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Abstract. (IS PADERWE PreSEAAEN VEISION0D the chemistry-climate model SOCOLABRV2SupplEmentedby an iodine

chemistry module. We (petform) three (wenty=year ensemble experiments to (@ssessithe validity of theé modeled iodine and to
quantify the effects of iodine on ozone. The jiodine distributions @btaificdiWith SOCORAERV2=INagreerwell) with AMAX-

DOAS observationstand with CAM-chem model Simulations™For the present-day atmosphere, the model suggests thatihe
iodine-induced chemistry leads to a 3-4% reduction in the ozone column, which is greatest at high latitudes. The model
(indicatesithe strongest influence of iodine in the lower stratosphere with B0 ppbv 1€8816Z618 at low latitudes and up to 100ppbV
1ess at high latitudes. In the troposphere, thefaccountofthe iodine chemistry feducesithe tropospheric ozone €oncentration by
5-10% depending on geographical location. In the lower troposphere, 75% of the modeled ozone reduction originates from
inorganic sources ORiodiiie) 25% FOMIOEANICSOUTCES ONoiNENATS0iPaN e Tesults Sow tan e impactsion iodine from,
both sources are comparable. Finally, we determine the sensitivity of ozone to iodine by applying a 2-fold increase in iodine
emissions, @slitmight be reépresentative foriodine by the end of thisieentury. This) reduces the ozone column globally by an
additional 1.5-2.5%. @UF results deémonstrate the SEnSitiVity of atmospheric ©GZonexo iodine chemistry for present and future

(conditionssbu uncertainties femaihighidue o e paucity of obsevational dataiof iodine species.

1 Introduction

Emissions of Chlorine="and bromine=containing halogen compounds have long been the SUBjEEHOHE scientific investigation be-
cause they play an important role'in) the catalytic destruction cycles GfStratoSphericiozone (Solomon, 1999). Recent studies

demonstrate the success of the Montreal Protocol and its Amendments in phasing out the emissions of €hlorine=and'bromine-


Compare: Replace�
text
[Old text]: "SOCOL-AERv2-iodine"

[New text]: "SOCOL-AERv2-I"

Compare: Replace�
text
[Old text]: "3DepartmentofPhysicsofEarth,FacultyofPhysics,Saint"

[New text]: "3Saint"

Compare: Replace�
text
[Old text]: "Thispaperintroducesanewversionof"

[New text]: "Inthispaper,wepresentanewversionof"

Compare: Replace�
text
[Old text]: "SOCOL-AERv2,supplementedby"

[New text]: "SOCOL-AERv2supplementedby"

Compare: Replace�
text
[Old text]: "conducted"

[New text]: "perform"

Compare: Replace�
text
[Old text]: "twenty-year-long"

[New text]: "twenty-year"

Compare: Replace�
text
[Old text]: "assessthevalidityof"

[New text]: "assessthevalidityofthe"

Compare: Delete�
text
"obtained"

Compare: Insert�
text
"obtainedwithSOCOL-AERv2-Iagreewell"

Compare: Replace�
text
[Old text]: "SOCOL-AERv2-iodineshowgoodagreement"

[New text]: "AMAXDOASobservationsand"

Compare: Delete�
text
"the"

Compare: Replace�
text
[Old text]: "simulationsandAMAX-DOASobservations.For"

[New text]: "simulations.For"

Compare: Insert�
text
"thatthe"

Compare: Insert�
text
"iodine-inducedchemistryleadstoa3-4%reductionin"

Compare: Insert�
text
"ozonecolumn,whichisgreatestathighlatitudes.Themodelindicatesthe"

Compare: Delete�
text
"anozonelossofupto"

Compare: Insert�
text
"lessozone"

Compare: Replace�
text
[Old text]: "ppbvathighlatitudes.Globallyaveraged,themodelsuggestsiodine-inducedchemistrytoresultinanozonecolumnreductionof3-4%,maximizing"

[New text]: "ppbvless"

Compare: Insert�
text
"theaccountofthe"

Compare: Replace�
text
[Old text]: "lowers"

[New text]: "reducesthe"

Compare: Replace�
text
[Old text]: "concentrations"

[New text]: "concentration"

Compare: Replace�
text
[Old text]: "510%dependingonthe"

[New text]: "5-10%dependingon"

Compare: Replace�
text
[Old text]: "location.Wefoundthatinthelowertroposphere,theshareofozonelossinducedbyiodineoriginating"

[New text]: "location.Inthelowertroposphere,75%ofthemodeledozonereductionoriginates"

Compare: Replace�
text
[Old text]: "is75%andonly"

[New text]: "ofiodine,"

Compare: Replace�
text
[Old text]: "by"

[New text]: "fromorganicsourcesofiodine.At50hPa,theresultsshowthattheimpactsof"

Compare: Delete�
text
"organicsources,andcontributionsbecomesimilar"

Compare: Replace�
text
[Old text]: "atabout50hPa.Wealsodeterminedthesensitivityofozoneto"

[New text]: "bothsourcesarecomparable.Finally,wedeterminethesensitivityofozoneto"

Compare: Replace�
text
[Old text]: "applyinga2-foldincreaseof"

[New text]: "byapplyinga2-foldincreasein"

Compare: Replace�
text
[Old text]: "which"

[New text]: "asitmightberepresentativeforiodinebytheendofthiscentury.This"

Compare: Replace�
text
[Old text]: "These"

[New text]: "Our"

Compare: Replace�
text
[Old text]: "constrain"

[New text]: "demonstrate"

Compare: Replace�
text
[Old text]: "importance"

[New text]: "sensitivity"

Compare: Insert�
text
"ozoneto"

Compare: Replace�
text
[Old text]: "conditions,eventhough"

[New text]: "conditions,but"

Compare: Replace�
text
[Old text]: "remainhighduetothepaucityofobservationaldataof"

[New text]: "remainhighduetothepaucityofobservationaldataof"

Compare: Replace�
text
[Old text]: "Theemissions"

[New text]: "Emissions"

Compare: Replace�
text
[Old text]: "halogenated"

[New text]: "chlorine-andbromine-containinghalogen"

Compare: Delete�
text
"containingchlorineandbromine"

Compare: Delete�
text
"identifiedby"

Compare: Insert�
text
"subjectof"

Compare: Replace�
text
[Old text]: "communityasapotentialthreatto"

[New text]: "investigationbecausetheyplayanimportantrolein"

Compare: Delete�
text
"ozonelayerowingtotheirinvolvementin"

Compare: Delete�
text
"ozone"

Compare: Insert�
text
"ofstratosphericozone"

Compare: Replace�
text
[Old text]: "ozone-depleting"

[New text]: "chlorine-andbromine"


30

(Gonitainiig) substances @hd also (POiitToEarly signs of SHAtOSPHETIC) ozone recovery (EIgHINewman et al., 2009; Egorova et al.,
2013; WMO, 2018). At the same time, oun fidefStaidifighof) iodine-induced ozone depletion {Slificomplete because of the

extremely low stratospheric iodine concentrations, typically in the parts-per-trillion (pptv) range (Solomon et .. 1994; Saiz-
(E6pez et al., 2012)7HoWever,) the pzone depletion efficiency of iodine-containing species on a per-molecule basis is hundreds
of times higher than that of chlorine (Solomon et al., 1994; Gutmann et al., 2018; Koenig et al., 2020), because iodine reservoir
species readily convert to free radicals, I and IO, in the presence of sunlight. Therefore, iodine chemistry remains suspected of
iodine-induced ozone depletion ig not regulated under the Montreal Protocol as heiiXifigifaticlof totallificrganiciodinelifithe

(atmospherelisiexticmelylow (N Ipptv)landibecatise) there is almost no direct anthropogenic production of iodine-containing
species (Fuge and Johnson, 2015)3

The §tdy) of iodine sourcesgases) (ISGs) (bégaf) in the late 1970s. The main organic source of atmospheric iodine is found

the atmosphere (Saiz-Lopez et al. (2012) and references therein). lodocarbons are further emitted by wetland plants (Manley
etal., 2007), biomass burning (Akagi et al., 2011), rice paddies (Lee-Taylor and Redeker, 2005), and volcanoes (Bureau et al.,
20005 ATuppaEral2005) IS Gy are produced mostly e opies A he sea surface temperature (SST) is an important driver
of biological @etivitys e daylifetime ot CHyiSlongenoughtoallona small fractionoPietoTeachitiie upper troposphere
Wia tropical E6AVECEGN with an estimated @iXiAgTatio)~ 0.1 pptv in the tropical tropopause layer (WMO, 2018). Othéf organic

1SGs, such as CHyly, CH,ICI, CH,IBr, and CH]. are only minor contributors to iodine abundance in the upper troposphere

and stratosphere since their lifetimes after volatilization are just a few hours on average.

Knowledge of the sources of atmospheric iodine has changed when the importance of inorganic iodine emissions was rec-
ognized, such as molecular iodine, I (Saiz-Lopez and Plane, 2004), and hypoiodous acid, HOI (Carpenter et al., 2013). These
‘e ormEA hEOUZhVREABHONS 08 ncar-surface ozone with occanic (SAidE (I ENOS HHI I == HOI 05 A HOI#H"™
(=1 ¥H;07Wwhichrate possibly) responsible for up to 75% of total iodine emissions (Catpenteretalsy2013; Prados=Roman)
et al., 2015b) " In conjunction with these findings; (MacDonald et al., 2014)7sed a numerical parametrization of sea-surface

45 iodide in numerical modeling of HOI and I, fluxes. Caused by the growing anthropogenic air pollution and the concomitant

50

increase in surface ozone (€V€lS) iodine emissions have risen continuously during the past decades. Cuevas €t7al){(2018)rand
because of increasing anthropogenic NOx emissions resulting in an increase in near-surface ozone. This is in addition to a
simultaneous increase in SST due to global warming with correspondingly enhanced metabolic rates of oceanic biGtad While
the future surface 0zone evolution has a large spread in model projections covering the 21°! century (Archibald et al., 2020),
hicH eSS iAFge RCSF@Inty N future iodine EMISSIONSHE® continuous ICFEASENSHERICE (EMperaes iSIprediclediio

raise tropospheric iodine levels throughout the 215 century based on Representative Concentration Pathway (RCP) scenarios
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(Iglesias-Suarez et al., 2020). In addition, the effectiveness of iodine for ozone depletion (O3 destruction by one I atom relative
to O3 destruction by one Cl atom) is predicted to change, with the share of halogen-induced ozone loss due to reactions of
iodine (likel§) to @row in the fiiife stratosphere (Klobas et @52021)%

(Using a two-dimensional model of atmospheric chemistry and [@yfiamics; (Solomon etrali(1994) demonstrated a high G-
PACEO iodine chemistry on (ZoHEEVERIWHERTONIyMIIPPIIORLOt) stratospheric fodifiesis presentThesemodel resultswere
Tater put in perspective by Pundt et al. (1998), who presented an upper limit of concentration of reactive 10 of less than 0.1-
0.2 ppty in the upper troposphere-lower stratosphere measured during nine balloon flights over Scandinavia and France. This
‘SUggested onlya small ifiueRcerot iodine chemistry on stratospheric OZonENICONtASEUSINg differentialioptical-absorption
SPECtFOSCOpYNIDOAS)IWIFOCKIED al. (2000) found SgIGARY concentrations GRIOEIWEER IG5 and O:8IPPIVICHE02PPIY)
over Spitsbergen Island. Recent aircraft campaigns, also applying DOAS (Baidar et al., 2013) over the West Pacific during
'CONTRAST (Convective Transport of Active Species in the Tropics) in January—February 2014 (Pan et al., 2017) and over the
East Pacific during TORERO (Tropical Ocean Troposphere Exchange of Reactive Halogen Species and Oxygenated VOC) in
(tropical tropopause layer that had not been observed before. Yet, globally representative quantitative measurements of iodine

species are still not available. Quasi-global IO has been inferred from the SCIAMACHY satellite measurements (Schonhardt
et al., 2008), though with a geny high level of uncertainty.

Modeling of atmospheric iodine chemistry started with Vogt et al. (1996, 1999) proposing a detailed iodine chemistry scheme
‘with gas and aqueous phase reactions in a box model, allowing iodine species to recycle via the uptake of HOI onto sca-salt
particles esultingin the productionof IC1 and IBr (i.e., HOI + CI” + H* — ICI + H,0, HOI + Br™ + H" — B H;0))
Note that these recycling reactions constitute a net source of (bfominerand chlorineinto theratmosphere but fepresent only’a
change in partitioning for the oUiTEISpECIESINIICHIAVOIGS iodine (pKENRANVASHOUT (€ as H S I D EraIN013)
(hypothesized that the measured increase of IO mixing ratio in the Pacific free troposphere might hint at heterogeneous recy-
cling processes from aerosols (backitorthergas phaseriiithe) upper troposphere. Ofd6fiezietald (2012) were the first to use a
global chemistry-climate model, namely CAM-chem, to incorporate a comprehensive bromine'and iodine chemistry scheme.
The global distribution of organic jodocarbons from CAM-chem showed reasonable agreement with observations in the marine
boundary (ayerwhenificluding global oceanic ISGs of approximately 1.9 Tg(I)/yr (Pfados"Roman etial 2015ab)) Later, an
updated version of the GEOS-Chem model (Sherwen et al., 2016a) demonstrated 3.83 Tg (I)/year of total ISGS €missions,

when using the sea-surface iodide field from Chance et al. (2014). Sherwen et al. (2016¢) used the sea-surface values from

(MaceDonald@et al. (2014), which possibly underestimates the sea-surface iodide emissions in comparison to observations (Shéf=

wen et al., 2019). suggesting only 2.7 Tg (I)/year of total emissions. In order to reproduce the 10 observations of Volkamer
EUAIN(201S) S AiZELOPEAENAIN201S) IRFGANCEANH® heterogencous recycling 6F iodine FESEFVOISIHONEANONOZ)IOR ice
(crystals; and implemented it in CAMV=chiem; assumingif to be analogous to bromine recycling on ice crystals in the upper

IThe GV AMAX-DOAS Data can be found here: https://data.eol.ucar.edu/
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troposphere (Aschmann and Sinnhuber, 2013))AEE6rdifigly; the total jodine injected into the stratosphere is @GfEently) thought

to be up to OBIPPH) (WMO, 2018), i.c. AoUEAVEIimESargenAMIaNHON the Previouslypublished assessmentiOWVO)
ROIA)AISO) CAM-chem FESHISISUZEESY that SHAIOSPHERO iodine [Hightibe FESpORSIbIENORUPIOI0% of halogen-mediated

@0 ozone depletion in the lower tropical stratospherg. At the same time, the results of Hossaini et al. (2015) obtained using the
3-D chemistry transport model TOMCAT suggest that i6dineTlowers stratospheric ozone @fl§bya73% and total €6l ozone
(6% 0.5%. However, this fmodeldidnotitake the §€EYElifif) mechanism described in Saiz-Lopez et al. (2015)ifito consideration;
Whichrincreases the stratospheric iodine Ievels Sighificantly beyond what'wasiassumed by) Hossaini et al. (2015). It remains

difficult to judgg which results are closer to reality because of the paucity of observations.

This paper introduces the new version of the chemistry-climate model (CCM) SOCOL-AERV2 (Solar Climate Ozone Links

coupled to a size-resolving sulfate aerosol module), which has been extended to include an iodine chemistry scheme. The
(main'objectiverof this'study is to FeFifyithe modeljand further constrain the @Mpact of iodine chemistry on stratospheric ozone
depletion, first based on present-day emissions, and second when applying a 2-fold increase of iodine emissions. Section 2
@00 (provides) a Shortidescription of SOCOL-AERV2 (2.1), improvements which have been made to ©btdifi the new model version
| subsequently referred to as SOCOE=AERV2T (2.2), and @eScribes the numerical experiments conducted with the new odel
version (2.3). SectionBIpresents hemodel Fesullsyiie) the Comparisoniof simulated andiobserved iodinesaswellias firs, dif-
ferent aspects of iodine effect on (presént=day stratospheric ozone €limatology, are considered (3.1), and second, the sensitivity

of ozone to iodine is presented (3.2). Fifially;the discussion and summary of the present study are provided in Section 4.

