Dear Dr. Folberth,

Thank you for handling our submission. Please nd our poinby-point response to the referees
comments below. We have included the revised manuscript t&: In a clean version and with
tracked changes.

The main changes and improvements include:

We included in sections 5.2 and 5.3 a more quantitative anaig.

Based on the comments by referee 1, we provide a more precigseussion of the di er-

ences between the Linoz and the Chapman cycle simulationsgaction 5.2. Instead of
including a scaling factor of 10 to make small changes visghlwe decided to plot a zero
line separation (gain/loss, also highlighting areas of lodéemperatures). In addition, we

discuss the in uence of the relaxation term of LINOZ in more dail.

We extended the discussion of a timeseries analysis for satt5.3 to emphasise (and
guantify) the di erent aspects of trends and annual variality in the control and feedback
simulations of ICON-ART.

In addition, we compare to TOMS ozone column data as well.

In section 5.3 onward, we limit our analysis to the period 1992009, as suggested by
referee 1. The results of the longer simulations can now beufa in the appendix

In general, we revised de nitions to be more precise and adtenissing units.
We extended the appendix to provide a table of acronyms for iweenience.

Referee 2 suggested that we combine (old) Figure 8&9 as welk1Q. Due to the layout
of GMD we decided to stay with separate gures for a clear arragement.

The general intention of this paper is to illustrate the statis of our ICON-ART devel-
opment with a strong focus on current technical improvemest We believe, like referee
2, that the level of technical detail is appropriate for a GMDpublication and that the
technical aspect is well supported by our use cases.

We hope that we could address the referees concerns adeqyaaed are looking forward
to the nalisation of the review process. With kind regards, Bo on the behalf of all
co-authors,

Jennifer Schmter



Dear referee, Thank you for your review of the paper. Your caments and remarks helped
us to clarify and improve the manuscript. Your feedback praded us with the opportunity
to extend certain aspects of our discussion - much appre@dt Our basic idea in writing
this paper was to give a status-quo of our model developmee decided that GMD is
the right place to give a detailed overview of our implementsn. Most user guides, as
you suggest, are somehow non citable literature. Our apprdaof combining a structure
like XML with a Fortran interface should be seen as a blueprinfor other modelling
frameworks as well and supports us today in the exible setupf model integrations for
science applications.

In the following, you can nd our detailed answers (black) tojour comments (red).

Page 2, Lines 31-32: | might suggest changing the text froml like large eddy simu-
lations, numerical weather predictions and climate simuteons ICON-ART can run with
the di erent existing physics con gurations. to eld, like large eddy simulations, numeri-
cal weather predictions or climate simulations, ICON-ART camun with di erent existing
physics con gurations.

Thank you for this suggestion. We rephrased this sentence.

Page 4 Lines 6-7: Should the phrase '...not have any impact aher tracers of the
(thermo-)dynamical of the simulated system.' be ... not hae any impact on other trac-
ers or the (thermo-)dynamics of the simulated system.’

Yes, thank you. This sentence got a little bit mixed up.

Page 13, Lines 5-16: Age of air derived from a linearly incréag tracer is fairly widely
used and | do not think all the details are required of the imgmentation. But | would
also note that equation (4) is a bit di cult to understand. Is the rst term on the right-
hand side (7 x 86400.0 x 365.2425) the initial value assigriedhe age tracer every- where
in the model?

We made a mistake in typesetting this formula (4 - now correetl). The age of air tracer
is initialised with a value of 7 years (in seconds) in the trapsphere. This value is scaled
with the respective pressure. For all other time steps, theetm on the right hand side
(7 x 86400 x 365) is the lower boundary condition for altitudebelow 950 hPa and each
integration time step the integration time step is added.

Can the authors provide some reasons why total column ozomeside the vortex is lower
while chemical change at 50 hPa suggests it should be highé&@n also curious about the
ozone loss that occurs outside the vortex in the Linoz simuilan and that is mentioned
in this section as well. Is it possible to add the 195K isother on to Figure 4 to help the
reader unambiguously see where the PSC-chemistry paranretation is active? While |
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can imagine some laments of the original vortex having tengratures below 195K, | am
curious why the two lobes of the original vortex are not coldmugh to activate the ozone
loss parameterisation.

We have now shaded the area below 195 K in Figure 4. In additiowe added additional
information on the in uence of the LINOZ background ozone athatology. It should be
noted that the background climatology shows higher value$ ozone volume mixing ratios
at 50 hPa in comparison to the ERA-Interim initialisation that we used. In the southern
hemisphere, at 50 hPa, this di erences is up to2 6mol mol 1. The relaxation towards
the background climatology produces a somehow pseudo protion term. Referring to

the original paper McLinden et al. (2000), the photochemicalelaxation time would

be up to 100 days. Since we are performing a short term prodfemncept simulation,
the relaxation to the (higher) background climatology marfests itself in a pronounced
production and loss pattern. For future forecasts we wouldngisage an initialisation
phase in which background and initial ozone are calibratedefore the forecast, leading
to a smaller amplitude. However, additional loss is added byhé parameterisation of
heterogeneous processes based on low temperatures, busitess visible. For climate
simulations (below) this is not a problem, because an initiapin-up phase is included.

For clarity, we decided to plot active and passive ozone saptely as well (Figure X). For
the di erence plot, we neglected the scaling factor of 10, 1fthe Chapman cycle (highlight-
ing that the tendencies are generally small). In the originavortex lobes, temperatures
below 195 K do occur, but only for a very short time.

Thank you very much for pointing out ambiguities. We hope ouclari cations (based on
your suggestions) will help the reader to understand the wkings of the model better.

Page 17, Lines 3-4: For the control simulation that uses spexd ozone from Cionni et al.
(2011) in the radiation, what water vapour is used for radiabn? Is it the water vapour
that crosses the tropopause, but with no addition from meth@e oxidation?

The water vapour is the standard water vapour tracer of ICON. Tis water vapour tracer
is transported and is part of the microphysics scheme. Theie no vertical limit to
which this tracer is present, thus, this water vapour tracers also transported across the
tropopause. If the cold point is reached, this water vapouracer undergoes the transition
to the ice tracer.

Page 19, Lines 9 14: The standard deviation of ozone is dissed here and the point
that the variability in the Cionni et al. dataset shows a patern very similar to the ozone
contours themselves is made. The Cionni et al. ozone datasets made using a standard
climatological ozone with a temporal trend given by regres to an idealised reactive
chlorine (Cly). I think what you are showing in the standard eviation is just the long-

term trend in ozone itself the evolution of the trend aroundlte long-term mean for the
1980 2009 period. While the Linoz ozone actually has yearyear variability but as it

is constructed | dont think it has any long-term trend. This @mparison does not seem
very valid. And that brings up another point that since Linoz s designed for a particular
time period, particularly the PSC parameterization, is it orrect to use it over the full
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period from 1980 when chlorine loading will have evolved csiderably? | might suggest
restricting the comparison to 1990-2009 when the e ects ofltss are more fully realized.

Thank you very much for suggesting a clari cation. Your are ampletely right, pointing
out that the ozone climatology used in ICON-ART control has a Iog term trend. In
contrast, the ICON-ART feedback simulation with Linoz does nbinclude a trend term
in the ozone (it could be included by time varying coe cient3. To clarify this and make
results even more comparable, we took up your suggestion tancentrate the discussion
on the years 1990-2009 and changed the analysis period adowly. To provide a more
guantitative discussion, we added a table with the resultsf@ timeseries analysis of the
total ozone column at 60S from the control and feedback integrations and compare kot
to TOMS observations.

Page 20, Line 5: In the southern hemisphere winter, ICON-ART &aehes temperatures
of about 200 K. This seems to be like a signi cant warm bias thiavould have serious
impacts on PSC processes. How does this statement agree witie tndings shown in
Figure 9 that the feedback simulation seems to be biased colohepared to ERA- Interim?

The line you are referring to has been changed, because it vias vague. You are right
that the feedback simulation is cold biased in the southerndmisphere. The control sim-
ulation shows this as well but lies in between ERA-Interim andhe feedback simulation.

Page 20, Lines 7-8: Is the comparison reversed in the statamén the vertical region
around 50 hPa, the di erence between ERA-Interim and the fedxhck simulation is about
15 K to 20 K in the tropics and below 8 K in the southern hemisple.

Thank you for pointing this out - the statement has been coricted.

