ molec cm™ for NH mid-latitudes (left), tropics (middle) and SH mid-latitudes (right).
Black: SCIAMACHY observations, red dashed: C-IFS-Atmos, red solid: C-IFS-TS, blue: C-IFS-T.
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Figure 89. Zonal mean profiles of stratospheric N,O (top) and CH, (bottom) for September-October-November 2009 using ACE-FTS
observations (black symbols) and co-located output of BASCOE-CTM (bluegreen lines), C-1IFS-TS (red solid lines) and C-IFS-FSAtmos
(red dashed lines). The zonal means are shown separately on five columns corresponding to the latitude bands 90°S-60°S, 60°S-30°S,
30°S-30°N, 30°N-60°N and 60°N-90°N, respectively.
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Figure 910. Zonal mean stratospheric H,O (top, units ppmv) and HCI (bottom, units ppbv) for October 2009 using Aura/MLS
observations (leftfirst column) and co-located output of BASCOE-CTM (middlesecond), C-1ES-TS (third) and C-IF S-FS-{rightAtmos
fourth).
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