@05 |2 Model description and conducted experiments

2.1 The SOCOL-AERY2 chemistry-climate model

The chemistry-climate model SOCOL-AERv2 is the CCM SOCOL3 (Stenke et al., 2012; Revell et al., 2015) coupled to a size-
(fesolving) sulfate aecrosol module (AER) (Weisenstein et al., 1997) along with other important modifications for chemistry and
deposition. The AER module of SOCOL was established by Sheng et al. (2015) (CCM SOCOL-AERv1). The CCM SOCOL-
@10 (AERvINwas substantially updated by Feinbergetial)) (2019) (CCM SOCOL-AERv2) with am interactive deposition scheme,

expanding tropospheric chemistry scheme, and jmproved sulfate mass and particle number conservation (less susceptible to
numerical diffusion). The SOCOL-AERvV2 consists of a dynamical core that is the middle atmosphere version of the spectral
transform general circulation model MASECHAMS 4 (the Middle Atmosphere Version of the European (Centre/Hamburg Vodel
version 5.4) (Manzini et al., 2006), which has been interactively coupled to the MEZON atmospherig chemistry-transport
@18 module (Modelforithe Evaluation'off OZONe Trends) (Egorovaetial;2003)) The'couplifig takes account of radiative forcing
caused by ozone, HyO, N2O, CHy, and CFCs. The MA-ECHAM developed at the Max Planck Institute for Meteorology

(Hamburg, Germany) is based on primitive prognostic equations for meteorological parameters such as logarithm Gf'Surface

pressurc, temperature, humidity, vorticity, ete. The advection in MA-ECHAM is regulated by a flux-transform semi-Lagrangian
scheme based on mass conservation and shape retention (Lin @d"R606d) 1996). The standard SOCOL-AERVZ, utilizes the
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120

125

130

135

140

Gaussian transform horizontal grid with T42 triangular truncation (64 latitudes x 128 longitudes) splitting the model space
into grid cells of ~ 2.5 x 2.5 degrees @achiThewertical direction [odel'grid consists'of 3971evelsiin the'hybrid sigma-pressure
coordinate system covering the altitudes ranging from the ground surface and 0.01 hPa or about 80 km. The [model'time Step
is'15 'min for dynamical'and physical processes (Whereas'it'is 2 hours for atmospheric full fadiation'and chemical calculations.
The CCM SOCOL-AERvV?2 uses the prescribed monthly fields'ef the sea surface femperature (SST) and ice coverage acquired
from the Hadley Centre) dataset (Rayner et al., 2003). MEZON shares the horizontal and vertical spatial resolutions with (VIA-
ECHAMS and (ncludes95 chemical species, 2157gas=phase; 16 heterogeneous, @nd 75 photolysis reactions. For more details
on CCM SOCOL-AERV2, see Feinberg et al. (2019).

2.2 SOCOL-AERV2 updates to SOCOL=AERV2:I

Here;weintroduce the SOCOL=AERV2-T thatis'the SOCOL=AERV2extended with'the iodine chemistry module. Thig module
includes 61 gas-phase’and 4 heterogeneous chemical féactions'involving iodine, boundary €onditions¥or prescribed iodocarbon
emissions, interactive inorganic iodine emissions, wet/dry depositions of iodine species augmented with the deposition on sea=
salt and sulfate aerosol particles as well as effective uptake (removal)/reactive uptake (recycling) on tropospheric cloud ice.
The following section describes all components of the iodine chemistry module in SOCOE=AERV2=IY The prescribed organic

and interactive inorganic iodine source gases (ISGs) are presented in Table 1.

Table 1: Iodine source gases (ISGs) incorporated in SOCOLE=AER%2=]

ISG Type Resolution Reference

I, interactive model time step  Carpenter et al. (2013)
HOI interactive model time step  Carpenter et al. (2013)
CHjl prescribed monthly Ordéiiez et al. (2012)
CH,1», prescribed monthly Ordéiiez et al. (2012)
CH,ICl1 prescribed monthly Ordéiiez et al. (2012)
CH,IBr prescribed monthly Ordéiiez et al. (2012)

Following Ordéiiez et al. (2012), the organic iodocarbons have been obtained from the inventory of Bell et al. (2002) for
CHj3I and from the 1-D model estimates of Jones et al. (2010) for CHI,, CH,ICI, and CH;IBr. Organic ISGs have been
parameterized in Orddiez et al. (2012) by a biogenic chlorophyll-o (chl-o) dependent source in the tropical oceans (McClain |

etall2004)Mn our Scheme; organic emissions are(prescribedon'the) monthly basistTo'simulate’the long-term period; we repeat

organic emissions fluxes at the beginning of every model year, so any interannual variability is not included.

Iodocarbon source fluxes were directly extracted from the GEOS-Chem model (v10-01) at a resolution of a 2 x 2.5 degrees
including updates to both iodine and bromine chemistry from Sherwen et al. (2016¢) and Schmidt et al. (2016), and interpolated
on the SOCOL=AER¥2=] horizontal grid (T42). The inorganic HOI/I, fluxes are interactively calculated in the model using
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the numerical parametrization of Carpenter et al. (2013) and global sea surface iodide concentration calculated following

MacDonald et al. (2014). To derive HOUL, fluxes this parametrization utilizes the model fields of near-surface ozone (at

@45 closes to the surface model level), surface wind speed, and SST.

The parametrization for the emission fluxes of F'yor and FT, (in nmol m~2 d~1) as function of the surface ozone mixing ratio

XO?’,suerin ppbv) are given by

BHBI =)0, ., ¥ (415 % 107 (M{2/W)~(20.6/W) - 23600 M|"?), (1)

Fly =00 X Mg % (174 x 10° ~6.545 108 InWy), (2)
150, where Wy is the surface wind speed (in m s71) and MI;q is the sea surface iodide concentration expressed as molarity (mol

dm3)

My = 1.46 x 10%xp(-9134/T ) )

aq_

with sea surface temperature T in K.

@55 ) It is important to note that this parameterization is intended for calculating I, and HOI fluxes at wind speeds below 14 m
5! (higher wind speeds lead to negative values of fluxes) since it is based on the approximation of measurements and there
are no measurements Whefi'a storm occurs. (AISOifShould be mentioned that turbulent @iXifig of the interfacial layer With
bulk seawater reduces the proportion of I and HOI evading into the atmosphere therefore fluxes decrease with the wind speed
(MacDonald et al., 2014). The obtained inorganic ISGs fluxes in the SOCOE=AERV2:] exceed GEOS-Chem and CAM-Chem

160  emissions because SOCOL-AERv2- overestimates near-surface O3 (Revell et al., 2018). When we compared the ground-level
ozone fields from SOCOL and GEOS-chem, we found that for most of all regions where HOI/I, emissions are produced, the
overestimation of ground-level ozone in SOCOL is ~100%. To ameliorate this bias, the surface ozone used within the param-

(eterization Was'scaled'by 015 This decreased the emission by #00% giving HOI/I, fluxes comparable: ~ 2ETg (I)/year in

SOCOLE=AERV2:T and @ 2.2 Tg (I)/year in GEOS-chem (Sherwen et al., 2016¢). Since there is am uncertainty in inorganic |
165 (iodine'emissions (Chanceetialy) 2014; Sherwen et al., 2016¢), such a difference in emissions between models is admissible.

Todocarbon source fluxes in both SOCOE=AERW2=D and GEOS-chem are identical and correspond to 0.5 Tg (I)/year. Iodifi®
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Figure 1. Annual-mean emission fluxes of organic (CH31 (a), CHz1 (b), CH,ICI (c), and CH,IBr (d)) and inorganic (HOI (e) and I (f))

[CH3I + CHaIp + CHICl + CH,IBr] of ISGs that is corresponding well with Carpenter et al. (2013).
Chemical compounds involved in the iodine chemistry scheme in SOCOLE=AERV2=] are presented in Table 2.

Table 2: The iodine species considered in SOCOLE=AERV2:D

Species Molar mass Henry’s law constant (H) Temperature dependence Reference

(g mol™) (mol m™ atm™) of H (K)
I 126.90 7.9 x 10! 0 Burkholder et al. (2015)
I 253.81 2.8 x 103 3900 Burkholder et al. (2015)
10 142.90 — — —
010 158.90 — — —
INO, 172.91 3.0 x 102 0 Ordéiiez et al. (2012)
INO 156.91 — — —
IONO, 188.91 00 0 Burkholder et al. (2015)
HOI 143.91 4.1 % 10° 0 Badia et al. (2019)
HI 127.91 7.3 x 1016 3190 Badia et al. (2019)
IBr 206.81 2.43 x 10* 0 Wagman et al. (1989)
ICl 162.36 1.1 x 107 0 Wagman et al. (1989)
1,0, 285.81 00 0 Badia et al. (2019)
1,03 301.81 0 0 Badia et al. (2019)
1,04 317.81 00 0 Badia et al. (2019)
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185

CH3l 141.94 2.0 x 10? 3600 Burkholder et al. (2015)

CH,I, 267.84 73 x 103 0 Burkholder et al. (2015)
CH,I 140.93 — — —

CH,IBr 220.83 2.0x 103 0 Hilal et al. (2008)
CH,ICI 176.38 2.0 x 103 0 Hilal et al. (2008)

A dash means that Henry’s law constant is unavailable;

For IONO; and IxOy Henry’s law constants are assumed to be infinity and represented by a very large number.

L Overall, 19 iodine species are included in the CuffenEVersion ot the iodine chemistry scheme of SOCOE=AERV2=[:6%odine

source gases (ISGs), 13 product gases (PGs) including two species (HOI and I,), which are both being emitted and chemically
produced. Photolysis rates and reaction cross-sections for iodine species were taken from Burkholder et al. (2015). Anexcep-
tion is made only for the photolysis rates of higher iodine oxides species, such as I,0,, 1,03, and I,04, where we followed the
recommendations of Davis et al. (1996) and Vogt et al. (1999), who suggested using photolysis rates of higher iodine oxides
nine times higher than those of Cl,O,. This is a more simplified approach than used in CAM-chem, where cross-sections fof
1505 and I,03 are adopted from Gémez-Martin et al. (2005) and for 1,04, the used spectrum is measured at the University
of Leeds (Saiz-Lopez et al., 2014). In GEOS-chem, the cross-sections for higher iodine oxides are equal to those of IONO,
(Sherwen et al., 2016a) based on the assumption made by Bloss et al. (2010). In our scheme, we checked this possibility too and
found that there is no noticeable difference between using IONO; photolysis rates or 9*Cl,O, photolysig rates as substitutes
for unknown photolysis rates of higher iodine oxides. The Henry’s law constant of IONO, is taken in SOCOE=AER%2=] to be
infinity by analogous to BrONO, and CIONO, (1 x 103" fmol m> atm™!). The Henry’s'1aw) constant of IOy is (infinity and
fepresentediby) 2.65 x 10'® mol m= atm™! (Badia et al., 2019). The Henry’s law constant of INO, is equal to that of BrNO,
presented in Ordéfiez et al. (2012).

The full iodine reaction scheme, composed of 61 gas-phase chemical reactions including 17 photolysis reactions and 4

| heterogeneous reactions proceeding on tropospheric cloud ice is presented in Table 3.

Table 3: The list of chemical reactions with iodine included to SOCOE=AERV2=I

Part 1: Gas-phase chemical reactions.

Chemical reaction A-factor E./R Reference

[cm’3 molecule™! s’1] (K)
L+0;3—10+1+0, 3.8 x 10718 — Ordéiiez et al. (2012)
I, + O3 — OIO + IO 3.8 x 10718 — Ordéiiez et al. (2012)
[+03 - 10+0, 23 x 10711 870 Burkholder et al. (2015)
I+HO, — HI+ O, 1.5 x10711 1090 Ordéiiez et al. (2012)
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10 + BrO — Br + OIO

I+ BrO — 10==Bp

10 +ClO =1+ Cl+ 0y
IOF0—1+0,

0+, —»10=1
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[+NO, +M — INO; + M ko=3.0 x 103! 1.0 Burkholder et al. (2015)
Koo=6.6 x 10711 0

INO; +M — 1+NOy + M 9.94 x 1017 11859 Badia et al. (2019)

10 + NO, + M — IONO, + M ko=7.5 x 10731 3.5 Burkholder et al. (2015)
Koo=7.6 x 10712 1.5

IONO; + M — 10 +NO, + M ko=5.0 x 10728 14120 Burkholder et al. (2015)
Koo=1.9 x 1077 2.5

I[+NO+M — INO+M ko=1.8 x 10732 1 Burkholder et al. (2015)

so=1.7 x 10711 0
Part 2: Photochemical reactions
Chemical reaction Method Reference

CH3l +hv — CH3 +1
CH)l, + hv — CHoI + 1
L+hv—T1+1
IO+hv—1+0

OIO +hv -1+ 0,
INO +hv —1+NO
INO; + hv — 1+ NO,
IONO; + hv — I+ NO;j
HOI + hv — 1+ OH
HI+hv—I1+H

1,0, + hv — 1+ OIO
[,03 + hv — IO + OIO
1,04 + hv — OIO + OIO
IBr+ hv — 1+ Br
ICl+hv = 1+Cl
CHIC1 + hv — 1+ Cl
CH,IBr + hv — 1+ Br

Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table

Burkholder et al. (2015)
Burkholder et al. (2015)
Burkholder et al. (2015)
Burkholder et al. (2015)
Burkholder et al. (2015)
Burkholder et al. (2015)
Burkholder et al. (2015)
Burkholder et al. (2015)
Burkholder et al. (2015)
Burkholder et al. (2015)
Davis et al. (1996)

Davis et al. (1996)

Davis et al. (1996)

Burkholder et al. (2015)
Burkholder et al. (2015)
Burkholder et al. (2015)
Burkholder et al. (2015)
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Part 3: Heterogeneous chemical reactions on tropospheric cloud ice.

Chemical reaction Reactive uptake coefficient Reference
[unitless]
HOI + HI — I, + HO | vy =02 ‘Saiz-Lopez et al. (2015)
HOI + HCI — IC1 + H,0 | y=0.12 ‘Saiz-Lopez et al. (2015)
A‘HOI +HBr — IBr+ H,Q | v=0.12 ‘Saiz-Lopez et al. (2015)
ONO; + (H,0) — HOI + HNO3 =0.1 Saiz-Lopez et al. (2015)

A-factor: the pre-exponential factor;
@90  E.: the activation energys;
R: the universal gas constant;
* S0, instead of DMSO is used (DMSO is absent in [SOCOLE=AERV2-1);
LkO: Low-pressure limit(cm6molecule_2 s );
koo :High-pressure limit (cm’molecule™'s71)

195 We briefly review SOCOL’s chlorine and bromine reactions because of their interaction with iodine chemistry. Apart from
reactions involving iodine, there are about 100 gas-phase and 11 heterogeneous reactions on sulfates and polar stratospheric
clouds (PSCs) for chlorine species and about 50 gas-phase and 4 heterogeneous reactions on sulfates and polar stratospheric

A clouds (PSCs) for bromine species. The total gas-phase chlorine (Clit) and bromine (Briy) in the current version of the model
are:

200 Clio =CIO+CI'+2 X (Cl; + CINO3 + HOCI + HCI + 2 X Cl,0; + BfCl +3 X CFC-11 + 2 x CEC=12+3 x CFC-113 +2 x
CFC-114 + CFC-115 + 4 x CCly + 3 x CH3CCl3 + HCFC-22 + 2 x HCFC-141B + HCFC-142B + H-1211 + CH3Cl + 2 x
HCFC-21 + 2 x HCFC-123 + HCFC-31 + ICI + CH,IClI and

) Briot = Br + BrO + 2 x Brp + BrCl + BrNO3 + HBr + 2 x CH,Brp + CH3Br + CBrF3 + 3 x CHBr3 + HOBr + H-1301 +
H-1211 + 2 x (H=2402+ 1Bt + CHZIBt.