Page 22, Lines 2-3: On the comparison of zonal winds to ERA-&mtm the authors state
Here, the ERA-Interim shows values up to 25 m sl higher than in ¢hICON- ART
simulation. Between 30N and 60N latitude above 20 hPa the sigof the di erences
changes. Here, we observe stronger zonal wind speeds thanRAEInterim. The nding
of stronger zonal winds, particularly around the southern émisphere stratospheric jet,
does not seem to t with the cold temperatures found the ICON-AR feedback simu-
lation that are shown in Figure 9. 1 think the negative di ererce means the winds in
ICON-ART are stronger.

We corrected and clari ed the statement - thank you!

Page 23 the caption on Figure 10 does not seem to match with whiatshown in Figure
10.



Corrected - thank you!

Page 24, Lines 2-3: It is di cult to see the di erence in watervapour entering the strato-
sphere that is mentioned by Due to lower tropical tropopausemperatures in the feedback
simulation, less water can enter the lower stratosphere. tause Figure 12 is the monthly
anomaly to the annual mean. A quick mention of the di erencen the annual mean in
the lower stratosphere would help.

Now, we mentioned the annual mean temperature di erence beden the ICON-ART
control and feedback simulations in the text.

Page 25, Figure 12 Do you have any idea why the maximum in the amad cycle in the
feedback simulation around 80 hPa is so broad, stretchingoih May to October. The
broad annual cycle in the bottom right corner of the feedbacklot is also dicult to
reconcile with the very narrow maximum in the top left corner

The tropopause temperature di erences do correspond to thaFrom JJA to SON, the
temperature in the tropics around 100 hPa are higher in the fdback simulation than
in the control simulation. We extended the respective secin in the paper by discussing
this aspect.



Dear Johannes Bieser, Thank you for your review of our paper. a\éxtended section 5.2
providing additional information, focusing on details of he Linoz parameterisation.

For section 5.3, we included a detailed timeseries analystsmake the comparison more
guantitative, keeping your remark in mind.

All abbreviations can now be found in the appendix. We added s8ing units and clari ed
de nitions. We certainly agree, that this improves reproduaibility.

We have considered your remarks regarding combining guresd to alter line breaks.
However, on balance we found that given the nal publicationtgle of GMD the current

layout should work well. If problems are encountered in th@yout process, we will happily
adapt the layout.

In the following, you can nd our detailed answers (black) tojour comments (red).

P2 L5: ... the same dynamical core .... As you know (and statetéa in the text) this is
not the case for ICON (and | am not sure which other model has @m@lly reached that
ideal).

We agree that ICON is not a uniform model in terms of using theasne physical parame-
terisations across scales. However, ICON uses one dynamamak across scales (like, e.g.
the UM at the Met O ce does as well).

P2 L22: Here you should mention that the development is based €GOSMO-ART. Maybe
| am wrong but people do know COSMO-ART. In this case add a fewstences to clarify
any di erences between the ART in COSMO-ART and ICON-ART

We included an additional sentence. Indeed, the main devplment goals are shared. Nev-
ertheless, parameterisations and code implementationseamproved or very di erent.

P7 L6: Here | got lost: prognostic and diagnostic state. Maybyou can clarify what this
means?

We removed that sentence and replaced it by: The ART tracers arpart of the general
tracer transport scheme in ICON.

P7 L25: Any reason for the continuation? That would even workni f77 in a single line.
Yes, you are completely right. The nal version of this papemwill be published in a
two-column layout. This line would be too long for that. The ontinuation is only a
beauti cation for GMD.



P8 L17: Technical work has been done to ensure..... As this i<GMD article, | think it
would be appropriate to brie y state how you implemented ths.

We extended this section by two additional sentences.

P10 L7: Before both routines are called, the tendencies ar@dated. This is unclear.
What does it mean to update a tendency? Do you mean that the terdcies are applied
before these routines are called?

We rephrased that sentence. Instead of returning tendensighe routines apply the calcu-
lated tendencies and change or alter the respective (stateggriable, e.g. the water vapour
tracer.

P11 L16: Probably should read cO3 instead of c. | am not surewo/ou decide on the
line breaks. | suggest to write the formula in a single line ause a single line for each
part/process. But more importantly you need to de ne the P anl L terms. Otherwise it
remains unclear how the derivative of P-L is derived.

We de ned these terms more precisely. Here, again, we dedd® stay with the line
breaks with respect to GMD layout.

P12 L12: You need to give units for all variables. Moreover,Wwould suggest to add the
formula for the relative vorticity. This might seem pedantc but it ensures the repro-
ducibility of your work.

We extended the respective section.

P12 L20: Multiplication of both. This is ambiguous. It couldrefer to PV or to the area.
Yes, you are right. This sentence is a little bit too complid@d. To be more precise, we
separated this into two sentences.

P12 L20: Use zonal wind instead of westerly (as you do in L22).r @bsolute zonal wind
if you want to be super precise.

Thank you - corrected!

P12 L32: middle atmosphere: Please be more precise.

We added an altitude constraint.



P13 L10 & L15: You need to add units to these equations. And | dooh get where the
7x is coming from.

We improved the discussion of this formula.

P13 L12: Please de ne the mean age of air.

We extended the de nition by de ning the unit of .4 This also allows to clarify the
origin of the given number of 7 years in the equation (given iseconds).

P13 L22: ... in models and observations. Maybe | am ignoranubwhat does that have
to do with observations?

We rephrased this section.

P14: Again give units!
We extended our de nitions by providing the units of all varables.

P14 L15-17: Please clarify what exactly do you do here? Do yowerride the default
tracer before the microphysics calculation?

We clari ed that sentence.

P14 L22: composition ??7?
We added a missingchemical

P15 L11: 40km does this refer to a triangle side length? Maylgéve the grid cell average
area for a better comparison to traditional grids.

The length of 40 km is a nominal characteristic distance comjped as square-root of the
mean cell area of the grid. A reference for a formula has beesdad.



P15 L26: How do the 400DU compare to observations?

We extended this section by a more detailed comparison to tladservations.

P16 L1: ... losses are positive ... This is very di cult to folow. | would suggest: losses
are higher in that region.
We totally agree and changed that.

P16 L2: by the chemical mechanism. The plural of chemistry gnds wrong.
We corrected that.

P16 L2: Passive and reactive tracers. (I think chemical is hthe correct word here)

We agree.

P16 L4: And you do not consider additional loss terms (e.g. hajens)
We added a clarifying sentence.

P16 L6: negative ozone loss. Is this identical to ozone pradion? If o it would be better
to understand than the double negative formulation.
You are right, we clari ed that.

P23 Figure 10: The caption is not correct.
Thank you for pointing this out. We corrected the mistake.

P23 L10-15: Please be more precise. Do you mean an absolutaesse or lower values?
e.g. Absolute values of -2E-7 does makes no sense as absohitees are always positive.

Yes, we improved the phrasing.

P28 L6: Age increase of ..... years. It would be nice to give amber here.
We extended the description.



Appendix: Are all species transported? Or how do you treat e.gO1D. It would be
interesting to see the de nition for such a short lived spees.

Species with a short lifetime are not transported. Informabn about that is stored in a
look-up table of MECCA. We extended that example.
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Abstract.

Atmospheric composition studies on weather and climate time scales require exible, scalable models. The ICOsahedral
Nonhydrostatic model with Aerosols and Reactive Trace gases (ICON-ART) provides such an environment. Here, we introduce
the most up-to-date version of the exible tracer framework for CON-ART and explain its application in one numerical weather
forecast and one climate related case study. We demonstrate the implementation of idealised tracers and chemistry tendencie
of different complexity using the ART infrastructure. Using different ICON physics con gurations for weather and climate
with ART, we perform integrations on different time scales, illustrating the model's performance. First, we presetusat

hind-castexperiment for the 2002 ozone hole split with two different ozone chemistry schemes using the numerical weather

vortex using an idealised tracer diagnostic. Secondly, we study AMIP type integrations using a simpli ed chemistry scheme
in conjunction with the climate physics con guration. We use two different simulations: The interactive simulation, where
modelled ozone is coupled back to the radiation scheme and the non-interactive simulation that uses a default backgrounc

interactive and non-interactive integrations on the water vapour tape recorder, as a measure of tropical upwelling changes.
Additionally we explain the seasonal evolution and latitudinal distribution of the age of air. The age od mie&sure of the

strength of the meridional overturning circulation with young air in the tropical upwelling region and older air in polar winter
downwelling regions. We conclude that our exible tracer framework allows for tailor-made con gurations of ICON-ART in

weather and climate applications that are easy to con gure and run well.
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1 Introduction

m equation fally-retainedandallowsfor-non-hydrostatic

m a onshaveseve a a o hay athe

et al., 2015) issrexamplea representativef a next generation system. ICON (Zangl et al., 2015) is a joint development of

Deutscher Wetterdienst (DWD) and Max Planck Institute for Meteorology (MPI-M). The dynamical core of ICON is based
on the non-hydrostatic formulation of the vertical momentum equation. Thus, ICON allows simulations with high horizontal

resolutions, up to grigpacirgspacingof a few hundreds of meters. However, while the dynamical core of ICON is uni ed

use currently different parameterisations of physical processes (Dipankar et al., 2015; Heinze et al., 2017).
ICON offers the possibility of local grid re nements, also called 'nesting'. The nesting provides the option of two-way inter-

actions between the (global) coarse domain and the higher resolution local domain. Hierarchical nesting and several domains

project. Selected results of the HD(CR)oject are described in Heinze et al. (2017). Within this project the con guration of
the LES physical con guration has been developed and is used to achieve a better understanding of, for example, processe
that are related to precipitation. Results will help to improve future climate projections on coarser resolutions.

Since January 2015 ICON runs operationally at DWD for weather forecasts on the global scale with a grid sge&ckrg. of

well.
ART is an additional module for ICON, developed at the Karlsruhe Institute of Technology. It contributes to the goal of a
uni ed global next generation modelling system with a variety of applications in the eld of atmospheric composition sciences.

(gas phase) chemistry, aerosol dynamics and related feedback processes. A comprehensive treatment of feedback process



10

15

20

between chemistry, aerosols, clouds and radiatidhrcannow be included inmanyrecent and future studies (Gasch et al.,
2017; Rieger et al., 2017; Weimer et al., 2017; Eckstein et al., 2017).

Here, we will discuss the uni ed tracer framework of ICON-ART that allows to de ne and specify tiagerisations
initialisation and a coupling of individual chemical mechanisms and speci ¢ process modules. Depending on the require-

ments of the application eld, like large eddy simulations, numerical weather prediciestimatesimulationsr climate

Given the multitude of challenges we are facing, models have to be capable of being readily changed. Therefore, it is of
high importance to provide a tracer framework that is exible and suitable for a large variety of different applications. For the
development of next-generation modelling systems, the requirements for modern high performance computer architectures alsc
have to be considered. Nowadays, numerical models are integrated on massively parallel architectures \iith cqrés.
Unstructured grids like the icosahedral ICON grid show advantages regarding the performance on current high-performance
computing systems (e.g. Zangl et al., 2015). Taking into account the increase of computational power over the last years, it is
obvious that more diagnostic and prognostic tracers will be included in future simulations than before. With ICON-ART 2.1
we introduce a new exible tracer framework, which meets the demands of a next generation modelling system. There is full
exibility in de ning the tracers and associated characteristics. The set of tracers can be tailored for individual experimental
setups of different complexity. The model allows for changes in the set of tracers without any recompilation. The ability to
replace the common usage of namelist structures, previously used by ICON-ART and other models (e.g. Morgenstern et al.,
2017; Baklanov et al., 2014) is fully supported.

Here, we describe the concept of the new ICON-ART tracer framework. The technical description is followed by examples
of de nitions for chemical and passive tracers in ICON-ART in Section 5. In Section 5 we give an overview of different appli-
cations of ICON-ART using the exible tracer framework. These applications include simulations with the numerical weather
prediction physics con guration and simulations with the climate physics con guration. We nish with some concluding re-
marks and an outlook.

2 The ICON-ART tracer framework

more The user has the ability to de ne a unique set of tracers, tailored to the requirements of the model experiment planned.

The new tracer framework builds on structures which are already implemented in the basic ICON framework and shared by
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different available physical con gurations. These con gurations are the LES physics con guration (Dipankar et al., 2015;
Heinze et al., 2017), the NWP physics con guration and the climate physics con guration based on ECHAMG6 parametrisation

tion. Thus, the composition coupling can be performed without subsequent changes. The ART code is not changed when the
physics con guration is changed.
This allows an independent investigation of atmospheric processes using different physical con gurations.

2.1 Technical description of the tracer framework

to matchthe-a data type or any extension of this type when it is declared @ltASS(type) wheretype is a derived data
type (Chapman, 2008). If theLASSmatches more than one data type, it is called polymorphic. Within ICON-ART, we are
using these polymorphic objects to extend the existing tracer structure by additional mekadatacendmainfeaturethat
we-areusingarelinkeeHistsLinked lists areanotherFortran 2008eaturethatis extensivelyused Linked lists allow for new

features like passing a reference to the next list element or adding and deleting elements.
Within-In the scope of this paper, we are working with two different types of tracers: passive and chemical active ones. An

change by transport and do not interact with other tracers or processes. Chemical active tracers experience sources and sinl

while being transported and can participate in feedback processes.

example, passive tracers have no chemical loss term to be considered. In other words, the lifetime of passive tracers is in nite.

Information about the lifetime is used for simple chemical tracers that experience an idealised loss while being transported. Of
course, the information dealing with transport should be provided for both tracer types. A exible aerosol dynamics module

making use of the exible tracer framework is currently under development.
2.2 Storage of metadata information

We extend the existing ICON-ART functionality by the usage of a key-value storage. The storage is based on string compar-
isons using generic hash tables. For every tracer, a unique key of xed size is de ned. This represents the search key. The
table is constructed like a dictionary. Tracer information can be looked up fast, using this search key. Hash tablefhprovide
foundation for a generic and exible concept to read and store metadata. At model initialisation one key-value storage for each
tracer is initialised by

CALL storage%init(lcase_sensitivity=.FALSE.)
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In this case, the dictionary entries are not case sensitive. The storage unit has two fundamental subroutines, these ar
storage%put andstorage%get . The rst creates a new dictionary entry, and the second searches for a key and gives
the connected entry. In the next step, this storage unit has to be lled. Accepted types of storage values are reals, integers o
characters.

2.2.1 Reading in metadata information from XML les

At one point in time, all numerical models need to nd an answer to the question how to transfer text based information
(e.g. tracer metadata) into the model's program code. The text based format XML - eXtensible Markup Language (see W3C-
Recommendation, 2017), gives the developer and the user the ability to store and transport information in a structured way.
XML has only few mandatory rules, e.g. there has to be exactly one root-element. The framework in which the information
is structured can be freely chosen. The structure itself allows for a human readable format. ICON-ART uses the Fortran in-

terface TIXI (https://software.dIr.de/p/tixilhome/) to read the XML le. The TIXI interface includes a exible mechanism for

task to perform. The XML reading routine can be structured in the same way like someone would read a document and would
remember the content in a most natural way. An example structure of such an XML input le for the tracer structure is the

following:

<?xml version="1.0" encoding="UTF-8"?>
<IDOCTYPE tracers SYSTEM “tracers_gp.dtd">

<tracers>
<chemical id="TRO3">
<mol_weight type="real”> 4.800E-2 </mol_weight>
<lifetime type="real™> 2592000 </lifetime>
<transport type="char”> stdchem </transport>
<init_mode type="int"> 0 </init_mode>
<unit type="char’> mol mol-1 </unit>
<long_name type="char”> ozone </long_name>
</chemical>

<[tracers>

The XML le is scanned automatically. For the realisation of this feature, it is necessary to prede ne the type of input. Every
tag has a mandatory type de nition, beiobar, int  andreal . The rst word in brackets<tracers> s called XML-
tag. The tagcchemical id="TRO3"> has the additional attributd for the tagchemical . Toidentify a speci c tracer,

the system uses the given attribute (édg). Tags are used to build up the metadata structure. It is a key-value storage where
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the tag (e.gmol_weight ) is the key with the value, e.¢.800E-2 for ozone. The numbet.800E-2 s then stored in
the metadata structure of ICON-ART. At this point it should be noted that there are two kinds of metadata: necessary and
optional metadata. Necessary metadata depend on the polymorphic type. Passive tracers do have different necessary metad:
than chemical tracers. The optional metadata are read in automatically. Every tag in the XML le is translated into an entry in
the key-value storage.