205 Similar to the iodine schemes in CAM-chem (Ordéifiez et al., 2012) and GEOS-Chem (Sherwen et al., 2016a), we imple-
mented the free molecular transfer approximation of McFiggans et al. (2000). This allows introducing the iodine scavenging
and deposition on sea-salt and sulfate aerosols as well as effective ice-uptake (removal)/reactive ice-uptake (recycling) on a

A surface of tropospheric cloud ice crystals (Fernandez et al., 2014; Saiz-Lopez et al., 2014, 2015). The transfer coefficient (s‘l)

is calculated as follows:

210 k= -y (c)A, @)
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2 cm™3) of the particles

L where v is the effective/reactive uptake coefficient (see Table 3), A is the surface area density (in cm
on which the deposition occurs, {c)=(8RT/r M)!2 is the mean thermal molecular speed (in cm s1) of molecules with molar
A mass M (in Kg mol~!) at absolute temperature T (in K), and R = 8.3145J mol™! K1,
In SOCOL=AER¥2:T) sea-salt aerosols are prescribed by monthly means from observational data and aqueous sulfuric acid
@15 aerosols are calculated interactively; from both, surface area densities (SADs) are available. However, there is no readily
available SAD for cloud ice in SOCOL-AERv2-1. Therefore, we calculate the effective radius Regy (in mkm) of ice crystals
following Heymsfield et al. (2014):

1 Regr=cexp(BTc), ()

where T, is the temperature (in C°), o =154.2 and 8 =0.0152 for -56C° <T< 0C°; o = 4.5872 x 10% and 3=0.117 for -71C°
220 <T<-56C°; o=41.65 and  =0.0184 for -85C° <T< -71C°. Following Holmes et al. (2019), the SAD for ice particles (in cm?

cm™) is calculated from (Reg) as follows:

SADjce=6.75 x IWC/(eRefp), (6)

A where p is the density of ice (9.167 x 1074 kg cm™3) and IWC is the ice water content, i.e. the mass of ice per volume of air

in the cloud (in kg cm™).
225 Since the timescale of the physical process of removing/recycling of iodine is shorter than the model time step (2 hrs), using
an explicit integration scheme may result in excessive removal/recycling of iodine species leading to errors (such as negative

concentrations). To avoid this, we decided to implement a simple implicit scheme:

L C1 =Co/(1 +K x A0 0

Where: C - the initial concentration: K ~ transfer coefficient; C; ~ the final concentration; At - model time step for chem-
(2807istEy) This scheme avoids producing negative Cj.

As effective uptake coefficients (y), we applied yiono, = 0.01, yino, = 0.02, YHor = 0.06, Y1,0, = Y1,0; = YL,0, = 0.01 @
odelanerective NPtk AN EoVNgIONIOMNESPEREs on sea-salt acrosols (Orddiiez et al., 2012).

ASince y’s for sulfate aerosols are currently Ginknowi'and if consider effective uptakeon sulfate @erosols with'the same gamma

‘as for sea-salt aerosols we would obtain modeled Iy values with alarge bias (X %) against observations, for sulfate particles, v’s

285 for sea-salt aerosols iSOCOE=AERY2:D were divided by 100 (as the amount of iodine to be removed on tropospheric sulfate

aerosols is assumed to be 100 less than for§€a=salt);which brotght theriodine from SOCOL=AERV2:I'to'beclosertoravailable
observationsFoReectiveiceuptakeroh iodine, s AFeAkEN o bE e SAMEHS A CAM-chem (SHZILOPEZENAIN 2014): Yror

= 0.0003; yiono, = 0.005; ygr = 0.02. The removal on all presented surfaces is operated only within the troposphere (it is

confined by the tropopause fi€ight)? It must be mentioned that the values of effective uptake coefficients for iodine species for
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240 different types of surfaces are highly uncertain (Saiz-Lopez et al., 2014). Tt is woith saying that we only consider the deposition

245

on sea-salt and sulfate aerosols and did not implement @ny hetérogeneous recycling of iodine species on sea-salt aerosols like
thosc deseribed in Vogt et al. (1996, 1999),Ordéfiez et al. (2012), Saiz-Lopez et al. (2014), and Tham et al. (2021). It should be
ozl R O 0 e i e sl pei ] (il T Ll DIl Al G LI o1 SO ilEie (5 T8
Yet, it requires additional study to estimate it quantitatively.

In'the heterogeneous recycling mechanism on ice, reactive uptake coefficients for cloud ice are taken as follows: ygor = 0.12;
YioNo, = 0.1 (see Saiz-Lopez et al. (2015) supplements). Transfer coefficients for heterogeneous reactions (see Table 3) are
also (€aleulated by free moleculay transfer approximation (McFiggans et al., 2000) but using reactive uptake coefficients. The
reactive ice-uptake and recycling of HOI and IONO; is applied in SOCOE=AER¥2=] after effective ice-uptake and removing
of HOL, IONO,, and HI. The §€quénceiof removing/recycling (PTOCESSESTS) unclear but the chosen sequence shows reasonable

and in our scheme, we use it only for ice crystals as was done by Saiz-Lopez et al. (2015).

2.3 Conducted experiments

To evaluate the iodine chemistry scheme of SOCOL-AERv2-I as well as to estimate the influence of iodine chemistry on ozone
we designed and carried out three transient filimerical'experiments) The first Ghelisthe control'experiment where iodine Emis-
(Sionsfare set to zero. For the second experiment (1 x iodine), we applied a basic configuration with the present-day iodine
emissions. These experiments are used to evaluate the veracity of iodine in SOCOL-AERv2-T and to estimate the influence of
iodine chemistry on present-day ozone climatology.
To assess whether the potential intensification of iodine emissions in the future will have a tangible effect on the ozone layer,
\we designed a sensitivity experiment (to verify the sensitivity of ozone to iodine) in which all iodine emissions are doubled
to present-day emissions (2 x iodine). In essence, it could be @ssumed as a worst-case scenario (€ofipareditoltherpresent=day
emissions that might become closer to reality by the middle of this century if the rise of emissions presented by Cuevas et al.
(2018) and Legrand et al. (2018) continued despite no dramatic forecast of iodine emission’s evolution was made by Iglesias-
Suarezeral (2020). [heiodinecontentinieuture s asoMificuHiopredict due o a huge MiSCrEpaNCybEnVEen scenarios
for the future evolution of iodine precursors like tropospheric ozone (Archibald et al., 2020) and SST (Taylor et al., 2012))
Albeit, it should be said that in our study this assumption was used only to verify the sensitivity of ozone to iodinc chemistry.
The sensitivity of 6Zone o' the increase of the iodine €misSiGNSWas characterized by (€ompating experiments with'2) x and 1
x ([6ading) of iodine. All experiments were run for the 1990-2009 period including the 10-year spin-up (1990-1999) from the
initial conditions that is necessary for iodine to reach the quasi-equilibrium state. The spin-up period was excluded from fiifther
(@nalysis) Each experiment consists of 10 ensemble members with a one-month perturbation of initial CO, concentration to get
10 different atmospheric realizations and to calculate the statistical significance of the iodine (infliénceron’6zone using the

t-Student test. The summary of the experimental set-up can be found in Table 4.
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Table 4: The experiments with SOCOE=AERV2-]

Name of experiment Experiment description A Period of simulation
and spin-up

0 X iodine Control run 1990-2009

(10 ensemble members) (1990-1999 spin-up)
1 x iodine Present-day emissions 1990-2009

(10 ensemble members) (1990-1999 spin-up)
2 X iodine Doubled emissions 1990-2009

(10 ensemble members) (1990-1999 spin-up)

3 Results of simulation |
27500311 Evaluation of the iodine from SOCOL=AERV2:I against CAM-chem and pbservations

The total gas-phase inorganic Iy both'2) x iodine and 1 x (iodifieexperiments 6f SOCOLAERV2-T averaged over tropics [20°N
220°S7]3 for the 2000-2009 period and 10 ensemble members is presented in Figure 23

14


Compare: Move�
text
This text was moved from page 14 of old document to page 7 of this document

Compare: Replace�
text
[Old text]: "SOCOL-AERv2-iodine"

[New text]: "SOCOL-AERv2-I"

Compare: Delete�
text
"0×iodine"

Compare: Delete�
text
"Controlrun"

Compare: Insert�
text
"0×iodineControlrun"

Compare: Delete�
text
"3.1"

Compare: Replace�
text
[Old text]: "inorganicIyboth2"

[New text]: "inorganicIyboth2"

Compare: Replace�
text
[Old text]: "iodineexperimentsofSOCOL-AERv2-iodineaveragedovertropics275[20oN-20oS],"

[New text]: "iodineexperimentsofSOCOL-AERv2-Iaveragedovertropics[20oN-20oS],"

Compare: Replace�
text
[Old text]: "1."

[New text]: "2."

Compare: Insert�
text
"2753.1"

Compare: Replace�
text
[Old text]: "SOCOL-AERv2-iodine"

[New text]: "SOCOL-AERv2-I"

Compare: Delete�
text
"AMAX-DOAS"


10 ; 30
—— SOCOL ly [20N-20S]
15 SOCOL lorg [20N-20S] r27.5
20 —— SOCOL ly [20N-20S] (doubled emissions)
—— SOCOL lorg [20N-205S] (doubled emissions) 125
30 r22.5 —
g gg 20 iE‘
< 0]
o 70 175 S
5 =
@ 100] 15 3
g X
S 150 125 S
£ 200 _ g
< | 10 g
300 7.5
400 .......
700 -\ . r2.5
1000 : : 0
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Volume mixing ratio [pptv]

over tropics [20°N - 20°S], for 2000-2009 {petiodiand 10/ensemble) members. Red curve: Iy from the experiment 2 X iodine. Blue curve: Iy
from the experiment 1 x iodine. Light red and blue curves: Iorg from 2 X iodine and 1 X iodine experiments, correspondingly. Shadings

represent a standard deviation of tropical fodine [20°N - 20°S].

The Iy was calculated as a sum of inorganic iodine compounds presented in the SOCOE=AERV2-T'S iodine Sehemenly =10

+1+0I0 +HOL+2 x 1y + HL+ INO + INO; +2 X (1,0 + 1,03 + 1504) + ICl + IBr + IONO; + CHyl. lorg is calculated as
280 a sum of all organic compounds in SOCOL-AERV2-T: Torg = CH31 + 2 x CHylp + CH,ICI + CH,IBr. The standard deviation
of iodine between ensemble members is found to be less than 1%. In the lower troposphere, the 1y is rapidly dropping with
altitude until about 600 hPa following the washout that is most effective at this layer. In the upper troposphere (above 200
[iPa); 1y increases @fterthelinitiation'of the recycling heterogeneous [mechanism on'ice that works at these altitudes at tropics
(because theravailability of ‘cloudriceris essentialy (Therecycling on cloudiicelmostly) defines the amount of inorganic iodine

285 injected into the stratosphere because it competes with i@ washout of reservoir species by converting reservoirs into species
With'lowerwashout rates and thus increasing the residence lifetime. The Stratosphericly) shows an increase until @bout’50"hPa

and then stays constant because {hefelisfiordeposition of iodifierabove) this layeti The simulated stratospheric Iy by SOCOLE-
'AER2-I agrees well with the results of the CAM-chem model in the lowermost stratosphere showing about 0.75-0.8 pptv of Iy,
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from model non-conservative transport scheme and ([@yfiamics) for example, the deep tropical convection cells over the area
of iodine production that overcomes the deposition velocity enhancing the stratospheric iodine (loadifig (foreéxamplerasiitiis

(Seenvin'Figure'3'¢))) The gradual increase seen in the stratosphere, @ight be also attributed to the tropospheric sinks @nd/ox

(der in SOCOLE=AER?2=] that prevents chemical species from going through it also might impact the profile. Nevertheless, the

(stratospheric Ty abundance calculated with SOCOL=AER2:I'does ot exceed 105 pptviand corresponding well to the €stifma-
(tion/given by Solomon etal) (1994), @lthough'is) slightly larger than the most recent assessment from (WMO, 2018) (0.8 pptw
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Figure 4. January/February averages of modeled and observed IO in the (ffopical'troposphere [15°N=15°S]'for (a) the TORERO campaign)
from Costa Rica (Tan./Feb, 2012, 10°N-40°S, 250°E-285°E), and (b) the CONTRAST campaign from Guam (fan,/Feb, 2014, 40°N-15°S,
11S°E-175°E). Red line 10 from SOCOL-AER2-L Greenline: IO from CAM-chem. Blue dots: 0 observed by AMAX-DOAS. Shadings:

10 standard deviations of all modeled/measured IO during the January-February period.

We compare the observed and measured TO only over the tropics [15°N-15°S] as extratropical measurements from both
(campaignsiare Scatceriandithercomparison willlbelbiased) Modeled 10 in (Figureé'4 has been obtained by doubling [monthly)

325 averaged 10 that s fair to do for tropics as during nighttime the 10 concentration is negligible. Also, the observations are given
as so-called footprints torget profiles for eachiday; they) were @found=averaged for certain altitudes ([deSighatediifiiFigure'4) as

bluc points. The 10 from both models is sampled at the same altitudes as measurements to conduct an equitable comparison.

330 The sharp decrease of observed and modeled 10 from both models goes similarly until 2 km showing compatible 10 mixing
ratios. At 5 km, CAM-chem shows a maximum 10 mixing ratio of about 0.2 ppty that s not seen in SOCOL-AERv2-T and
observations. CAM-chem generally overestimates SOCOL-AERv2-T and observations during the TORERO campaign up to
about 11-12 km. After 11 km, both models overestimate the mean of observed IO from the TORERO campaign but in general
StaYITENViLiR the HCEHANLy ONOBSENVANONS) The jncrease in fiodeled 10 ENERIZKMImMIGAIRONO the recycling activity on

335 ice, albeit it is not seen over the region of the CONTRAST campaign. 10 from both models is generally compatible with 10

‘measurements during the CONTRAST campaign showing the 10 mixing ratio of about 0.1-0.15 pptv.

10/1y ratio modeled with the University of Colorado (CU) chemical box-model constrained by measured temperature, pressure,
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340

345

chemical concentrations, particle size distributions, and photolysis frequencies. The uncertainty in derived Iy is estimated as
30% of the 10/1y ratio including errors in the calibration of in-situ and remote sensing data and accounting for differences in the
spatial scales (Wang et al., 2015; Koenig et al., 2017). IO was taken as an average of 1O fields measured with AMAX-DOAS
during both TORERO and CONTRAST campaigns (Volkamer et al., 2015; Pan et al., 2017; Koenig et al., 2020). Thus, the

inferred Iy is based on the measured 10 and modeled 10/1y. The result of this comparison is [lluStratedinFigure’s:

1 }r\ —— The empirical fit for I,(gas) (CU box-model)
1; \. —— The empirical fit for Iy(part) (CU box-model)
q The empirical fit for I, (gas+part) (CU box-model)
/o’ 14 |y(gas) estimation based on 10 obs. (CU box-model)
-0- SOCOL Iy(gas assumed)
-®- SOCOL ly(gas modeled)
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Figure 5. Total gas-phase Iy modeled'Wwith SOCOE=AERV2:I"and"CAM=chemas'well"as estimated by CU chemical box=model'based on
AMAX-DOAS IO observations in the upper troposphere and lowermost stratosphere. All model data and observations are taken only for
the region of TORERO [10°N-40°S, 250°E-285°E] and CONTRAST measurements [40°N-15°S, 115°E-175°E]. Red and green solid and
dashed lines: gas-phase Iy simulated with SOCOE=AER¥2=] and CAM-chem averaged for the January-February period. Light red @ndlight
green dashed lines: assumed gas-phase Iy Simulated'with SOCOE=AERV2:="and CAM-chem excluding @pprox. iodine in the particulate
phase. Blue dots: gas-phase Iy modeled by the University of Colorado (CU) chemical box-model. Black error bars: the uncertainty in Iy
modeled by the CU box-model. Blue, purple, and orange solid lines represent the empirical fit for gas-phase Iy (gas), particulate Iy (part) and

total Iy (gas+part), correspondingly. Shadings represent the uncertainty in the empirical fit.

Data were plotted with respect to the H,O/O3 ratio as it is a good indicator to distinguish the upper troposphere (UT) air
enriched in water vapor from the dehydrated air in the lower stratosphere as proposed by Koenig et al. (2020). To make CU
box-model data clearer they were thinned out by averaging the data every 50 units of H,O/O3 ratio between 1000 and 100 of
H,0/O3 ratio; every 5 units between 10 and 1; and every 1 unit between 10 and 1. The blue empirical fit is to a subset of the

blue dots, that the orange line is based on Iy (gas) and Iy (part) data in the upper troposphere, and the purple line is derived
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850 under the assumption of conversion. Equations to calculate empirical fit lines for experimental data can be found here (see
equation 2, 4, and 5 in Koenig et ak (2020) supplements).
Below the HyO/O3 ratio ~70, both models well-capture the Iy estimated from observations. Higher up, the red and green
dashed lines represent the gas-phase Iy that is simulated with both models. Because the particulate iodine is not considered in
these models, the total inorganic Iy in SOCOL-AERv2-I and CAM-chem presented here is only in the gas-phase. The light red
855 (@nd green lines are the assumed gas-phase Iy if the EStimatedpatticulateriodinerisiexcludedifrom the) modeled Iy. To exclude
the unknown particulate iodine, the modeled gas-phase Iy was subtracted from the 0.87 pptv of iodine that is empirical €otal
Iy plus uncertainty of observations (0.1 pptv) (see i@ orange solid line and its uncertainty in Figure 5)3 Such an approach can
showwhat'would'be'the approximate modeled gas-phase Iy if the iodine in the particulate phase was presented in models. It is
seen that after the level of H,O/O3 ratio ~ 70, the gas-phase Iy estimated from measurements rapidly decreases and reaches |
360 the value of about 0.1 pptv at the approximate altitude of the lowermost stratosphere (H,O/Oj3 ratio < 10). After excluding the
estimated particulate iodine, the assumed modeled gas-phase Iy (bécomesvery closeitortheone from the'ClU) box-model.
It bears mentioning that there is evidence that a certain part of gas-phase iodine undergoes partitioning to aerosol in the strato-
sphere. This mechanism is not fully understood due to a lack of measurements. Note that the approach used here is different
from the simplified parameterization of IPART in CAM-Chem (Koenig et al., 2020). The assumption that the overestimation
865 of modeled gas-phase Iy against observations is because of an absence of iodine in the particulate phase is reasonable as it is
seenin Figure S InthiSwork; we'domot consider particulate iodine for the analysis of ozone loss as it is out of the scope of the
paper. Here, we assume that the total stratospheric Iy is only in the gas-phase. Nevertheless, the total amount of iodine obtained
with SOCOLE=AERV2D is in good agreement with other estimates and observations and can be used in further analysis of its

effect on ozone.
370 3.2 Iodine chemistryeffect on present-day ozone climatology

We estimate the iodine effect on present-day ozone climatology by comparing the experiment with a single loading of iodine
(1 x iodine), and the control experiment neglecting iodine chemistry (0 x iodine). The contribution of iodine chemistry to

present-day ozone climatology estimated by the SOCOLE=AER¥2=1 is presented in Figure 6!
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Figure 6. Modeled effect of iodine chemistry on annual-mean ozone climatology averaged for 2000-2009 period and 10 ensemble members.
(a+c) Ozone changes of the case with present-day iodine emissions (1 X iodine) relative to the control run (0 X iodine), presented as zonal
mean ozone mixing ratios and total ozone columns (TOC) in percent. (b+d) Corresponding absolute ozone changes in parts per billion by
volume (ppbv) and Dobson units (DU), respectively. BIa€k solid line in (a) and (b): annual mean tropopause height. Hatching marks regions
with (GAiREEHECHGR ozone having a confidence level less than 95%.

The relative and absolute responses of ozone to iodine chemistry activation are shown for both ozone mixing ratio and total
ozone column (TOC). The relative iodine effect on ozone is calculated as follows: ((EXP-REF)/REF)*100, where EXP is the
ozone from the experiment with 1 x loading of iodine and REF is the control run without iodine being included. The absolute
difference is simply defined as EXP-REF. The crisp iodine signal in ozone mixing ratio is observed in the lower stratosphere
and intensifies over the polar regions where the effect of halogens is estimated to be higher (Chipperfield et al., 2018). The
peak of ozone loss resides in the lower stratosphere over the high southern latitudes, where the ozone loss reaches about 10%
or 100 ppbv. The hemispheric asymmetry of the effect over high latitudes might be caused @686l by a difference in the IO
([MiXifngFaticIbutialsolnithe) mixing ratio of chlorine and bromine in active form (ClO and BrO) that in turn react with iodine.
The effectiveness of iodine also depends upon the coupling with chlorine and bromine chemistry intensifying their ozone

depletion cycles in the lower stratosphere (see chemical reactions in Table 3). There is evidence that cross-cycles between

bromine and chlorine are the dominant contribution to ozone #eduction in the mid-latitudes and polar region (Fernandez et al.,
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885 2017; Alejandro Barrera et al., 2020). The active iodine in the'formiof TOrsalsoraneffective reaction parther for the BrO+CIO)
as/(€stablished by 'Readetal:(2008)" Thompson'etiald (2015) assumed that the interaction of IO with the BrO and CIO might

be more effective over high latitudes because of their higher concentration in that region (Sioris et al., 2006).
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Br might majorly affect ozone and be responsible for more than a half of total iodine-induced ozone reduction in the lower
stratosphere that is agreed with Fernandez et al. (2017); Alejandro Barrera et al. (2020).
The iodine-mediated ozone loss in the tropical lower stratosphere ranging between 4-5% or 20 ppbv below 20 km. The

ozone destruction caused by iodine chemistry is not so pronounced over the tropics because the extremely low temperature in |
400 he cold trap on the tropical tropopause resulted from adiabatic cooling is even lower than the temperature over high latitudes

at the same height making catalytic cycles less effective.

It is important to mention that the effects of iodine chemistry are confined mostly to the lower stratosphere and are greatly

decreasing from the middle to the upper stratosphere. The "glasses-like" iodine effect in the upper stratosphere similar to

the one of ClOy - cycle (Zubov et al., 2013) is not observed. The IOx-catalytic cycle is ineffective in the upper stratosphere
405 similarly to BrOx-cycle despite the presence of atomic iodine up there in reasonable concentration. It might be because iodine

reservoirs are much more unstable than those of chlorine and, similarly to bromine, the iodine species in lower altitudes will

‘e more likely in active form (IO) than that of chlorine will be in form of CIO (Daniel et al., 1999). So, the probability of the
terminal reaction ClO+O is higher than those of IO+O or BrO+O in the upper stratosphere. Ifishouldibemotedithat SOCOLE-

AERv2-1 demonstrates the decrease of the 10 mixing ratio in the upper stratosphere (see Figure 3 b)). Hence, the effect of
@10 iodine chemistry on upper stratospheric ozone loss is negligibly small.

4 The tropospheric effect is ~ 4-5 ppbv and maximizes over tropics where iodine sources are mostly emitted from the ocean
thanks to its higher temperature. About 6-8% of tropospheric ozone loss is comparable to what was reported by Sherwen et al.
(2016a) but where surface iodine emissions were a bit higher. It is also in agreement with an estimation made by Davis et al.
(1996). Tropospheric (6Zone1oss'in SOCOL=AERV2-Tis'abit higher thanin' CAM=chem where thé iodine-induced ©zoneloss

@15 does not exceed 2-3 ppbv (Saiz-Lopez et al., 2014).

4 The total ozone column (TOC) is affected by iodine mostly over high latitudes (see c) and d) panels of Figure 6)) The highest
impact of iodine on climatological TOC is over high latitudes of the Southern Hemisphere showing the TOC 16s8%6f about 4%
or 11-12 DU. Over the Northern Hemisphere, the iodine effect on TOC does not exceed 3%.

3.3 Ozone response to the increased iodine emissions

@20 To estimate the consequences for ozone from the continuous increase of iodine emissions, we compare ozone from the expers
iment with doubled emissions to that from the experiment with observed (or present-day) emissions. The results are shown in
Figure @
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(Figuirel8) Modeled effect of 2-fold iodine chemistry on annual-mean ozone climatology averaged for 2000-2009 period and 10 ensemble
members. (a+c) Ozone ([€hanges of the case With"2=f6ld iodine Chemistry (2 < iodine) felatiVeto present-day iodine @missions (1) x iodine)
in percent. (b+d) Corresponding absolute ozone changes in parts per billion by volume (ppbv) and Dobson units (DU), respectively. Black
solid line in (a) and (b): annual mean tropopause height. Hatching marks regions with {6diieieffeécfion ozone having a confidence level less
than 95%.

In this case, the EXP was taken to be the experiment with 2 x loading of iodine whereas the REF is the one with observed

(1 x) iodine emissions. In the troposphere, a 2-fold increase in emissions leads to the ozone loss of about 6-8% that is similar

@25 to what is seen in Figure @2 In the stratosphere, the contribution of additional iodine is different. The Southern hemispheric

430

Amaximum is weakened and shifted to the middle latitude showing the ozone loss of up to 7% or 50 ppbv. The iodine con-
tribution to ozone loss in the northern polar lowermost stratosphere also shows a similar pattern and magnitude of the effect
to climatological effect in (Figtit€"6 showing about 50 ppb of ozone loss. For the Northern Hemisphere, the effect might be
characterized as a linear-kind too and the intensification of ozone loss by a factor of 2 can be expected. (The iodine=induced

total column ozone loss would enhance by 2-3% following the 2-fold increase of iodine emissions. |

Thus, we can expect that a 2-fold increase in iodine injection into the atmosphere would lead to a mostly linear increase of

the ozone loss over the troposphere and lower stratosphere. The reason why we do not see the linearly changed effect over the
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Southern Hemisphere is possibly related to the saturation effect when the ozone was almost destroyed even for smaller iodine
loading. Hence, it can be predicted that the iodine effect on ozone in the lower atmosphere, if the assumed negative iodine

A scenario plays out in the future, would simply hinge on a factor of the increasing iodine injection into the atmosphere.

3.4 Ozone response to organic and inorganic iodine sources

We also address the"effect™of organic vs inorganic iodine sources onjtropical ©zo6nexTo"do this, we repeated the experiment
with [@bS€fvVedi(6r present-day) €missions'twice nullifying either organic or inorganic surface emissions. The results are shown

in Figure O)
50 . -
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—— lodine effect on ozone (organic fluxes only) /
701 — lodine effect on ozone (organic + inorganic fluxes) - /

100 / /
—_ | / 15 E
g ) ) 2
< 150 v
o ‘ / \ r12.5 3
5 200 2
a { ‘ 10 <
: >
2 300 ; S

| L o

£ \ N 75 &
< 400 \ == <

500 \ L 5

700 / 2.5

1000 ——— ) 0
-10 -9 -8 -7 -6 -5 -4 -3 2 -1

Ozone difference [%]

(Figure 9 Modeled vettical profiles of O3 feduction by iodine from organic, inorganic, and total surface emissions @veragedi6ver) tropics
T20°N - 20°S], for 2000-2009 period and 10 ensemble members. Red curve: difference in O3 relative to the control run (0 X iodine), if
organic iodine emissions are only considered; Blue curve: a % difference in Oy relative to the control run (0 x iodine), if inorganic iodine
emissions are only considered; Green curve: a % difference in O3 relative to the control run (0 x jodine), if both, organic and inorganic iodine
emissions are considered. Shadings fepresentiasstandard deviation'of ensemble fembersiThetesultsThavera confidence level more or equal
t0 95%.

A\ In the lower troposphere, the iodine from inorganic emissions is responsible for ~ 75% of total iodine effection’ozone)

and the contribution of iodine from organic sources is ~ 25%AyAS EXpeCted (KoSNgEnal2020) e upper (FOPOSPhErEId
lower stratosphere, the ozone responses to iodine from both Kinds of sources are closer but still, the impact of inorganic sources
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prevails, i.e. ~ 60% and ~ 40¢%, correspondingly. At 50 hPa, the contributions of iodine originating from organic and inorganic
445 sources to total iodine-induced ozone reduction are compatible.

44 Discussion and conclusions

In this study, we describe the new version of the chemistry-climate model SOCOL-AERvV2 improved with the addition of the
iodine chemistry module. The iodine chemistry scheme in SOCOL=AERV2T was developed based on jup-to-date knowledge
about atmospheric iodine. We performed a set of numerical experiments to test the fidelity of the developed iodine chemistry

@50 scheme and to estimate iodine contribution to ozone depletion. The model results show about 0.75 pptv of ioding in the lower-
most tropical stratosphere in agreement with previous estimations Saiz-Lopez et al. (2015). A gradual increase of Iy up to 1.05

| pptv in the stratosphere might be related to the dynamical features, @@ effect of tropospheric sinks @id/6rFeeyelingy or the rigid
upper border in the model atmosphere. The comparison of modeled and observed IO within the tropical troposphere showed
hapIO from SOCOLEAERV2:isiia generally’good agreement with AMAX-DOAS @hservationssThe additionalicomparison

@55 of total gas-phase inorganic Iy with the values determined by the CU box-model based on AMAX-DOAS observations of 10
A showed that the model reproduces the Iy in the upper troposphere very well, while in the stratosphere, Iy is much overestimated

due to the absence of simulated iodine in #i@ particulate phase. If the assumed particulate iodine was excluded from the mod-

clod StFatosplierici Iy SOCOLEAERY2:I Corresponds Well Wit Iy Fom e CL) box-model. The simulation of particulate iodine

is the subject for future studies as the mechanism of its formation is still not fully understood due to a lack of measurements.

The estimated contribution of iodine chemistry on the lower stratospheric ozone is higher than those discussed in Hossaini
et al. (2015) showing up to 10% of the lower stratospheric ozone loss driven by iodine chemistry. It should be noted that
Hossaini et al. (2015) reported only 0.15 pptv @f Iy injected into the stratosphere, which is more than five times less than in
(SOCOE=AER¥2:T and CAM-chem. In the lower troposphere, the share of ozone loss induced by iodine originating only from

@65 inorganic sources is estimated to be 75%3 and 25% if considering only organic sources. (At'S0'hPa; contributions of iodine
from organic and inorganic sources to total iodine-induced ozone loss are found to be compatible. We also verified that even
if'the concentration’ofiodine is much less than other halogens it €6uld’play) a noticeable role in the lower stratospheric ozone
depletion €specially over highlatitudes Nevertheless; negativellower stratospheric changes recently founid by Ballietal: (2018)
‘might be driven by iodine chemistry only in the lowermost stratosphere as the iodine effect in the extratropical lower strato-

470 sphere is not supposed to produce such a broad signal. At the same time, SOCOL-AERvV2-T suggests that cross-cycles of iodine
‘with bromine and chlorine might sufficiently affect ozone covering the 50-70% of total iodine contribution to ozone reduction
in the lower stratosphere at mid-to-high latitudes. It should be noted that the I-Br/I-Cl ratio in the total effect of iodine on
(0zone requires additional studying: The upper stratospheric ozone is not affected by iodine chemistry similar to thg impact of
bromine chemistry as (préSumably,the iodine Speci€siifl the upper stratosphere are hardly B€ifigiifi active form (I0) than thatch

@75 chlorine will be in form of CI1O due to longer lifetime of chlorine precursors (Daniel et al., 1999). Ouiftesultsialsodemonstrate

@lowering of therlONmiXing ratioliftherupper Stratosphere) Hence, the net effect is that iodine is relatively more important
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in the lower stratosphere despite the abundance of total inorganic gas-phase iodine is expected to be similar throughout the

stratosphere (see Figure 3).