The structure of the ART tracer framework is shared with the core ICON tracer framework and only expanded in cases
needed. In addition to that, tracers can share attributes, and are distinguished by additional attdblesur example,

ozone appears in two different subroutines for chemistry. The rst, using a lifetime based mechanism, and the second, using a
full gasphase approach.
The tag<mol_weight> can be used for unit conversion within a subroutine and is givémimel— kg mol *. The tag

<lifetime> is used for simpli ed integration methods for a given life time of a species, in seconds. Some chemical sub-
stances or passive tracers do not have to be transported thus #ietagport>  ensures that this information is transferred

to the program code and the transport is switched on or off, respectively. In addition to that, templates can be de ned. In this
case, a template namsttichem is chosen. At model start up, this template is translated into a speci c selection of horizontal

and vertical transport schemes. Each scheme stands for a speci ¢ numerical discretisation of the mass continuity equation in

stdchem . These templates avoid the necessity to add a tracer advection scheme and ux limiter for each single tracer in the
namelist. Hence, the values of the ICON-ART namelist paramétaedy_tracer , ivadv_tracer , itype_hlimit
anditype_vlimit are overwritten by the template. Speci c information concerning the advection schemes mentioned can
be found in the of cial ICON documentation. Specifyioff will deactivate advective transport for this tracer completely.

The transport templatgdchem uses the same advection schemestdaero . However, the considerably faster positive

de nite ux limiters are used, insteadof themonotoneux limiter The conservation of linear correlations is traded for a faster

computation of the advection.

If chemical species need to be initialised, this is achieve&iis_mode> and a respective number corresponding to the
initialisation scheme. If thanit_mode is set to0, no external initialisation data is used. With integers different from zero,
data from other models, like EMAC (JOckel et al., 2005) or MOZART (Emmons et al., 2010), interpolated on the horizontal
icosahedral grid are read in and used. The vertical interpolation is performed online. Thus, the initialisation dataset stays
unchanged, regardless of the choice of model levels for the simulation.

The structure of the key-value storage for every tracer is built up automatically. This feature allows for an extensive exibility
which has to be controlled. In our case, attributes are used in a xed manner, they de ne our basic framework of the tracer
structure. The full exibility, direct access, control mechanisms and data type distinction, are only a few advantages of this
XML based procedure against other currently used strategies.



|| art_open_xml_ e | | —| | mo_art_init_gasphase | |

tracerl opt_meta%init tracerl
meta%opt_meta%get('number',kpp_ind,ierror)
meta%opt_meta%get('init_mode', init_mode, ierror)

tracerN opt_meta%init
IF (init_mode == 1) THEN

|| art_read_elements_xml ||

tracerl opt_meta%put(elementl, value)
tracerl opt_meta%put(elementM, value) ENDIF

|| art_tracer_def wrapper ||

tracerl create

tracer_meta = (hame = name, mol_weight = mw,
transport = transport_template(tra), ...)

add_ref(tracer_name, tracer_meta ...)

Figure 1. Schematic describing the tracer framework and the tracer de nition in ICON-ART.

2.3 Construction of the tracer metadata structure

Within ICON-ART, the metadata, e.g. regarding transport or chemical properties, are read in using the XML interface. After-

wards, the information is stored in the ICON-ART tracer framework. The individual steps of the tracer transport simulation in

ICON and ICON-ART are described in Rieger et al. (2015). Figure 1 shows the calling structure of the tracer framework in
5 ICON-ART with regard to the tracer and metadata construclieseershavete-beaceessibléortheprognosticanddiagnest

stateoHHCON-ART-AIl tracers within the ICON-ART tracer framework share a common structure like the following:

TYPE t_tracer_meta

END TYPE t_tracer_meta
10
In case of chemical tracers, we want to provide additional information on, e.g. mol weight. The extension of the derived type

looks like this:

TYPE, EXTENDS(t tracer_meta) :: t chem_meta
15 REAL(wp) mol_weight
END TYPE t_chem_meta

In this case, thenol_weight is a mandatory information. Optional metadata is stored in as part of the basic structure
t tracer_meta . This container includes a key-value storage. This solution ensures, that the metadata container stays as

20 exible as possible. The respective XML le is read in, and all information is processed and storecipttimeta container,
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see Figure 1. In the example wiol_weight , this attribute becomes a real variable accessible in the code. It can be accessed
by using e.g.:
SELECT TYPE(meta => info_dyn%tracer)
CLASS IS (t_chem_meta)
CALL meta%opt_meta%get('mol_weight', &
& mol_weight, ierror)
END SELECT

Here,CALL meta%opt_meta%get(...)
is the operation to access the key-value storage in the container.

The combination of linked lists, polymorphic classes and key-value storage allows the user to de ne tracers in a exible
way. Only those tracers given in an input le are read in, registered and appear in the modelling system. With this solution, the
user is free to de ne any number of chemical or passive tracers which is only limited by the memory of the computing system.

2.4 Construction of XML tracer input le via MECCA

The XML le can either be edited manually by the user or be generated automatically by an external program. The tracer
les used for the experiments described in Section 5, are shown in Appendix A. In this section, we demonstrate the XML le
generation by an external program, which also extends the functionality of ICON-ART. In addition to the existing life time
based chemistry approach (see Rieger et al., 2015) a full gas phase chemistry approach is added.

Construction of the full gas phase chemistry approach is done using the comprehensive and exible atmospheric chemistry
module MECCA (Module Ef ciently Calculating the Chemistry of the Atmosphere; Sander et al., 2011). MECCA provides
a set of chemical reactions covering the troposphere as well as the stratosphere. The base version of MEEEGAt%e

The MECCA preprocessing part has been extended by a routine constructing the XML le for the tracer module of ICON-
ART. The numerical exibility of MECCA is based on the KPP software (Kinetic PreProcessor; Sandu and Sander, 2006). KPP
generates Fortran90 code which is used to solve the differential equations based on the given chemical reaction. This is the rst
step which is needed for KPP and thus for MECCA. In a second step, the numerical integrator is chosen. For our example, we
use the Rosenbrock solver of the third order (Sandu et al., 1997). In the third step we use the driver part of MECCA. The driver
stands for the main program which calls the integrator, reads input data sets, and writes the results in the original MECCA
model. Within ICON-ART we replaced this step by routines of ICON and ICON-ART. Only the integrator call element is

translation between four dimensional chemical tracers in ICON-ART and one dimensional concentrations of chemical species
in the KPP routines.



Table 1. Summary of the chemical reactions used for the extended Champman cylce simulation.

Reactions used in the gas phase simulation - extended Chapman cycle

0,+0'D+M ! O*P+0,+M
0,+03P! O3
03+03P! 20;
N.+OD! O*P+N,
OH+03! HO,+0;
HO,+03! OH+20,
HO,+OH ! H,0+0;,
H,0+0!D! 20H
N,O+0!D! O*P+N,0
N,O+0O!D! 2NO
NO+O3! NO,+O;
NO,+0O3P! NO+O,
NO,+03! NO3+0O;,
NO3+NO,! N,Os5
NO,+OH+M ! HNO3z+M
HNO3+OH ! H,O+NO 3

Photolysis reactions
O,+h ! O°P+0O°3P
Oz+h | 0O'D+0,
Oz+h | O°P+0,
NO,+h ! O*P+NO
NOz+h ! O*P+NO
N2Os+h | NO3z+NO
HNOz+h ! NO,+OH

Additionally, other chemical reaction mechanisms provided by MECCA can be used within ICON-ART without changes in
the program code itself. It is suf cient, to read the new tracer XML le generated by the MECCA preprocessor. Finally, all

preprocessor. The model has to be recompiled once, but the user does not have to perform changes in the program code. File
that are changed by the preprocessor are copied to the respective ICON directory automatically. Photolysis rates are calculate
using an updated version of CloudJ7.3 (Prather, 2015).

In the scope of this paper, we use a chemical reaction mechanism based on the extended Chapman cycle to demonstrate tt
functionality of the ICON-ART gasphase routine.
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We de ned the chemical reactions as shown in Table 1.