Also, we would like to address here some shortcomings of the current iodine scheme and further updates that are antici-
pated to increase the accuracy of iodine simulations in chemistry-climate models. A strong local decrease in free tropospheric
ozone (€an'berexpected from iodine €ollectediinside iodized aerosol particles from deserts and oceans which can reach the
above-cloud troposphere where they release iodine (Volkamer et al., 2021). However, such complex aerosol iodine chemistry
cannot be properly simulated with current chemistry-climate models (Baker, 2004; Sherwen et al., 2016b). The recent studies
of Gémez-Martin et al. (2020), Baccarini et al. (2020), and He et al. (2021) suggested that iodine species can make new aerosol
particles that are big enough to be cloud condensation nuclei (CCNs). Polar ice-melting in turn leads to the increase of the
atmospheric amount of iodine (Cuevas et al., 2018) which may enhance the formation of CCNs. These findings are worth
studying further using global climate models with advanced aerosol chemistry and cloud microphysics. Additionally, higher
iodine oxides species presented in our study by 1,0,, 1,03, and 1,04 might decompose to form iodine oxoacids that growth
further to become CCNs (McFiggans et al., 2004; Burkholder et al., 2004; Saunders et al., 2010). However, the formation of
iodine oxoacids is still an open question that needs further studying (He et al., 2021). Here, we did not consider any iodine in
aerosol form, and these species are represented only in the gas-phase. Also, as was mentioned above, in this work we used a
simplified approach for photolysis of higher-order iodine oxides. However, the cross-sections for photolysis of these species
are recently measured and can be used to increase the accuracy of simulation (Lewis et al., 2020). Recent field evidence indi-
cates that the @€€yeling'of iodine on sea-salt aerosol, and perhaps other {ypes’of aerosols; may be much faster than currently
represented (Tham et al., 2021). Also, we did not include CF;I that also could modify the total concentration of iodine in the
atmosphere. However, based on the recent studies, it will not substantially impact the stratospheric ozone loss showing even
less impact than that of CH3I (Zhang et al., 2020) and will mostly affect the tropical and northern mid-latitudes tropospheric
ozone because of higher concentration of pollutants (Youn et al., 2010). All organic iodine emissions in our scheme are pre-
scribed)However; they can be interactively calculated in the model utilizing ocean biogenic sources (Ordéiiez et al., 2012). It
can be embodied also in the next-generation Earth system model where the ocean biosphere is interactively calculated. As it
was mentioned above, the sea-surface iodide that is the precursor for HOI/I, fluxes has seme uncertainty in the models and
observations (Chance et al., 2014; Sherwen et al., 2019). (HoweversShawlandiCarpenter(2013)larguedithatitheriodidertield
does not necessarily solve any uncertainty in the HOI/I, flux calculation or other impacts on these fluxes. Nonetheless, there is
a prediction for increased iodide that will potentially impact the iodine abundance in the future (Carpenter et al., 2021). Also,
there are region-specific parameterizations for sea surfacg iodide concentration that can be implemented in the next version of
the iodine scheme in SOCOLE=AER¥2=] to increase the reliability of abiotic iodine emissions (Inamdar et al., 2020). Recent
investigations of the chemical basis of the HOI/I, source can help improve the generalization of empirical source functions
(Moreno et al., 2020).

Our sensitivity study showed that the contribution of increased iodine to ozone is almost linear compared to the present-day

iodine. To simulate the reliable future impact of iodine on ozone, the recent estimations on future iodine emissions based on
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A RCP scenarios can be used (Iglesias-Suarez et al., 2020). Tropospheric ozone content in SOCOE=AERV2:I'isioverestimated

(compared to other modeIST(Revelletal; 2018) thatraffectsithe sea-surface [deposition 6f O37andiits) concentration inside the
‘marine boundary layer, hence the accuracy of simulated iodine emissions. It is planned to fix this problem in future versions of
615 SOCOL.
One of the most controversial parts of atmospheric iodine studies is the scrutiny of the role of volcanic iodine in stratospheric
) chemistry and its effect on ozone. The volcanic iodine impact is worth studying since some of the powerful volcanoes are gup-
posedly capable to directly inject the iodine into the stratosphere and suppose to result in negative and long-lasting implications
for the ozone layer (Bureau et al., 2000; Aiuppa et al., 2005; Balcone-Boissard et al., 2010; Cadoux et al., 2015). However,
620 there is no solid evidence that volcanoes can inject a sufficient amount of iodine into the atmosphere (Schonhardt et al., 2017)
and it is needed to organize the measurement campaigns to make estimations of emitted volcanic iodine in a more precise way.
A The results of this work showed the highest impact of iodine on ozone in the lowermost stratosphere at high latitudes. This
finding indicates the necessity of having broad measurements of iodine species in this region.
We also stress that the iodine can presumably be more noteworthy in the future. The intensified Brewer-Dobson circulation
625 might bring more iodine into the stratosphere in the future than today. Also, the further increase of sea surface temperature
due to global warming, near-surface ozone, and sea surface iodide concentrations could be the reason for the intensification of
Jiodine emissions in the future making the atmospheric amount of iodine to be vastly higher (Cuevas et al., 2018; Legrand et al.,
2018; Cuevas et al., 2018; Koenig et al., 2020; Iglesias-Suarez et al., 2020; Carpenter et al., 2021). The effectiveness of iodine
for ozone destruction is found to be stable in future warming scenarios and therefore its relative importance increases relative
630 to the other halogens (Klobas et al., 2021).
All of this inspires further efforts to better characterize the iodine in the atmosphere and its impact on ozone loss.
|, Alongside, the further improvements of iodine chemistry simulations in chemistry-climate models, it is needed to overcome
the scarcity of global measurements of iodine chemistry especially in the upper troposphere and lower stratosphere to increase

the accuracy of estimations for iodine impact on ozone loss and to make better predictions of the future ozone evolution.

885 Code and data availability. The SOCOBAERNV2:Icodenisravailable here: hitps://doi.org/10.5281/zenodo.4844994 (KafagodinsDoyennel
@R 20212) upon request to the corresponding author. [HOWeVETISICENEIECHAMSOTElisaIpaio SOCOLABRV2IENiceise
agreement must be sign before using the code (http/www.mpimet. mpg.de/en/science/models/license/, last access: 11 September 2021). The

(SOCOL=AER¥2: simulation data can be accessed here:
| https://doi.org/10.5281/zenodo.4820523 (Karagodin=Doyenneletials) 2021b). CU-AMAX-DOAS CONTRAST 10 data are available at:
640 (https://data.eol.ucar.edu/dataset/383.023, last @ccessilISeptember 2021). CU-AMAX-DOAS TORERO IO data are available at:
(https://data.eol.ucar.edu/dataset/352.082, last access: (IIISeptember) 2021). The CU-box model data are available here:
https://doi.org/10.5281/zenodo.4916787 (Volkamer and Koenig, 2021).
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Iodine chemistry in the chemistry-climate model
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Abstract. (ThiS'paper introducesra'new version'of the chemistry-climate model (SOCOE=AERV2]stupplemented by an iodine
chemistry module. We €onducted three fWenty=year-long ensemble experiments to(@ssessthe validity'of modeled iodine and to
quantify the effects of iodine on ozone. The obtained iodine distributions with SOCOE=AERV2=i6dine show good agreement
with the CAM-chem model Simulations'and"AMAX=DOAS 6bservationsFor the present-day atmosphere, the model suggests
the strongest influence of iodine in the lower stratosphere with an-ezene-loss-ef-up-te 30 ppbv at low latitudes and up to 100
ppbv at high latitudes. Globally averaged, the model suggests iodine-induced chemistry to result in an ozone column reduction
of 3=4%; maximizing) at high latitudes. In the troposphere, jodine chemistry I6Wers tropospheric ozone €oncentrations by 5-
10% depending on the geographical location. We found that in the lower troposphere, the share of ozone loss induced by iodine
originatiiig) from inorganic sources [i§175% "and"only 25% [b¥) iodine from erganic-sources;-and-contributions-become-similar
at about 50 hPa. We also determined the sensitivity of ozone to iodine applying a 2-fold increase of iodine emissions, which
reduces the ozone column globally by an additional 1.5-2.5%. (These results €onstrain the importance of atmospheric jodine
chemistry for present and future [€onditions) eéven though uncertainties fémain high'dueto'the paucity of observational'data’of

iodine species.
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1 Introduction

Theremissions of halogenateéd compounds containing-chlorine-and-bromine have long been identified-by the scientific com-
(munity @s'a potential threat to the ozone layer-owing-to-their-involvement-in catalytic ozone destruction cycles |(Solomon,

1999). Recent studies demonstrate the success of the Montreal Protocol and its Amendments in phasing out the emissions of

(OZoTE=0EpIELiig substances EONMING CHIOEORbroMINENNAIcating also BESt signs of €€ ozone layer recovery (NEWiAN
et al., 2009; Egorova et al., 2013; WMO, 2018). At the same time, jodine-induced ozone depletion hasinotibeen'studied ex-

20 tensively) because of the Exceedingly) low @HHOSPHET® iodine Concentrations (SaiZLiopez et al.. 2012)) Neverthelessyiodine

30

chemistry has been suspected to affect stratospheric ozone (Saiz-Lopez et al.. 2015) and slow down the recovery of the ozone
layer-(Keenig-et-al-; 2020)—The ozone depletion efficiency of iodine-containing species on a per-molecule basis is hundreds
‘species inithestratosphere are muchiless stableinthe presence of sunlightaNevertheless) iodine-induced ozone depletion is
not regulated under the Montreal Protocol as there is almost no direct anthropogenic production of iodine-containing species
(Fuge and Johnson. 2015) and because the mixing ratio of total inorganic iodine in the atmosphere is typically extremely low
(~ I parts per trillion by volume (pptv)) and, in contrast to other halogens, assumed to be too low to contribute significantly to
the ozone depletion.

The (iniVestigation) of iodine sourcesgases) (ISGs) Started in the late 1970s. The main organic source of atmospheric iodine is |
found to be iodomethane (CH31) as suggested by Lovelock and Maggs (1973) and Chameides and Davis (1980). Most organic
iodocarbons are produced by photochemical processes that involve phytoplankton and micro/macroalgae, while some terrestrial
iodocarbons are emitted by wetland plants (Manley et al., 2007), biomass burning (Akagi et al., 2011), rice paddies (Lee-Taylor
and Redeker, 2005), and volcanoes (Bureau et al., 2000; Aiuppa et al., 2005). In fact, the main source region of iodine is the
(6cean that produces almostall'organic and (ficrganiciiodine that enters the atmosphere (Saiz-Lopez et al. (2012) and references
therein). Mhe sea surface temperature (SST) is an important driver of biological @ctivityléading to'the'release’of organic ISGS)
into the atmosphere. Therefore, the ISGs are produced mostly in the tropics. The 5-6 day lifetime of CH3l is long enough to
@llowra small fraction'oflititorfeach'the upper troposphere B¥) tropical @pWellifig with an estimated @mount ~ 0.1 pptv in the
tropical tropopause layer (WMO, 2018). [The'other organic ISGs;Suchas'CH; 155 CHICE CH3 1Bt 'and CyHs I are considered
(fo'be minor contributors toiodine’abundance’in the upper troposphere and stratosphere since their lifetimes after volatilization
are just a few hours on average. (Gatland'and Curtis'(1981) proposed thatbesides organic ISGSiaproduction of inorganic ISGS
(suchras'hypeiodous acid (HOI) and molecular {odine (1) through the teéaction of near-surface ozone with oceanic {odide (I))
‘has to be considered. This may be particularly important in the marine boundary layer, where reactions such as O3 + 21" + 2H*
=¥ H; 0+ 07 may releaseriodine from the'seasurface water; possibly responsible for up to 75% of total iodine emissions
(Carpenter et al.. 2013; Prados-Roman et al.. 2015b).These findings were considered in numerical modeling of HOV, fluxes
(Using a numerical parametrization of sea-surface {odide(IMacDonald et'al:; 2014):Due to growing anthropogenic air pollution)

@nd'the concomitant increase in surface ozone 1&V€ls iodine emissions have risen continuously during the past decades. Cuevas
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65

(sincethe1950s; because of increasing anthropogenic NOy emissions resulting in an increase in near-surface ozone. This is in

addition to a simultaneous increase in SST due to global warming with correspondingly enhanced metabolic rates of oceanic |

‘biota. While the future surface ozone evolution has a large spread in model projections over the 21° century (Archibald et al.,
2020) resulting in a large uncertainty in future iodine emissions, the continuous inerease in surface temperatures is predicted to
raise tropospheric iodine levels throughout the 215 century based on Representative Concentration Pathway (RCP) scenarios
(Iglesias-Suarez et al., 2020). Klobas et al. (2021) showed that in future scenarios the effectiveness of iodine for ozone deple-
tion is poorly sensitive to changes in the state of the stratosphere indicating an increase of relative importance of iodine over
other halogens.

Solomon ct al. (1994) presented one of the first studies demonstrating the potential role of iodine chemistry in stratospheric

(0ZoneNlosSTusifig) a two-dimensional model of atmospheric chemistry and @yhamicSy TheresultSimplied a high @mpactiof) io-
dine chemistry on stratospheric ozoneseven in the'¢ase of Gly = IIppty of total'icdine concentration in the Stratosphere: These

posphere Exchange of Reactive Halogen Species and Oxygenated VOC) in January—February 2012 (Volkamer et al., 2015)) !
‘measured a second maximum in 10 mixing ratio of more than 0.1 pptv in the lower TTL that had not been observed before. Yer.

globally representative quantitative measurements of iodine species are still not available. Quasi-global 10 has been inferred

from the SCIAMACHY satellite measurements (Schonhardt et al., 2008), though with a high level of uncertainty.

Vo Eal (1996 1999) PropoSedra dotailed fodineN gas AN AqUEOUSIPhASE) chemistry reaction scheme (SigIATBOXMOAE]
ncludingiodine species ey ling Viatie uptakerof HOION sca-salt particles FESUIGAGHN the PFOAUCHOMTOH IC1 and IBr
(i.e., via HOI + CI” + H* — ICl + H,0, HOI + Br~ + H* — IBf ¥ Hz0)) Note that these recycling reactions constitute a

net source of bromifeand ChIOTire o e atosphere; bub represeRtionlysa change in partitioning for the jodine SPECIESIDIX

(757 etrali (2013) hiypothesized) that the measured increase of I0 mixing ratio in the Pacific free troposphere might hint at some

unexplored heterogeneous recycling processes from aerosols (packito'the gas phasein'the upper troposphere. (Ordéfiezetals)
(2012)) were the first to use a global chemistry-climate model, namely CAM-chem, to incorporate a comprehensive bromineand

iodine chemistry scheme. The global distribution of organic iodocarbons from CAM-chem showed generally good agreement
with observations in the marine boundary layer, while Prados-Roman et al. (2015a,b) highlighted the requirement to include

80mma global oceanic ISGs of approximately 1.9 Tg(I)/yr foiféproduce the ubiquitous presenceof 10 measurements? Later, an up-

dated version of the GEOS-Chem model (Sherwen et al., 2016a) @ll6wed torestimate thertotal'emissionof iodine=containing

IThe GV AMAX-DOAS Data can be found here: https://data.eol.ucar.edu/
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substances to be 3.83 Tg (I)/§€ar) when using the sea-surface iodide field from Chance et al. (2014). Sherwen et al. (2016c)

used the sea-surface values from MacDonald'et al. (2014), which possibly underestimates the sea-surface iodide emissions in

comparison to observations (SHerWemetals 2019). Suggesting 2 Mg /yearoh total Emissions 22 Mg )/yearoninorganic
85 (HOBHJand 05 TE)/yeanohorzaniciemissions)aThe heterogencous recycling fECHARISMIAVOIVIAG iodine SPECIEsion ice
Wasfirstassumed to be analogous to bromine recycling on ice crystals in the upper troposphere (Aschmann and Sinnhuber,
2013) and implemented in CAM-chem model (Saiz-Lopez et al., 2015). The recycling of iodine reservoirs (HOI and IONO,) on
ice crystals was implemented to reproduce the IO observations from Volkamer et al. (2015). Based on a good correspondence
of the aircraft measurements and CAM-chem simulations, it was concluded that the increase of 10 in the upper troposphere
90 may be caused by the increase in iodine lifetime due to the heterogeneous recycling on ice. The total gas-phase iodine in the
tropical stratosphere (20°N-20°S) can reach 0.25-0.75 pptv range depending on whether the heterogeneous recycling mecha-
nism on ice is involved or not. Also, CAM-chem results indicate that stratospheric iodine could be responsible for up to 30 %

of halogen-mediated, ozone depletion in the lower tropical stratosphere.