3 Integration of the ART module into ECHAM physics routines

The general coupling structure using NWP physics con guration is described in Rieger et al. (2015). The entry points of
the coupling to the climate physics con guration is different to the entry points for NWP. The general concept of clear code

distinction using compiler directives, described in Rieger et al. (2015), remains the same.
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Physics
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Figure 2. Schematic describing the process calling structure in the climate con guration of ICON2ART

Figure 2 showsirra schematic overview of the calling strategy of subroutines with the ECHAM (climate) physics con g-
uration. Boxes marked partly orange are shared structures between ICON and ICON-ART. Boxes with an orange frame are
processes affected by ART tracer tendencies. Boxes with an orange background are ART routines. The model physics part is
represented using different blue boxes. The radiation subprocess is depicted with a dark blue shaded box because the radiatic
process is called with a reduced frequency than other processes, in general. Chemical reactions are part of the physics routin
in climate con guration but only active if ART is compiled and chemical routines are activated by a namelist parameter. All

processes markegith-in a blue shade can have an individual calling frequehbystroutinesreturnatendeneyanethese
tendenciesresummeddp-

treatedin_parallel-splitmodewhich meansthat they are all computedfrom the samestatewhich s

providedby the
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4 Implementation of passive and chemical tracers in ICON-ART

It is eemputationatomputationallyexpensive to couple global tropospheric and stratospheric chemical models with global

meteorological models. Therefore, it is reasonable, especially at the beginning of the development of a model like ICON-ART,
to use simpli ed parameterisations for the description of selected chemical species. Parameterisations of chemical species

parameterisations of chemical tracers, it is useful to de ne arti cial passive tracers to investigate e.g. transport processes in
the atmosphere. An example of a passive tracer is the vortex tracer, described at the end of the following section. Further, we
describe a selection of parameterisations for the simulation of chemical tracers in the atmosphere. These tracers can also b
used to investigate fundamental composition-circulation feedbacks. The selection is an extension of the set of parameterisation:
described in Rieger et al. (2015) and Weimer et al. (2017).

4.1 Linearised ozone algorithm

Ozone is one of the most important chemical species regarding radiative heating in the middle atmosphere. Thus, ozone
concentrations have to be simulated reasonably to address questions about transport processes determined by stratosphe
processes (e.g. Braesicke and Pyle, 2003, 2004). ICON-ART, in its standard NWP con guration uses monthly climatological

chemical rates. The ozone concentration tendency is linearised with respect to the local ozone mixing ratio, temperature and
overhead ozone column density. The algorithm accounts for a more realistic vertical gradient than the provided climatology.
For the troposphere, we assume a constant lifetingdofays.

The following differential equation describes the linearised approach:

d _ @P L)
a—(P L)%+ e 0( %)
@pP L) 0
- A @ T
@P L) 0 1
' @s, O(C ) psc 1)

Here, describes the ozone volume mixing rafiothe temperature in the respective grid box &ad the overhead ozone
column. The ternfP L) describes the ozone tendency, withthe production term and the respective loss term. Climato-
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logical values are indicated with the supersctipEhe partial derivative with evaluation at the respective climatological value is

does not include the last temfrg . To address the catalytic destruction by chlorine and bromine radicals in the presence of
polar stratospheric clouds, the linearised ansatz is expanded by an additional loss termpsHegpresents the lifetime of
ozone in the region where polar stratospheric clouds can potentially occur.

For the de nition of s, we are following Sinnhuber et al. (2003):
8

2 10days for#< 925 andT < 195K
psc = &)
-1 days else

with # as the solar zenith angle.
4.2 \Vortex tracer

In the region of the polar stratospheric vortex, temperatures b&svK can be observed. This low temperature regime
determines the development of polar stratospheric clouds. Chlorine and Bromine activation takes place on the surfaces of polal
stratospheric cloud particles. This activation leads to ozone destruction.In the past, it has been observed that air parcels withir

the polar vortex edge can act as a transport barrier.

To investigate processes which are relevant in the region of the stratospheric polar vortex, we introduce a polar vortex tracer
in ICON-ART. The processes of interest include transport processes of air parcels from within the vortex, exchange processes
at the vortex edge and mixing processes. The vortex tracer is a passive tracer with no destruction over time. This means tha
the tracer is only affected by transport tendencies and has no interaction with otheetréeetsnamics To de ne the edge

followed:

+f @

PV = =
@z

=R(r v) 4)

On a timescale of weeks and on an isentropic surface, the PV is a conserved quantity (Nash et al., 1996). The maximum in

the PV gradient de nes the polar vortex edge. However, this metric shows high variations in small horizontal regions, distinct
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maxima cannot always be de ned. Therefore, we use a second metric following Nash et al. (1996). At the polar vortex edge,
the horizontal (zonal) wind component maximises and provides a surrogate for the PV gradient. In the model, the following
steps are performed separately for each hemisphere: rst, the PV is calculated at every grid point. Between minima and maxima
of PV, a suf cient number of equidistant intervals is de ned. Then, the respective geographical area enclosed by PV isolines

is calculated By-determinatiersf-The maximum westerly wind relative to the area under PV isoliaedmultiplicationis

At the initialisation time step, the passive tracer is initialised to one within the boundaries of the vortex. Afterwards only
transport processes are in action. This provides a useful metric to investigate transport processes in the region of the pola

vortex boundary.
4.3 Age of air

The characterisation of stratospheric transport from observations is dif cult, because the velocity of the meridional overturning
(the so-called Brewer-Dobson circulation) cannot be accessed directly. However, the ef ciency of the overturning can be

estimated by investigating the trends of volume mixing ratios of some long lived trace gases (e.g. Rosenlof, 1995; Bonisch et al.,

mixing ratio of SFg can be assumed as quasi-linear (Maiss and Levin, 1994). In ad@#grhas no signi cant chemical sink

within the stratosphere. In the mesosphere, photolytic dissociation at the Lyrhand and dissociative electron detachment
should be taken into account (Ravishankara et al., 1993). With some assumptions, it is possible to calculate the age of air by
using theSFg concentration at a speci ¢ layer and horizontal location and comparing (matching) it to past tropical tropospheric
values. Thus, the age of air represents the time that an air parcel needed to travel from the tropical tropopause to this particula
location in the stratosphere. In the model a simpli ed procedure is followed: Lower boundary conditions are updated every

integration time step to simulate a linear increas8Igf with time. The increase corresponds to an increase of the value of one

taken into account for further analysis. For the nal calculation, the simulated values are merged with the simulated time to get
the actual age of airyears( gge) in_seconds
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hand,theinfrared emission of water vapour leads to a coolilegsin the thermal budggbf the atmosphere. Thus, the concen-

tration of water vapour in uences transport processes due to thermodynamic induced changes in the wind eld. On the other

hand, transport processes affect water vapour concentrations. The investigatioelefedwatervapourdistributionsaliows

tropical tropopause layer (TTL). Above, the Brewer-Dobson circulation drives the upward transport in the tropics. Below, con-
vective uxes and slow ascend in the TTL determine vertical transport. The process of “freeze-drying” leads to dry air parcels
entering the stratosphere, because ice crystals sediment out (Brasseur and Solomon, 2006). This process is included in th
microphysical schemes of the NWP and the climate physics. Methane oxidation is a chemical source for stratospheric water

We are following Dethof (2003) by using the parameterisation:

ca = _ 100+ &) 50pPa<p< 10000 Pa @)

In(

p

8
§ 100 p 50Pa
-

1 p 10000 Pa

with cns the life time of methane in secongsthe pressure , and = %}. Based on Brasseur and Solomon (2006),

the lifetime of water vapoury,o due to photodissociation can be calculated by:

8
% 3 p 0O1Pa
H20 ZE 100+1+ M@l 0:1Pa<p< 20Pa ®)
p
- 1 p 20Pa

Taking both terms of production and loss into account, the volume mixing ratio of water vapour at tinhe stég,, can
be calculated by

Ho(t+ )= nHo()+ t 2 cH, (1)

H4 H2

H20(t) 9)
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Studies have shown that observed mean-annual cooling trends in the tropical tropopause are larger than shown by model sim
ulations, e.g. Shine et al. (2003). It can be seen that the large scale dynamics in the Earth's atmosphere, tropical tropopause ten
peratures, and lower stratospheric water vapour are closely linked to each other by complex feedback procissdspByg

5 Applications

Here, we use ICON-ART and its new tracer framework with the NWP and the climate physics con guration in different

applications. First, we discuss a stratosphknieleasthind-castexperiment based on the ICON NWP con guration, focusing

on different chemistries (Section 5.1). Second, we show some climatological applications based on the ICON climate physics
con guration, illustrating the impact athemicalcomposition feedbacks.