-the current total inerganic iodine 1n]ected into the stratosphere is thought to be up to QI8Tppt (WMO, 2018), i.e. four
. At the same time, the results of
Hossaini et al. (2015) obtained using the 3-D chemistry transport model TOMCAT suggest that Gfilj#=31%"6f stratospheric

ozone (1688/is'dfiven by iodifie chemistty) and that-the-long-term-impaet-of iodine-on total pzone 16887is'Within 0.5%. However,
this (Modeling approach to ozone 1oss was performed without taking consideration'of the mechanism described in Saiz-Lopez
et al. ((2015)yWhere the stratospheric iodine (eVellisimuch higher than'ifi Hossaini et al. (2015). It remains difficult to judge

100 which results are closer to reality because of the paucity of observations. |

This paper introduces the new version of the chemistry-climate model (CCM) SOCOL-AERvV2 (Solar Climate Ozone Links
coupled to a size-resolving sulfate aerosol module) extended with an iodine chemistry scheme. The main objective of this study
is to model the-total-amount-of iodine-in-the-atmosphere and particularly-in-the-stratosphere-as-well-as-te further constrain the
infliénce of iodine chemistry on stratospheric ozone (@eplétion: Therimpact of icdine chemistry) on GZonelosstsistudiedhere
105, in two main directions: th effec o fodine chemistry on present day global ozone climatology and the sensiivity of ozone to
1od1ne_a—ofrodme emissi ; at is u 2 : ;

Section 2 introduces the CCM SOCOL-AERvV2 (2.1), improvements which have been made to (@€t the new model version
110 subsequently referred to as (CCM SOCOL=AERvV2=i6dine (2.2), and €ontains the deseription-of numerical experiments con-

ducted with the new mmodel version (2.3). Section 3 presents the results of the simulation beginning with the comparison of
{the simulated [iodineragainstiavailablerobseivations: first, different aspects of iodine effect on preséntiday stratospheric ozone

(€limatelogy) are considered (3.1), and second, the sensitivity of ozone to iodine is presented (3.2). @he discussion and summary

of the present study are provided in Section 4.

14



Compare: Move�

text

This text was moved from page 3 of this document to page 3 of new document



Compare: Move�

text

This text was moved from page 3 of this document to page 3 of new document



Compare: Delete�

text

"substancestobe"



Compare: Replace�

text

[Old text]: "(I)/year,"

[New text]: "(I)/yearoftotalISGsemissions,"



Compare: Replace�

text

[Old text]: "MacDonaldet"

[New text]: "MacDonaldet"



Compare: Replace�

text

[Old text]: "(Sherwenetal.,"

[New text]: "(Sherwenetal.,"



Compare: Replace�

text

[Old text]: "suggesting2.7Tg(I)/yearof"

[New text]: "suggestingonly2.7Tg(I)/yearof"



Compare: Replace�

text

[Old text]: "emissions(2.2Tg(I)/yearofinorganic"

[New text]: "emissions.InordertoreproducetheIOobservationsofVolkamer"



Compare: Replace�

text

[Old text]: "[HOI+I2]and0.5Tg(I)/yearoforganicemissions).The"

[New text]: "etal.(2015),Saiz-Lopezetal.(2015)introducedthe"



Compare: Replace�

text

[Old text]: "mechanisminvolving"

[New text]: "of"



Compare: Replace�

text

[Old text]: "specieson"

[New text]: "reservoirs(HOIandIONO2)on"



Compare: Replace�

text

[Old text]: "wasfirstassumed"

[New text]: "crystals,andimplementeditinCAM-chem,assumingit"



Compare: Replace�

text

[Old text]: "2013)andimplementedinCAM-chemmodel(Saiz-Lopezetal.,2015).Therecyclingofiodinereservoirs(HOIandIONO2)onicecrystalswasimplementedtoreproducetheIOobservationsfromVolkameretal.(2015).Basedonagoodcorrespondenceof"

[New text]: "2013)."



Compare: Insert�

text

"aboutfivetimeslargerthanthatfrom"



Compare: Move�

text

This text was moved from page 4 of this document to page 4 of new document



Compare: Move�

text

This text was moved to page 4 of new document



Compare: Replace�

text

[Old text]: "aircraftmeasurementsand"

[New text]: "previouslypublishedassessment(WMO,2014).Also,"



Compare: Replace�

text

[Old text]: "simulations,itwasconcluded"

[New text]: "resultssuggest"



Compare: Replace�

text

[Old text]: "theincreaseofIOintheuppertroposphere90maybecausedbytheincreasein"

[New text]: "stratospheric"



Compare: Replace�

text

[Old text]: "lifetimeduetotheheterogeneousrecyclingonice.Thetotalgas-phaseiodineinthetropicalstratosphere(20oN-20oS)canreach0.25-0.75pptvrangedependingonwhethertheheterogeneousrecyclingmechanismoniceisinvolvedornot.Also,CAM-chemresultsindicatethatstratosphericiodinecouldberesponsibleforupto30%"

[New text]: "mightberesponsibleforupto30%"



Compare: Insert�

text

"90"



Compare: Delete�

text

"four95timeslargerthanthatfrompreviouslypublishedassessment(∼0.15pptv)(WMO,2014)."



Compare: Replace�

text

[Old text]: "only∼3%of"

[New text]: "iodinelowers"



Compare: Replace�

text

[Old text]: "lossisdrivenbyiodinechemistry"

[New text]: "onlyby∼3%"



Compare: Delete�

text

"thatthelong-termimpactofiodineon"



Compare: Insert�

text

"column"



Compare: Replace�

text

[Old text]: "lossiswithin"

[New text]: "by"



Compare: Replace�

text

[Old text]: "modelingapproachtoozonelosswasperformedwithouttakingconsiderationof"

[New text]: "modeldidnottake"



Compare: Insert�

text

"recycling"



Compare: Replace�

text

[Old text]: "(2015),where"

[New text]: "(2015)intoconsideration,whichincreases"



Compare: Replace�

text

[Old text]: "levelismuchhigherthanin"

[New text]: "levelssignificantlybeyondwhatwasassumedby"



Compare: Delete�

text

"100"



Compare: Insert�

text

"95"



Compare: Replace�

text

[Old text]: "coupledtoasize-resolvingsulfateaerosolmodule)extendedwithaniodine"

[New text]: "coupledtoasize-resolvingsulfateaerosolmodule),whichhasbeenextendedtoincludeaniodine"



Compare: Replace�

text

[Old text]: "scheme.Themainobjectiveofthisstudy"

[New text]: "scheme.Themainobjectiveofthisstudy"



Compare: Insert�

text

"verifythe"



Compare: Delete�

text

"thetotalamountofiodineintheatmosphere"



Compare: Delete�

text

"particularlyinthestratosphereaswellasto"



Compare: Replace�

text

[Old text]: "influence"

[New text]: "impact"



Compare: Replace�

text

[Old text]: "depletion.Theimpactofiodinechemistry"

[New text]: "depletion,firstbased"



Compare: Replace�

text

[Old text]: "ozonelossisstudiedhere105intwomaindirections:theeffectofiodinechemistryonpresentdayglobalozoneclimatology"

[New text]: "present-dayemissions,"



Compare: Replace�

text

[Old text]: "thesensitivityofozoneto"

[New text]: "secondwhenapplyinga2-foldincreaseof"



Compare: Replace�

text

[Old text]: "applying"

[New text]: "emissions.Section2100provides"



Compare: Replace�

text

[Old text]: "two-foldincrease"

[New text]: "shortdescription"



Compare: Delete�

text

"iodineemissions.ThedoublingofiodineemissionsthatisusedhereisascenariothatmightbecomerealitybythemiddleofthiscenturyiftheriseofemissionspresentedbyLegrandetal.(2018)andCuevasetal.(2018)continued,contrarytothemuchmoremoderateincreaseprojectedbyIglesias-Suarezetal.(2020).Section2introducestheCCM"



Compare: Replace�

text

[Old text]: "get"

[New text]: "obtain"



Compare: Delete�

text

"110"



Compare: Replace�

text

[Old text]: "CCMSOCOL-AERv2-iodine"

[New text]: "SOCOL-AERv2-I"



Compare: Replace�

text

[Old text]: "contains"

[New text]: "describes"



Compare: Delete�

text

"descriptionof"



Compare: Replace�

text

[Old text]: "modelversion"

[New text]: "modelversion"



Compare: Insert�

text

"Section3presentsthemodelresults,i.e."



Compare: Insert�

text

"105"



Compare: Replace�

text

[Old text]: "Thus,"

[New text]: "Accordingly,"



Compare: Delete�

text

"current"



Compare: Delete�

text

"inorganic"



Compare: Insert�

text

"currently"



Compare: Replace�

text

[Old text]: "0.8pptv"

[New text]: "0.8pptv"



Compare: Delete�

text

"Section3presents"



Compare: Replace�

text

[Old text]: "resultsofthesimulationbeginningwiththecomparisonofthe"

[New text]: "comparisonof"



Compare: Replace�

text

[Old text]: "iodineagainstavailableobservations:"

[New text]: "andobservediodine,aswellas"



Compare: Replace�

text

[Old text]: "presentday"

[New text]: "present-day"



Compare: Replace�

text

[Old text]: "climatology"

[New text]: "climatology,"



Compare: Replace�

text

[Old text]: "The"

[New text]: "Finally,the"





2 Model description and conducted experiments

2.1 The SOCOL-AERV2 chemistry-climate model

The chemistry-climate model SOCOL-AERvV2 is the CCM SOCOLv3 (Stenke et al., 2012; Revell et al., 2015) coupled to a
(Size=resolving) sulfate aerosol module (AER) (Weisenstein et al., 1997) along with other important modifications for chem-

istry and (@€position? The AER module of SOCOL was established-by—Sheng-et-al-(2015)-(€CEM SOCOL-AERvH—The
al: (2019) (CCM SOCOL-AERvV2) with jnteractive deposition

scheme, expanding tropospheric chemistry scheme, and with improved sulfate mass and particle number conservation (less

susceptible to numerical diffusion). The SOCOL-AERvV2 consists of a dynamical core that is the middle atmosphere version

of the spectral transform general circulation model MASECHAMS 4 (the Middle (Atmosphere version of the) European (Cén-
(tré/Hamburg) Model version 5.4) (Manzini et al., 2006), which has been interactively coupled to the MEZON atmospheric
chemistry-transport module (Model'for the'Evaluationof OZONe Trends) (Egorovaetial:y2003): The couplifig takes) account
of radiative forcing caused by ozone, HyO, NoO, CHy, and CFCs. The MA-ECHAM developed at the Max Planck Institute for
Meteorology (Hamburg, Germany) is based on primitive prognostic equations for meteorological parameters such as logarithm
of surface pressure. temperature, humidity, vorticity, etc. The advection in MA-ECHAM is regulated by a flux-transform semi-
(Cagrangian scheme based on mass conservation and shape retention (Lin @Ad"R66d) 1996). The standard SOCOL-AERvV2
utilizes the, Gaussian transform horizontal grid with T42 triangular truncation (64 latitudes x 128 longitudes) splitting the

model space into grid cells of ~ 2.5 x 2.5 degrees €achiTheivertical direction [{odel grid consistsiof 391evelstin therhy-

brid sigma-pressure coordinate system covering the altitudes ranging from the ground surface and 0.01 hPa or about 80 km.
The model time step is 15 min for dynamical and physical processes whereas it is 2 hours for atmospheric full radiation and
chemical calculations. The CCM SOCOL-AERV2 uses the prescribed monthly fields™6f the sea surface (f€mperature (SST))
and ice coverage acquired from the (HardI€y Center) dataset (Rayner et al., 2003). MEZON shares the horizontal and vertical
spatial resolutions with MASECHAMS) and ficludes’95 chemical species, 215/gas=phase;il6 heterogeneous, @nd 75 photolysis
reactions. For more details on CCM SOCOL-AERvV2, see Feinberg et al. (2019).

2.2 SOCOL-AERv2 updates to SOCOL=AER25iodine

Here, we introduce the SOCOL-AERv2-iodine that is the SOCOL-AERV2 extended with the iodine chemistry module. This
module (ificlides 61 gas=phase and 4 heterogeneous chemical feactions ifivolVifig iodine, boundary €onditions6r prescribed

iodocarbon emissions, interactive inorganic iodine emissions, wet/dry depositions of iodine species augmented with the depo-
sition on §ea=salt and sulfate aerosol particles as well as effective uptake (removal)/reactive uptake (recycling) on tropospheric
cloud ice. The following section describes all components of the iodine chemistry module in SOCOE=AERV2=i6dine? The

prescribed organic and interactive inorganic iodine source gases (ISGs) are presented in Table 1.

Table 1: Iodine source gases (ISGs) incorporated in CCM/SOCOL=AER¥2=iodine




Compare: Delete�

text

"115"



Compare: Delete�

text

"TheAERmoduleofSOCOLwasestablishedbyShengetal.(2015)(CCMSOCOL-AERv1).The120CCMSOCOL-AERv1wassubstantiallyupdatedbyFeinbergetal."



Compare: Replace�

text

[Old text]: "MA-ECHAM5.4(the"

[New text]: "MA-ECHAM5.4(the"



Compare: Replace�

text

[Old text]: "Atmosphereversionofthe"

[New text]: "Atmosphereversionofthe"



Compare: Replace�

text

[Old text]: "Centre/HamburgModel"

[New text]: "Centre/HamburgModel"



Compare: Delete�

text

"125"



Compare: Insert�

text

"115"



Compare: Replace�

text

[Old text]: "(ModelfortheEvaluationof"

[New text]: "(ModelfortheEvaluationof"



Compare: Replace�

text

[Old text]: "(Egorovaetal.,2003).Thecouplingtakes"

[New text]: "(Egorovaetal.,2003).Thecouplingtakes"



Compare: Replace�

text

[Old text]: "causedbyozone,H2O,N2O,CH4,andCFCs.TheMA-ECHAMdevelopedattheMax"

[New text]: "causedbyozone,H2O,N2O,CH4,andCFCs.TheMA-ECHAMdevelopedattheMax"



Compare: Replace�

text

[Old text]: "Institutefor"

[New text]: "Institutefor"



Compare: Replace�

text

[Old text]: "ofsurface"

[New text]: "ofsurface"



Compare: Replace�

text

[Old text]: "temperature,humidity,vorticity,etc.TheadvectioninMA-ECHAMisregulatedbyaflux-transformsemi-Lagrangian"

[New text]: "temperature,humidity,vorticity,etc.TheadvectioninMA-ECHAMisregulatedbyaflux-transformsemi-Lagrangian"



Compare: Replace�

text

[Old text]: "andRood,"

[New text]: "andRood,"



Compare: Delete�

text

"130"



Compare: Insert�

text

"120"



Compare: Replace�

text

[Old text]: "each.Thevertical"

[New text]: "each.Thevertical"



Compare: Replace�

text

[Old text]: "modelgridconsistsof39levelsinthehybrid"

[New text]: "modelgridconsistsof39levelsinthehybrid"



Compare: Replace�

text

[Old text]: "modeltimestepis15minfordynamicalandphysical"

[New text]: "modeltimestepis15minfordynamicalandphysical"



Compare: Replace�

text

[Old text]: "whereasitis2hoursforatmosphericfullradiationand"

[New text]: "whereasitis2hoursforatmosphericfullradiationand"



Compare: Replace�

text

[Old text]: "fieldsof"

[New text]: "fieldsof"



Compare: Replace�

text

[Old text]: "temperature(SST)135"

[New text]: "temperature(SST)"



Compare: Insert�

text

"125"



Compare: Replace�

text

[Old text]: "HardleyCenter"

[New text]: "HadleyCentre"



Compare: Replace�

text

[Old text]: "SOCOL-AERv2-iodineHere,weintroducetheSOCOL-AERv2-iodinethatistheSOCOL-AERv2extendedwiththe"

[New text]: "SOCOL-AERv2-IHere,weintroducetheSOCOL-AERv2-IthatistheSOCOL-AERv2extendedwiththe"



Compare: Delete�

text

"140"



Compare: Replace�

text

[Old text]: "includes61gas-phaseand4heterogeneous"

[New text]: "130includes61gas-phaseand4heterogeneous"
The following text attributes were changed: 
   font, size



Compare: Replace�

text

[Old text]: "reactionsinvolving"

[New text]: "reactionsinvolving"



Compare: Replace�

text

[Old text]: "conditionsfor"

[New text]: "conditionsfor"



Compare: Replace�

text

[Old text]: "sea-salt"

[New text]: "sea-salt"



Compare: Replace�

text

[Old text]: "SOCOL-AERv2-iodine."

[New text]: "SOCOL-AERv2-I."



Compare: Replace�

text

[Old text]: "CCMSOCOL-AERv2-iodine"

[New text]: "SOCOL-AERv2-I"



Compare: Replace�

text

[Old text]: "chemistry-climatemodelSOCOL-AERv2istheCCMSOCOLv3(Stenkeetal.,2012;Revelletal.,2015)coupledtoasize-resolving"

[New text]: "chemistry-climatemodelSOCOL-AERv2istheCCMSOCOLv3(Stenkeetal.,2012;Revelletal.,2015)coupledtoasizeresolving"



Compare: Replace�

text

[Old text]: "deposition."

[New text]: "deposition.TheAERmoduleofSOCOLwasestablishedbyShengetal.(2015)(CCMSOCOL-AERv1).TheCCMSOCOL110AERv1wassubstantiallyupdatedbyFeinbergetal."



Compare: Insert�

text

"an"



Compare: Delete�

text

"with"



Compare: Replace�

text

[Old text]: "MA-ECHAM5"

[New text]: "MAECHAM5"



Compare: Replace�

text

[Old text]: "includes95"

[New text]: "includes95"



Compare: Replace�

text

[Old text]: "215gas-phase,16"

[New text]: "215gas-phase,16"



Compare: Replace�

text

[Old text]: "and75"

[New text]: "and75"





145

150

155

160

ISG Type Resolution Reference

I, interactive model time step  Carpenter et al. (2013)
HOI interactive model time step  Carpenter et al. (2013)
CH3l prescribed monthly Ordéiiez et al. (2012)
CH,1», prescribed monthly Ordéiiez et al. (2012)
CH,ICl prescribed monthly Ordéiiez et al. (2012)
CH,IBr prescribed monthly Ordéiiez et al. (2012)

Following Ordéiiez et al. (2012), the organic iodocarbons have been obtained from the inventory of Bell et al. (2002) for
CHj3I and from the 1-D model estimates of Jones et al. (2010) for CH;I,, CH,ICI, and CH;IBr. Organic ISGs have been
parameterized in Ordéiiez et al. (2012) by a biogenic chlorophyll-a (chl-o) dependent source in the tropical oceans (McClain
et-al;;-2004): I our SCheme; organic emissions are (prescribed on'the) monthly basisiiTo simulate’the long-term (period; we
simplyreeur organic emissions fluxes at the beginning of every model year, so any interannual variability is not included.
Iodocarbon source fluxes were directly extracted from the GEOS-Chem model (v10-01) at a resolution of a 2 x 2.5 degrees
including updates to both iodine and bromine chemistry from Sherwen et al. (2016¢) and Schmidt et al. (2016), and interpolated
on the SOCOL=AER¥2=i6dine horizontal grid (T42). The inorganic HOI/I, fluxes are interactively calculated in the model
using the numerical parametrization of Carpenter et al. (2013) and global sea surface iodide concentration calculated following
MacDonald et al. (2014). To derive HOI/I, fluxes this parametrization utilizes the model fields of near-surface ozone (at closest
to the surface model level), surface wind speed, and SST.

The parametrization for the emission fluxes of Fyor and F, (in nmol m~2 d!) as function of the surface ozone mixing ratio

X034 (in ppbv) are given by

FHOL =03 % (415 X 107X (M{2/Wy) ~(20.6/Wy) ~23600x M{’?), ()

I;q

Fly =050 X Mi3 % (1.74 x 107 -6.54x 108 InWy), )
5

where Wy is the surface wind speed (in m s‘l) and MI;q is the sea surface iodide concentration expressed as molarity (mol

dm™3)

My = 1.46 x 10%xp(-9134/T) )

aq_

with sea surface temperature Tgs in K.
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165 It is important to note that this parameterization is intended for calculating I, and HOI fluxes at wind speeds below 14 m
5! (higher wind speeds lead to negative values of fluxes) since it is based on the approximation of measurements and there are
no measurements WHen'a storm occurs. (AlS6itShouldbé mentioned that turbulent @iXiAgiof the interfacial layer Withibulk
seawater reduces the proportion of I and HOI evading into the atmosphere therefore fluxes decrease with the wind speed (Mac-
Donald et al., 2014). The obtained inorganic ISGs fluxes in the SOCOL=AER¥2=i6dine exceed GEOS-Chem and CAM-Chem

170  emissions by about 50% because SOCOL-AERv2-iodine overestimates near-surface O3 by about 50% compared to other mod-
els (Revell et al., 2018). To ameliorate this bias, the surface ozone used within the parameterization was scaled by 0.5. This

scaling factor was found to be optimal after comparing the tropospheric ozone from GEOS-chem and SOCOL-AERv2-iodine.
This decreased the emission by 50% giving HOI/I, fluxes comparable: ~ 2ITg) (I)/year in SOCOE=AERV2=i6dine and 2.2 Tg

(I)/year in GEOS-chem (Sherwen et al., 2016c¢). Since there is @lafgé uncertainty in inorganic iodine-emissions-(Chanee-et-al;

@75 2014; Sherwen et al., 2016¢), such a difference in emissions between models is admissible. Iodocarbon source fluxes in both
SOCOE=AERV2=i6dife and GEOS-chem are identical and correspond to 0.5 Tg (D/year. | | |
4 A Chemical compounds involved in the iodine chemistry scheme in SOCOE=AERV2=iodine are presented in Table 2.

Table 2: The iodine species considered in SOCOLE=AERY2=i0dine

Species Molar mass Henry’s law constant (H) Temperature dependence  Reference

(g mol™) (mol m=3 atm™) of H (K)
I 126.90 7.9 x 10! 0 Burkholder et al. (2015)
I, 253.81 2.8 x 103 3900 Burkholder et al. (2015)
10 142.90 — — —
(0)(0) 158.90 — — —
INO, 172.91 3.0 x 102 0 Ordoéiiez et al. (2012)
INO 156.91 — — —
IONO, 188.91 o0 0 Burkholder et al. (2015)
HOI 143.91 4.1 x 107 0 Badia et al. (2019)
HI 127.91 7.3 x 1016 3190 Badia et al. (2019)
IBr 206.81 243 x 10* 0 Wagman et al. (1989)
IC1 162.36 1.1 x 10° 0 Wagman et al. (1989)
1,0, 285.81 00 0 Badia et al. (2019)
1,03 301.81 00 0 Badia et al. (2019)
1,04 317.81 00 0 Badia et al. (2019)
CH;31 141.94 2.0 x 10% 3600 Burkholder et al. (2015)
CHyI, 267.84 7.3 x 103 0 Burkholder et al. (2015)
CH,I 140.93 — — —
CH,IBr 220.83 2.0 x 103 0 Hilal et al. (2008)
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CH,ICl1 176.38 2.0 x 103 0 Hilal et al. (2008)

A dash means that Henry’s law constant is unavailable;

For IONO; and IyOy Henry’s law constants are assumed to be infinity and represented by a very large number.

Overall, 19 iodine species are included in the Cuffent'version'of the iodine chemistry scheme of SOCOL=AERV2=i6odine: 6
iodine source gases (ISGs), 13 product gases (PGs) including two species (HOI and I,), which are both being emitted and
chemically produced. Photolysis rates and reaction cross-sections for iodine species were taken from Burkholder et al. (2015).
An exception is made only for the photolysis rates of higher iodine oxides species, such as I,0,, I,03, and [,04, where we
followed'the recommendations of Davis et al. (1996) and Vogt et al. (1999), who suggested using photolysis rates of higher
iodine oxides nine times higher than those of Cl,O,. This is a more simplified approach than used in CAM-chem, where
cross-sections fof1507% and 1,03 are adopted from Gémez-Martin et al. (2005) and for 1,04, the used spectrum is measured
at the University, of Leeds (Saiz-Lopez et al., 2014). In GEOS-chem, the cross-sections for higher iodine oxides are equal to
those of IONO, (Sherwen et al., 2016a) based on the assumption made by Bloss et al. (2010). In our scheme, we checked this
possibility too'and found that there is no noticeable difference between using IONO, photolysis rates or 9¥Cl, O, photolysis
rates as substitutes for unknown photolysis rates of higher iodine oxides. The Henry’s law constant of IONO, is taken in
SOCOL=AER¥V2=i6dine to be infinity by analogous to BrONO, and CIONO; (1 x 1030 @mel'm™> atm™!). The Henry’s law
constant of Iy Oy is (ifififiity and fepresented by 2.65 x 10'® mol m=3 atm™! (Badia et al., 2019). The Henry’s law constant of
INO, is equal to that of BrNO, presented in Ordéiiez et al. (2012).

The full iodine reaction scheme, composed of 61 gas-phase chemical reactions including 17 photolysis reactions and 4

heterogeneous reactions proceeding on tropospheric cloud ice is presented in Table 3.
Table 3: The list of chemical reactions with iodine included to SOCOE=AERV2=i0dine

Part 1: Gas-phase chemical reactions.

Chemical reaction A-factor E./R Reference

[cm’3 molecule™! s’l] (K)
L+0;3—10+1+0, 3.8 x 10718 — Ordéiiez et al. (2012)
I, + O3 — OIO + IO 3.8 x 10718 — Ordéiiez et al. (2012)
[+03=10+0, 23 x 10711 870 Burkholder et al. (2015)
I+HO, — HI+ O, 1.5 x10°11 1090 Ordéiiez et al. (2012)
I0MNO — 1 + NO, 9.1 x 10712 240 Burkholder et al. (2015)
I0 + HO, — HOI + O, 1.3 x 1071 -570 Burkholder et al. (2015)
I0 +1I0 — OIO +1 2.13 x 10711 -180 Saiz-Lopez et al. (2014)
10410 — 1,0, 3.24 x 1071 -180 Badia et-al-(2019)
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I, + OH — HOIED 1.8 x 10710 — Burkholder et al. (2015)
I, + NO3 — I+ IONO, 1.5 x 10712 — Saiz-Lopez et al. (2014)
I+ NO; — [O#NO3 1.0 x 10710 — Badia et al. (2019)
OH=HID — I + H,0 1.6 x 10711 440 Badia et al. (2019)
HOT + OH — 10 + H,0 2.0 x 1071 — Saiz-Lopez et al. (2014)
INO +INO — I, + NO + NO 8.4 x 1071 2620 Burkholder et al. (2015)
INO, + INO; — [ZFNO7#NO3 2.9 x 107! 2600 Burkholder et al. (2015)
I0+BrO - Br+1+0;, 3.0 x 10712 -510 Badia et al. (2019)
10 + BrO — Br + OIO0 1.2 x 1071 -510 Badia et al- (2019)
I + BrO — 10=B¢ 1.44 x 10711 — ‘Saiz-Lopez et al. (2014)
10 +CIO — 1+Cl+ 0y 1.175 x 10712 -280 ‘Saiz-Lopez et al. (2014)
0% —1+0, 1.4 x 10710 — Burkholder et al. (2015)
O + 1, — IO=D 1.4 x 10710 0 Burkholder et al. (2015)
(@H#ECH3I=9 CH,1 + H,0 2.9 x 10712 1100 Burkholder et al. (2015)
@IFCH3I=S CH,1 + HCI 2.9 x 1071 1000 Burkholder et al. (2015)
10 + DMS — SO * + 1 32 x 10713 925 Saiz-Lopez et al. (2015)
CH,I + 0, — CH,0 + 10 4.0 x 10713 — Gravestock et al. (2010)
10 +NO3 — OIO + NO, 9.0 x 10712 — Saiz-Lopez et al. (2014)
0I0 +NO — 10 + NOy 1.1 x 10712 -542 Saiz-Lopez et al. (2014)
0010 — 1,03 1.5 x 10710 — Badia et al. (2019)
OIO=+0I0 — 1,0, 1.5 x 10710 — Badia et al. (2019)
1O=BE — | + BrO 2.49 x 1071 — Saiz-Lopez et-al. (2014)
I+I0NO, — [3FNO3 9.1 x 10711 -146 Saiz-Lopez et al. (2014)
IOMCH303 — CH,0 + 1+ HO, 2.0 x 10712 — Saiz-Lopez et al. (2014)
10 + CIO — IC1 + Oy 9.4 x 10713 -280 ‘Saiz-Lopez et al. (2014)
10+ 03 — 0I0 + 0, 3.6 x 1071 — Saiz-Lopez et al. (2014)
10 +OH — HO, + T 1.0 x 10710 — ‘Saiz-Lopez et al. (2014)
HI¥NO3 — 1+ HNO; 1.3 x 10712 1830 Saiz-Lopez et-al.- (2014)
1,0, + M — QIO=IN) 2.5 x 1014 9770 Ordéiiez et al.(2012)
1,0, + M — [O=IO=N) 1.0 x 1012 9770 Ordéiiez et-al.- (2012)
L,04 + M — OIOSOIO=NM 3.8 x 1072 — 4 Badiaetal. (2019) |

L I1+NO; +M — INO; + M ko=3.0 x 103! 1.0 Burkholder et al. (2015)

Koo=6.6 x 10711 0

INO; +M — 1+ NO; + M 9.94 x 107 11859 Badia et al. (2019)
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I0 +NO,; + M — IONO; + M ko=7.5 x 10731 35 Burkholder et al. (2015)
Koo=7.6 x 10712 1.5

IONO, + M — 10 + NO, + M ko=5.0 x 10728 14120 Burkholder et al. (2015)
Koo=1.9 x 1077 2.5

I+NO+M — INO+M ko=1.8 x 10732 1 Burkholder et al. (2015)
Koo=1.7 x 10711 0

Part 2: Photochemical reactions

Chemical reaction Method Reference

CH3I+hv — CH3 +1
CHjI, + hv — CHoI + 1
IL+hv—=1+1
IO+hv—1+0

OO +hv -1+ 0,
INO + hv — I+ NO
INO, + hv — I+ NO,
IONO;, + hv — I+ NOj
HOI + hv — 1+ OH
HI+hv—I1+H

1,0y + hv = I+ OIO
1,03 + hv — IO + OIO
1,04 + hv — OIO + OIO
IBr+hv — 1+ Br
ICl+hv = 1+Cl
CHICl+hv — 1+ Cl
CH,IBr + hv — I+ Br

Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table
Look-up table

Burkholder et al. (2015)
Burkholder et al. (2015)
Burkholder et al. (2015)
Burkholder et al. (2015)
Burkholder et al. (2015)
Burkholder et al. (2015)
Burkholder et al. (2015)
Burkholder et al. (2015)
Burkholder et al. (2015)
Burkholder et al. (2015)
Davis et al. (1996)

Davis et al. (1996)

Davis et al. (1996)

Burkholder et al. (2015)
Burkholder et al. (2015)
Burkholder et al. (2015)
Burkholder et al. (2015)

Part 3: Heterogeneous chemical reactions on tropospheric cloud ice.