5.1 Ozone and Vortex tracer

In 2002, an unusual split of the ozone hole was observed on 22 September 2002 and described by Newman and Nash (2005
The initiation of the splitting process is not fully understood yet. The split of the ozone hole had no chemical reason; instead it

we use reanalysis data from the European Centre for Medium-Range Weather Forecasts (ECMWF) - ERA-Interim (Dee et al.,
2011) to initialise the meteorological variables (e.g. pressure, temperature, water vapour and horizontal wind elds). The
hindeasthind-casts initialised on 20 September 2002 00:00 UTC. The chosen grid is R2B6, corresponding to an approximate

step is240 s and the output time step every hour. The simulated ozone column, interpolated on a regular latitude - longitude
grid with a resolution of:5 , is shown in Figure 3. The four columns show daily means of total ozone for the respective dates.
The mean is taken over &Ml output steps starting at 00:00 UTC. For the initial values of ozone, the ERA-Interim data is used
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Linoz scheme as described in section 4.1 and a gasphase algorithm (the extended Chapman cycle) with reactions describe
in Table 2.4. For the comparison between simulations and measurements, we are using satellite observatfons@iis
instrument (TOMS Science Team, 2016).

Five days after initialisation, the represented horizontal geometry of the total ozone column in both ICON-ART simulations
is slightly different in comparison to the satellite observations. After more than ten days of simulation, the shape of the vortex
is still in good agreement with satellite observatiagain Within the polar vortex, the total ozone column reaches values of
about200 DU in both, ICON-ART simulations and the satellite observations. At the end of the simulation, on 1 October 2002,
the largest difference between the extended Chapman cycle simulation, using the full gas phase algorithm, and the simpli ed
Linoz simulation is found at20 W, 70 S, outside of the polar vortex. The total ozone column reaches valy¥gg®ddU and
above for the extended Chapman cycle simulation. For the Linoz simulation, ozone destruction is slightly higher and values up

to 400 DU are reachedl'he comparisorto the TOMS observatiorshowsthatthis minimum_ts to observationHowever,the

tendencies is depicted in Figufeand5. We are using the differences between a passive (no chemical changes after initialisa-
tion) ozone tracer and the chemical ozone tracers for Linoz and extended Chapman cycle chemistry. The difference represent
the chemical ozone lossleteiheamdionalisntieorsumeseonlesioriheszonelosses s NevreE nrooenloc sy ndncior e
o

The passive and the chemical ozone tracers are initialised identically. Technically this is ensured by declaring the ozone
tracers to be of the same type as the chemical tracer, but without chemical interactions. The corresponding XML entry can
be found in Appendix Al. In Figure 5 420 W, 70 S, on 1 October 2010, ozone loss is dominated by chemical loss. Ozone

increase is higher in the Linoz simulation than in the extended Chapman cycle. This implies that temperatures in that region
are not low enough to trigger the heterogeneous destruction of ozone in the Linoz scheme. Outside the polar vortex, mainly
on 25 September, high values of ozone loss can be observed for the Linoz simulation but not for the extended Chapman cycle
This is also caused by the difference in addressing heterogeneous destruction. Within the Linoz scheme, the loss term has bee

triggered and we can observe additional ozone loss. This feature is missing for the extended Chapman cycle chemistry.
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In Figure 6, the temporal evolution of the passive vortex tracer is depicted. The colour coding gives the values of the vortex
tracer at an interpolated pressure level36f hPa at midnight of the given date. Again, the date of initialisation is chosen
to be 20 September 2002 and within the boundaries of the vortex, the tradeetisvith-vatuessetto a value of one.in
the-hindeaskerg only transport takes place. The horizontal spreading of the vortex tracer depicts the dynamical evolution
of the vortex in the southern hemisphere. The horizontal spreading and steep tracer gradients correspond to the horizonta
distribution of the total ozone column in Figure 3. At the day of initialisation, the vortex is still intact, but in the following days

The massive out ow of vortex air masses, beginning on 24 September 2002, can be visualised by the vortex tracer distributions.
This out ow is correlated to the increased dynamical impact on the vortex integrity. The vortex split occurred on 26 September
2002. The structure, represented by the spatial distribution of the vortex tracer, is nearly separated. On this day, the northern-
most latitude of30 S is reached by a vortex lament. The vortex tracer allows to de ne regions of isolated air masses within
the vortex, thus providing an insight into the chemical composition changes that are least affected by diffusion and mixing, e.g.
(McKenna et al., 2002) or (Konopka et al., 2005).

2002-09-21 2002-09-23 2002-09-25 2002-10-01

ICON-ART
LINOZ

Chapman cycle

ICON-ART

TOMS

Figure 3. Antarctic total ozone column [DU] for a time sequence starting on 21 September 2002 nishing 01 October 2002 (left to right).
Daily averages for two ICON-ART simulations for the Linoz chemistry scheme (top) and for the extended Chapman cycle chemistry (middle).
TOMS observations are shown in the bottom. The model was initialised on 20 September 2002.

5.2 Feedback of ozone on radiation

Here, we will extend the time horizon considered to decadal integrations. In addition, we will illustrate how the optional
composition of tracers with radiation feedback affects the system. With the exible tracer structure the user gets the ability to

17



switch on the radiative feedback by the tag
<feedback> 1 </feedback>

Thus, no changes in the code have to be made by the user. Only the XML le has to be changed.
The ICON-ART simulation is con gured as an AMIP (Atmospheric Model Intercomparison Project) like experiment (Gates
et al., 1999). The boundary conditions used are summarised in Table 2. We set up two experiments on the R2B4 grid which
corresponds to an effective horizontal grid spacin@@d km. The integration time step is chosen togf¥ s Output is written
every three days and interpolated onto pre-de ned pressure levels, corresponding to the standard ERA-Interim pressure levels

18



Figure 6. Daily snapshots at midnight UTC at8Pa of the passive vortex tracer in arbitrary units (upper left to bottom right). The passive
tracer was set to one within the vortex boundary at the beginning of the integration.

Table 2. Overview of the boundary conditions used in the AMIP like experiments.

Variable Reference

SST/SIC Taylor et al. (2000)
Spectral solar irradiation Lean et al. (2005)
greenhouse gases RCP 4.5 Riahi et al. (2007)

O3 concentration Cionni et al. (2011)
tropospheric aerosol Stenchikov et al. (1998, 2004, 2009)
stratospheric aerosol Stenchikov et al. (1998, 2004, 2009)

The rst experiment uses an ozone climatology with monthly mean values based on Cionni et al. (2011). This simulation is
called control. The feedback simulation uses the interactive ozone as well as the additional tendencies on water vapour, showr
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Figure 7. Monthly averaged zonal means of ozokg kg '] at 50 hPa (shown twice) for the period frot9861990to 2009 (shaded).
Contour lines represent the standard deviation of the monthly means. Left panel: ozone climatology as used in the control simulation; middle

panel: non-interactive Linoz ozone; right panel: interactive Linoz ozone.

present hlgher values of standard deviation with a spacnﬁg%al@—kgkg—'l%emeanyeaﬁmm%anua%@eeea%bews
7kg kg

under consideration of the correction term for a shorter ozone life time due to the presence of polar stratospherlc clouds. From
October to December, very low ozone concentrations of about0 6kg kg * can be seen in the panel for the non-interactive

Linoz ozone (middle panel). For the feedback simulation, low ozone concentrations in the southern hemisphere, in conjunction
with low temperatures, occur until the enddafrtiariate spring The feedback process stabilises the southern hemisphere polar
vortex, prolonging its lifetime by delaying the nal warming. The default climatology of the ICON-ART control simulation
does not represent very low values of ozone concentrations. This misrepresentation has also been discussed by e.g. Arblast
et al. (2014). Here, the authors point out that most models that are using a prescribed ozone climatology tend to under estimate
the Antarctic ozone depletion. Thus modelled ozone values are higher than indicated by observations between 1979 and 200
(e.g. Hassler et al., 2013). Taking the standard deviation into account, the characteristics of the AMIP ozone climatology
(Cionni et al., 2011) becomes clearer. The contour lines represent a semicircle each winter in the southern hemisphere that i

aligned with the ozone concentration gradients. This symmetric and coherent pattern of the ozone minimum is most likely not
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a very realistic representation of variability on top of an ozone hole that is not deep enough. The standard deviation isolines
for the modelled ozone are different and intersect the isolines of ozone concentrations, with higher variabilities at later times
in the ozone hole period.
We note that the
5 simulationsof ICON-ART. Whereagn the ICON-ART control simulationthe standarceviationrepresents long termtrend,

10

MBUS 7 time seriesIn_the ICON-ART control simulation,this long termtrendis inducedby the

15 with time-constantook-uptables theinternalvariability dominates.

5.3 Temperature changes due to ozone feedback

In the previous section we have shown that with the change to an interactive representation of ozone the duration of the southerr

20 polar vortex is increased. Here, we provide more detditsezonaton thezonalmeantemperature distributions in the control

and feedback simulations.
The direct impact of ozone, already mentioned in Section 5.2, is also displayed in the seasonal variation of the zonal mean

In the northern hemisphere winter (DJF), temperatur@46fK are reached betwed&®0 hPaand10 hPa, in the tropics. For
25 the season of June-July-August (JJA), the temperature minimum in the tropid93 Pawith temperatures as low 2900 K
in both ICON-ART simulations. In the southern hemisphere winter, ICON-ARTreaches temperatures of ab@00 K and
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Figure 8. Latitude-height cross sections of seasonal and zonal mean temperature [K] for ICON-ART simulatioaS&@1990- 2009.
Left panel: control run; right panel: feedback simulation.

than260 K aboveb hPa.

Figure 9 shows the difference between control and feedback run. In the southern hemisphere winter, the effect described in
Section 5.2 can be observed. Due to the lower polar vortex temperature, differences Kpotxur. The control run shows
warmer temperatures in the southern polar region (b&0viaPa). Above this altitude the feedback run is warmer than the
control run. This is due to the different ozone distributions in the winter southern hemisphere. Within the tropical stratosphere,
temperature differences of abdli8 K can be seen. The differences of zonal and seasonal mean temperatures between ERA-
Interim and the ICON-ART feedback simulation is shown in Figure 10. The feature of a long lasting southern hemisphere
polar vortex is present as well, seen in high temperature differences of 2(pKofrom September to November (SON). In
general, the ICON-ART control simulation shows warmer temperatures than the ICON-ART feedback simulation, except for

high altitude ranges abo&hPa.
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Figure 9. Latitude-height cross sections of seasonal and zonal mean temperature differences [K] for control minus feedback simulation, as

shown in Figure 8.

The general structure is comparable to the results shown in the comparison studies of ECHAMS5 (Roeckner et al., 2006).
The difference between ERA-Interim and ICON-ART is increased in the southern hemisphere stratosphere. Nevertheless,
the representation of the polar vortex seems to be more realistic in the ICON-ART feedback simulation than in the control
simulation. In the vertical region arouri® hPa, the difference between ERA-Interim and the feedback simulation is about

5.4 Zonal wind elds

Changes in temperature due to radiative feedback effects of ozone are also affecting the zonal wind structure. The zonal meat
zonal wind is shown in Figure 11. The left column shows the seasonal mean of the control ICON-ART simulation and the right
column the feedback simulation. In both simulations, a strong eastward zonal wind with wind spee@ upgd is reached
in the southern hemisphere winter (JJA). The wind speed patterns in the tropical stratosphere also matches the seasonal mes
analysis.

Figure 12 shows the differences between the ERA-Interim and the results of the ICON-ART feedback simulation. Strong
differences in the stratospheric zonal wind can be seen in the northern hemisphere wintereHeRé\-Interim shows values
upto25ms ! higherlowerthan in the ICON-ART simulation. Betwe&® N and60 N latitude above20 hPathe sign of the
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Figure 10. Latitude-height cross sections of seasonal and zonal mean temperature differences [K] for ERA-Interim minus feedback simula-
tion.

differences changes. Here, we observe stronger zonal wind speeds than in ERA-Interim. The overall patterns are similar to the
differences shown in Roeckner et al. (2006).

5.5 Water vapour

Here, we focus on the atmospheric water vapour tape recorder in ICON-ART. An atmospheric tape recorder can be de ned as
the vertical propagation of an anomaly that varies periodically in time with a tropospheric source (Gregory and West, 2002).
The temporal and vertical distribution of the tropical stratospheric water vapour is a prominent example for an atmospheric tape
recorder signal. The simulated stratospheric water vapour depends strongly on the temperatures that are encountered by an &
parcel containing water vapour that is transported vertically from the troposphere upwards towards and through the tropopause
(Schoeberl et al., 2012). The quantitative link between variations of tropical tropopause temperatures over decades and theil
in uence on water vapour transfer into the stratosphere is still not fully understood (e.g. Rosenlof and Reid, 2008). It has been
shown that stratospheric water vapour can have a strong impact on stratospheric climate (e.g. de F. Forster and Shine, 1999
Thus, the study of the water vapour tape recorder is an important tool for the further understanding of large scale transport
processes and climate change linkages.
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1990- 2009. Left panel: control run; right panel: feedback simulation.

tracer of ICON itself. It is used in the radiation scheme and is not only transported but is also affected by the microphysical
schemes. As in the previous section, ozemealculated with the Linoz schemeasandused interactively. The additional

ERA-Intenm tape recorder is shown in the bottom panel of Figure 13.

The tape recorder signal for the ICON-ART control simulation shows lower values of anomalies down i® ’ kg kg 1
are diagnosed from February to June in the pressure raerﬁDdiPato 50 hPa
The anomalies in the feedback simulation show higher absolute values. The dry anarhaliése control simulation,

less pronounced dry anomalies in the tropical stratosphere in the feedback simulation due to the additional source of water
vapour by methane oxidation. Additionally, the analysis of the water vapour tape recorder is consistent with the results of the

temperature differences, as seen in Figure 9. Due to lower tropical tropopause temperatures in the feedback simulation, les:
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Figure 12. Latitude-height cross sections of seasonal and zonal mean zonal wind differenset] for ERA-Interim minus feedback

simulation.

is.up.to.2:8 K warmerthanthe feedbacksimulationbetweenl00 hPaand50 hPa, in thetropics.Theresults correspond with

the freeze-drying hypothesis explained above. In general, monthly mean anomalies are attenuated in the feedback simulatiot

compared to the simulation using the standard ozone climatology, with in particular the winter months being more similar to

The slope of the height-altitude water vapour anomalies is nearly unchanged between non-interactive and interactive inte-
grations. Thus, the velocity of the upward transport is largely unaffected by the inclusion of the radiative feedback. The result
of both ICON-ART simulations in comparison to ERA-Interim is similar to the results presented in Jiang et al. (2015). Here,
the authors combined measurements and simulations of water vapour from the Microwave Limb Sounder (MLS), GMAO
Modern-Era Retrospective Analysis for research and Applications in it's newest version (MERRA-2) and ERA-Interim and

15 used them for a comparison of the water vapour tape recorder behaviour. The upward transport above the tropical tropopaust
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19801990to 2009, as a function of months and altitude.

of ERA-Interim is found to be faster than the transport diagnosed from MLS measurements. Thus, in the current con guration

We have shown that the change between interactive and non-interactive integrations with respect to tropical ascend rates i
small. However, some changes are clearly detectable and the important relationship between the tropical tropopause minimun
temperatures and water vapour concentrations is qualitatively captured by the ICON-ART system. More comprehensive climate

studies are in preparation.
5.6 Age of air

For the simulation of the age of air we use the same setup as described in section 5.3. As all other diagnostics, the age of ai
tracer is interpolated on a regular latitude-longitude grid with a horizontal resoluti@@®f 0:75 on prede ned pressure
levels.

The tracer is initialised as described in section 4.3. The control (ctrl) experiment is a simulation in which water vapour and
ozone calculated within ICON-ART have no impact on the calculation of radiation. In the second experiment (feedback), the
altered ozone and water vapour distributions of ICON-ART are coupled to the radiation routine. The rst eleven years of each

simulation are excluded in the analysis to prevent spin-up effects contaminating the result.
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Figure 14. Latitude-height cross sections of seasonal and zonal mean age of air [year] for ICON-ART simulations from 1990 - 2009. Left

panel: control run; right panel: feedback simulation.

Figure 15. Monthly averaged zonal means of age of air [yeafj@hPa (shown twice) for the period from 1990 to 2009 (shaded). Contour
lines represent the standard deviation of the monthly means. Left panel: control run; right panel: feedback simulation.
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The ICON-ART modelled age of air is depicted in Figure 14. The diagnostic of age of air can be seen in this case study as
an important tool to analyse the feedback processes of greenhouse gases on transport processes in the Earth's atmosphere
can be seen that the mean age of air is younger, thus the upward transport has been faster in the control simulation. Due tc
upwelling transport processes in the tropics, the youngest air masses can be found there. The polar regions show the occurrenc
of older air masses up to an age of four years in both simulations. The asymmetry between southern and northern hemisphere
induced by faster circulations in the southern hemisphere (e.g. Mahieu et al., 2014), is also well captured. One can clearly see
the impact of ozone and water vapour on radiation and thus on transport processes. The age of air in the feedback simulatior
is up to six months older thaaf-the control simulation. Figure 15 shows the climatological mean age of air, in the same
representation as shown in Figure 7. Here, the temporal and zonal mean of the age of air from 1990 to 2009 is taken at an
altitude of50 hPa The standard deviation from the mean is represented by the contour lines. These lines represent the inter-
annual variability. The absolute mean age of air is higher for the feedback simulation on both hemispheres. The band of low
values in the tropics is narrowed for the feedback simulation. The values of standard deviation are comparable. However, in
the region of the southern hemisphere polar vortex, from October to January the standard deviation is higher for the feedback
than for the control simulation. Since the polar vortexiabilizedstabilisedby the ozone feedback, a different dynamical

situation can be observed, in uencing the inter-annual variability of the age of air. In comparison to other studies, which focus
on other time spans (e.g. Brasseur and Solomon, 2006; Engel et al., 2009; Stiller et al., 2012; Haenel et al., 2015), ICON-ART
shows an age of air which is too young compared to observations. But this behaviour has also been observed in other studie:
with different models, as described in e.g. Monge-Sanz et al. (2007) or Hoppe et al. (2014). With this diagnostic the general

6 Conclusions

We present a new exible tracer framework developed for ICON-ART. The next generation model ICON-ART can be used
for many different applicationscurrently ranging from forecasting to climate simulations. ICON is used for LES simulations,
operationally for numerical weather forecasting, and for climate simulations. All three application areas have very different
demands in terms of model con gurations, including the set of tracers and tracer interactions to be simulated. For future
studies using ICON-ART, a fast adaption of the selected tracers and interactions to the experimental requirements is of high
importance. With our new exible tracer framework, tracers can be added and con gured without any changes to the model
source code. This allows users to easily perform complex model experiments. In a forward thinking manner, we also provide

the option to extend the existing tracer structure and submodule awareness of tracer subsets. Within the scope of the paper, w

and AMIP type climate integrations.
In the rst instance we included a parameterised chemistry (Linoz) and a gas phase chemistry (extended Chapman cycle)
into the NWP con guration of ICON-ART. With this setup we perform a successfaticasthind-castexperiment of the
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a diagnostic vortex tracer, we can identify the vortex remnants that are least in uenced by chemistry. Results are consistent
with expectations and previous work and illustrate the ability of the ICON model to produce a good stratosphere forecast on
timescales of days to weeks. In this situation dynamics is driving the ozone distribution and the spatial patterns correspond

In the second instance we include a parameterised chemistry (Linoz), a methane oxidation scheme and a diagnostic trace
(age of air) into a climate con guration of ICON-ART and perform AMIP type integrations. We perform decadal non-
interactive and interactive integrations and compare the performance of both simulations with each other and with ERA-Interim.
For the interactive integration we couple ozone and water vapour to the radiation. In the interactive simulation the ozone hole
season is extended, the tropical upwelling is only weakly affected and the overturning circulation as measured by the Brewer-

bene cial.

For all experiments, no changes in the ART source code were necessary to change from NWP simulations to climate integra-
tion. Only the XML le differs between the full gasphase (extended Chapman cycle) simulation and the parameterised (Linoz)
one. This paper demonstrates the exibility of the new tracer framework for ICON-ART, which suites the demands of a large
variety of different applications ranging from NWP to climate integrations.

Code availability. Currently the legal departments of the Max Planck Institute for Meteorology (MPI-M) and the DWD are nalising the
ICON licence. If you want to obtain ICON-ART you will rst need to sign an institutional ICON licence, which you will get by sending a
request to icon@dwd.de. In a second step you will get the ART licence by contacting Bernhard Vogel (bernhard.vogel@kit.edu). Versions
are controlled by GIT repositories and a tar-ball of the latest of cial release is provided to the licensee.
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Appendix A: XML les used in shown experiments
Al Ozone and Vortex tracer - NWP experiment

Passive tracers

5 <?xml version="1.0" encoding="UTF-8"?> <IDOCTYPE tracers SYSTEM
<tracers>
<passive id="TR_vortex">
<mol_weight type="real">1.000E+0</mol_weight>
<lifetime type="real">25920000</lifetime>
10 <transport type="char"> ON </transport>
<unit type="char">none</unit>
</passive>
</tracers>
Chemical tracers - Linoz
15 <?xml version="1.0" encoding="UTF-8"?>
<IDOCTYPE tracers SYSTEM "tracers.dtd">
<tracers>
<chemical id="TRO3">
<tag001 type="char">chemtr</tag001>
20 <mol_weight type="real">4.800E-2</mol_weight>
<lifetime type="real">259200</lifetime>
<transport type="char"> stdchem </transport>
<init_mode type="int"> 1 </init _mode>
<init_name type="char">03</init_name>
25 <unit type="char">mol mol-1</unit>
<Ifeedback type="int"> 0 </Ifeedback>
</chemical>
<chemical id="TRO3_pas">
<tag001 type="char">chemtr</tag001>
30 <mol_weight type="real">4.800E-2</mol_weight>
<lifetime type="real">2592000000000</lifetime>
<transport type="char"> stdchem </transport>
<init_mode type="int"> 1 </init _mode>

<init_name type="char">03</init_name>

“"tracers.dtd">
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<unit type="char">mol mol-1</unit>
<lfeedback type="int"> 0 </Ifeedback>
</chemical>

</tracers>

Selection of chemical tracers for the extended Chapman Mechanism. Not all tracers are shown.

<?xml version="1.0" encoding="UTF-8"?>
<IDOCTYPE tracers SYSTEM “tracers_gp.dtd">
10 <tracers>
<chemical id="N20">

<tag001 type="char">full</tag001>
<mol_weight type="real">44.02E-3</mol_weight>
<transport type="char">stdchem</transport>

15 <number type="int"> 1 </number>
<init_mode type="int">0</init_mode>
<unit type="char">mol mol-1</unit>
<init_type="char">N20 </init_name>

</chemical>

20 <chemical id="N205" >
<tag001 type="char">full</tag001>
<mol_weight type="real">108.02E-3</mol_weight>
<transport type="char">stdchem</transport>
<number type="int"> 2 </number>

25 <init_mode type="int">0</init_mode>
<unit type="char">mol mol-1</unit>
<init _ype="char">N205 </init_name>

</chemical>
<chemical id="HO2">
30 <tag001 type="char">full</tag001>

<mol_weight type="real">33E-3</mol_weight>
<transport type="char">stdchem</transport>
<number type="int"> 3 </number>
<init_mode type="int">0</init_mode>
35 <unit type="char">mol mol-1</unit>
<init_name type="char">HO2 </init_name>
</chemical>
<chemical id="H20" >
<tag001 type="char">full</tag001>
40 <mol_weight type="real">18E-3</mol_weight>
<transport type="char">stdchem</transport>
<number type="int"> 4 </number>
<init_mode type="int">0</init_mode>
<unit type="char">mol mol-1</unit>
45 <init_name type="char">H20 </init_name>
</chemical>
<chemical id="NO">
<tag001 type="char">full</tag001>
<mol_weight type="real">30.01E-3</mol_weight>
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<transport type="char">stdchem</transport>
<number type="int"> 5 </number>
<init_mode type="int">0</init_mode>
<unit type="char">mol mol-1</unit>
5 <init_name type="char">NO </init_name>
</chemical>
<chemical id="NO3">
<tag001 type="char">full</tag001>
<mol_weight type="real">62.01E-3</mol_weight>
10 <transport type="char">stdchem</transport>
<number type="int"> 6 </number>
<init_mode type="int">0</init_mode>
<unit type="char">mol mol-1</unit>
<init_name type="char">NO3 </init_name>
15 </chemical>
,,,,,,,,,,,, <chemical
<tag001 __{
<mo|_weig

<transport
20 <number _t
<iconv . '
<iturb :mtype int">1</iturb>
. <init_m6&e

<init_number

1y

'>0</init_number>

25 <unit _.mol-1</unit>

eseries
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Figure B2. Latitude-heighicrosssectionsof seasonaindzonalmeantemperaturgK].for ICON-ART simulationsfrom 1980- 2009, L eft
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Figure B3. Latitude-heightrosssectionof seasonaindzonalmeantemperaturglifferenceqdK] for controlminusfeedbacksimulation,as
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Figure B6. Latitude-heightcrosssectionsof seasonahnd zonal meanzonalwind differences[ms 11 for ERA-Interim minus feedback
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