Chemical reaction

Reactive uptake coefficient

[unitless]

Reference
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HOI + HI — I, + H,O v=0.12 Saiz-Loepez-et-al(2015)

HOI + HCI — IC1 + H,O v=0.12 Saiz-Lopez-et-al(2015)
HOI + HBr — IBr + H,O v="0:12 Saiz-Lopez-et-al(2015)
IONO; + (H,O) — HOI + HNO3 v =10.1 Saiz-Lopez et al. (2015)

A-factor: the pre-exponential factor;
Ea: the activation energy;
R: the universal gas constant;
* S0, instead of DMSO is used (DMSO is absent in(SOCOL-AERV2=iodifie);
ko: Low-pressure 1imit(cm6molecule"2s_1);
koo :High-pressure limit (cm’molecule™'s71)

We briefly review SOCOL’s chlorine and bromine reactions because of their interaction with iodine chemistry. Apart from
reactions involving iodine, there are about 100 gas-phase and 11 heterogeneous reactions on sulfates and polar stratospheric
clouds (PSCs) for chlorine species and about 50 gas-phase and 4 heterogeneous reactions on sulfates and polar stratospheric
clouds (PSCs) for bromine species. The total gas-phase chlorine (Clio) and bromine (Bryot) in the current version of the model
are:

Cliot EICIOCI+2 X (Cly ¥ CINO3 + HOCI+ HCI'+ 27X Cl07 # BiCl'# CFC-11 + 2 x CFC=1243 x CFC-113 + 2 x
CFC-114 + CFC-115 + 4 x CCly + 3 x CH3CCl3 + HCFC-22 + 2 x HCFC-141B + HCFC-142B + H-1211 + CH3Cl + 2 x
HCFC-21 + 2 x HCFC-123 + HCFC-31 + ICl + CH,ICI and

Briot = Br + BrO + 2 x Bry + BrCl + BrNO3 + HBr + 2 x CH,Br, + CH3Br + CBrF; + 3 x CHBr3 + HOBr + H-1301 +
H-1211 + 2 x H-2402 + IBr + CH,IBr correspondingly.

Similar to the iodine schemes in CAM-chem (Ordéiiez et al., 2012) and GEOS-Chem (Sherwen et al., 2016a), we imple-
mented the free molecular transfer approximation of McFiggans et al. (2000). This allows introducing the iodine scavenging
and deposition on sea-salt and sulfate aerosols as well as effective ice-uptake (removal)/reactive ice-uptake (recycling) on a
surface of tropospheric cloud ice crystals (Fernandez et al., 2014; Saiz-Lopez et al., 2014, 2015). The transfer coefficient (s')

is calculated as follows:

1
k= ZY(C)A, “)

where v is the effective/reactive uptake coefficient (see Table 3), A is the surface area density (in cm? cm’3) of the particles
on which the deposition occurs, (c)=(8RT/x M)!2 is the mean thermal molecular speed (in cm s71) of molecules with molar

mass M (in Kg mol™!) at absolute temperature T (in K), and R = 8.3145J mol™! K1,

11
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In SOCOL=AERV2=iodifie; sea-salt aerosols are prescribed by monthly means from observational data and aqueous sulfuric
acid aerosols are calculated interactively; from both, surface area densities (SADs) are available. However, there is no readily
available SAD for cloud ice in SOCOL-AERv2-iodine. Therefore, we calculate the effective radius Refr (in mkm) of ice crystals
following Heymsfield et al. (2014):

Resr=aexp(BTe), ©)

where T is the temperature (in C°), a =154.2 and 3 =0.0152 for -56C° <T< 0C°; o = 4.5872 x 10* and 3=0.117 for -71C°
<T< -56C°; o0 =41.65 and 3 =0.0184 for -85C° <T< -71C°. Following Holmes et al. (2019), the SAD for ice particles (in cm?

cm™) is calculated from (Reg) as follows:

SAD;¢e=6.75 x IWC/(pReg), (6)

where o is the density of ice (9.167 x 10 kg cm™>) and IWC is the ice water content, i.e. the mass of ice per volume of air
in the cloud (in kg cm™).

Since the timescale of the physical process of removing/recycling of iodine is shorter than the model time step (2 hrs), using
an explicit integration scheme may result in excessive removal/recycling of iodine species leading to errors (such as negative

concentrations). To avoid this, we decided to implement a simple implicit scheme:

Cy =Col(1 +K x &) @)

Where: C - the initial concentration; K — transfer coefficient; C; — the final concentration; dt - model time step for chemistry.
This scheme avoids producing negative C;.

As effective uptake coefficients (y), we applied Yiono, = 0.01, Yino, = 0.02, YHor = 0.06, ¥1,0, = Y1,0, = Y1,0, = 0.01 pn
sea-salt aerosols (Ordéiiez et al., 2012).
Since y’s for sulfate aerosols are currently @ifiknown; for sulfate (particles; ¥’s for sea-salt aerosols were divided by 100 (as the
amount of iodine to be removed on tropospheric sulfate aerosols is assumed to be 100 less than for(§€a=salt):
Fot effectivericesuptakeof iodine, y’s @rertaken'torbethersamerastin CAM-chem (Saizellopezietaly) 2014): yyor = 0.0003;
YioNo, = 0.005; ygr = 0.02. The removal on all presented surfaces is operated only within the troposphere (it is confined

by the tropopause {ével)} It must be mentioned that the values of effective uptake coefficients for iodine species for different

mechanism on ice, reactive uptake coefficients for cloud ice are taken as follows: ygor = 0.12; yioNn0, = 0.1 (see Saiz-Lopez

et al. (2015) supplements). Transfer coefficients for heterogeneous reactions (see Table 3) are also(€alcullated’by free molecular

12
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transfer approximation (McFiggans et al., 2000) but using reactive uptake coefficients. The reactive ice-uptake and recycling
of HOI and IONO; is applied in SOCOLE=AERV2=i6dine after effective ice-uptake and removing of HOI, IONO,, and HI. The

sequence of removing/recycling (Processes’is unclear but the chosen sequence shows reasonable Fesults:
2.3 Conducted experiments

To evaluate the iodine chemistry scheme of SOCOL-AERv2-iodine as well as to estimate the influence of iodine chemistry
on ozone we designed and carried out three transient fitimerical €xpetiments? The first Ghelis the control'experiment where
iodine €missions set to zero. For the second experiment (1 X iodine), we applied a basic configuration with the present-day
iodine emissions. These experiments are used to evaluate the veracity of iodine in SOCOL-AERvV2-iodine and to estimate the
inflieénce’ef iodine chemistry on present-day ozone climatology.

To assess whether the potential intensification of iodine emissions in the future will have a tangible effect on the ozone layer,
we designed a sensitivity experiment (to verify the sensitivity of ozone to iodine) in which all iodine emissions are doubled
to present-day emissions (2 x iodine). In essence, it could be €omnsidered as a worst-case scenario due to a huge (diScrepancy
between scenarios for the future evolution of iodine precursors like tropospheric ozone (Archibald et al., 2020) and SST (Tay-
lor et al., 2012), despite no dramatic forecast of iodine emission’s evolution was made by Iglesias-Suarez et al. (2020). The
sensitivity of @zonento increase of the iodine €misSsions'we characterized by (Comparing experiments with'2) x and 1 x load-
ing of iodine. All experiments were run for the 1990-2009 period including the 10-year spin-up (1990-1999) from the initial
conditions that is necessary for iodine to reach the quasi-equilibrium state. The spin-up period was excluded from furtheranal-
¥Sish Each experiment consists of 10 ensemble members with a one-month perturbation of initial CO, concentration to get 10
different atmospheric realizations and to calculate the statistical significance of the iodine €ffeéct using the t-Student test. The

summary of the experimental set-up can be found in Table 4.

Table 4: The experiments with SOCOE=AERV2=i6dine

Name of experiment Experiment description Period of simulation
and spin-up

0-x-1odine Control run 1990-2009

(10 ensemble members) (1990-1999 spin-up)
1 x iodine Present-day emissions 1990-2009

(10 ensemble members) (1990-1999 spin-up)
2 X iodine Doubled emissions 1990-2009

(10 ensemble members) (1990-1999 spin-up)

13



Compare: Delete�

text

"250"



Compare: Replace�

text

[Old text]: "sequenceof"

[New text]: "sequenceof"



Compare: Replace�

text

[Old text]: "processesis"

[New text]: "processesis"



Compare: Replace�

text

[Old text]: "results."

[New text]: "250results.Also,itshouldbenotedherethatthereisnoevidenceofreactiveuptakeandrecyclingofiodinespeciesinliquidclouds,andinourscheme,weuseitonlyforicecrystalsaswasdonebySaiz-Lopezetal."
The following text attributes were changed: 
   font, size



Compare: Move�

text

This text was moved from page 15 of this document to page 13 of new document



Compare: Replace�

text

[Old text]: "Toevaluatethe"

[New text]: "Toevaluatethe"



Compare: Replace�

text

[Old text]: "schemeofSOCOL-AERv2-iodineaswellastoestimatetheinfluenceof"

[New text]: "schemeofSOCOL-AERv2-Iaswellastoestimatetheinfluenceof"



Compare: Replace�

text

[Old text]: "chemistry255on"

[New text]: "chemistryon"



Compare: Replace�

text

[Old text]: "numericalexperiments."

[New text]: "numericalexperiments."



Compare: Replace�

text

[Old text]: "oneisthecontrolexperiment"

[New text]: "oneisthecontrolexperiment"



Compare: Replace�

text

[Old text]: "emissions"

[New text]: "emis255sionsare"



Compare: Replace�

text

[Old text]: "emissions.TheseexperimentsareusedtoevaluatetheveracityofiodineinSOCOL-AERv2-iodineandtoestimatetheinfluenceof"

[New text]: "emissions.TheseexperimentsareusedtoevaluatetheveracityofiodineinSOCOL-AERv2-Iandtoestimatetheinfluenceof"



Compare: Delete�

text

"260"



Compare: Insert�

text

"260"



Compare: Replace�

text

[Old text]: "considered"

[New text]: "assumed"



Compare: Insert�

text

"comparedtothepresent-dayemissionsthatmightbecomeclosertorealitybythemiddleofthiscenturyiftheriseofemissionspresentedbyCuevasetal.(2018)andLegrandetal.(2018)continueddespitenodramaticforecastofiodineemission’sevolutionwasmadebyIglesias-Suarezetal."



Compare: Insert�

text

"Theiodinecontentinthefutureisalsodifficulttopredict"



Compare: Move�

text

This text was moved from page 13 of this document to page 13 of new document



Compare: Move�

text

This text was moved to page 13 of new document



Compare: Replace�

text

[Old text]: "discrepancybetween"

[New text]: "discrepancybetween"



Compare: Replace�

text

[Old text]: "2012),despitenodramaticforecast"

[New text]: "2012).265Albeit,itshouldbesaidthatinourstudythisassumptionwasusedonlytoverifythesensitivity"



Compare: Insert�

text

"ozoneto"



Compare: Replace�

text

[Old text]: "emission’sevolutionwasmadebyIglesias-Suarezetal."

[New text]: "chemistry."



Compare: Replace�

text

[Old text]: "ozoneto"

[New text]: "ozonetothe"



Compare: Replace�

text

[Old text]: "emissionswe"

[New text]: "emissionswas"



Compare: Replace�

text

[Old text]: "comparingexperimentswith2"

[New text]: "comparingexperimentswith2"



Compare: Replace�

text

[Old text]: "load265ing"

[New text]: "loading"



Compare: Insert�

text

"270"



Compare: Replace�

text

[Old text]: "effect"

[New text]: "influenceonozone"



Compare: Delete�

text

"270"



Compare: Replace�

text

[Old text]: "SOCOL-AERv2-iodine"

[New text]: "SOCOL-AERv2-I"



Compare: Delete�

text

"0×iodine"



Compare: Delete�

text

"Controlrun"



Compare: Insert�

text

"0×iodineControlrun"



Compare: Replace�

text

[Old text]: "SOCOL-AERv2-iodine"

[New text]: "SOCOL-AERv2-I"



Compare: Replace�

text

[Old text]: "furtheranalysis."

[New text]: "furtheranalysis."





3 Results of simulation

3.1 | Evaluation of the iodine from SOCOL=AER¥2=iodine against CAM-chem and AMAX-DOAS observations

The total gas-phase OGO x iodine and 1 x fodEEXpErmENt 0N SOCOLAERY25i0diie aVeraged over iropics
(27577[20°N=20°8]; for the 2000-2009 period and 10 ensemble members is presented in Figure @9
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Figure 1. Modeled vertical distribution of total organic (L) and inorganic (1y) gas-phase iodine simulated with SOCOL-AERv2-iodine
(averagediover tropics [20°N - 20°S], for 2000-2009 (periodiand 10/ensemble members. Red curve: Iy from the experiment 2 x iodine. Blue
curve: Iy from the experiment 1 x iodine. Light red and blue curves: Lorg from 2 x iodine and 1 x iodine experiments, correspondingly.

Shadings represent a standard deviation of tropical ezene [20°N - 20°S].

The Iy was calculated as a sum of inorganic iodine compounds presented in the SOCOE=AER¥2=i6difie’s iodine Scheme?
calculatedas/asumofalliorganic compounds in SOCOLZAERY2si0dinesTszg = CH3 1 + 2 x (CH3ly* CHZICI# CH3IBEI the
lower troposphere, the I is rapidly dropping with altitude until about 600 hPa following the washout that is most effective at

280 this{ayeriIn the upper troposphere (above 200hiPa);ly) increases afterthelinitiation'of the recycling heterogeneous Mechanism
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defines the amount of inorganic ioding injected into the stratosphere because it competes with washout of reservoir species

by converting reservoirs into species Withilowerwashout rates and thus increasing the residence lifetime. The StfatoSphetic)

{I§) shows an increase until @boUESOMPa and then stays constant because (herelisinordeposition of iodinerabove this layer
285 (e simulated stratospheric Iy by SOCOLABRRs i agrees welliwith the resulision CAMEcheminodelimtheloweiios)
stratosphere showing about 0:75-0:8 ppty of I, However it becomes Higher in the middle stratosphere tham in Saiz-Lopez etal,
(2015), At mighthave fesulted from peculiarities-of model non-conservative transport scheme and [@dyfhamic; for example, the

deep tropical convection cells over the area of iodine production that overcomes the deposition velocity enhancing the strato-
spheric iodine16adifig) The gradual increase that seen in the stratosphere, €6uld be also attributed to the tropospheric sinks that
290 define the vertical profile since the lower part of the conservative zone still might be affected by these sinks resulting in some
accumulation before the 1y in the conservative zone becomes invariable. A hard upper border in SOCOL-AERv2-iodine that
prevents chemical species from going through it also might impact the profile. Nevertheless, the §tratospheric Iy abundance
calculated with(SOCOE=AER?2=icdifie’doesnot exceed I'pptviand corresponding well to the @€stimation given by 'Solomon etaly
(1994), @lthough'is slightly larger than the most recent assessment from (WMO, 2018) (0.8 pptvily)s
e J¢
| 4 We compare the jodine [{on6Xide (10) Gbtaified by SOCOL=AER2=i6dine with the one from CAM-chem model and the
recent aircraft ©Observations'withh AMAX-DOAS conducted during the TORERO and CONTRAST (¢ampaign'(Volkamer et als)
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Figure 2. January/February averages of modeled and observed 10 in the fopicalitiopospherefor (@) tieMORERO campaigifiom CostaRica
(Jan./Feb. 2012, 10°N-40°S, 250°E-285°E), and (b) the CONTRAST campaign from Guam (Jan /Feb. 2014, 40°N-15°S, 115°E-175°E). Red

life=I0 from SOCOLAERy2siodiies Greemline IO from CANEchenBluedotsI0obseivediby AMAX-DOAS. Shadings: 10 standard
deviations of all modeled/measured 1O during the January-February period. |

Modeled 10 in [igif€i2ilis been obtained by doubling fiontlysaveraged S during fighttifne he IO concentations

300 negligible. Also, the observations are given as so-called footprints to get profiles for each day, they were around-averaged for

certain altitudes AESigRAEANMBIEHEIR as bluc GOIEIFONEXAMPIE the HFSUPOINNISAIMEANOEI measurcments GhiNE
between'0=0:1km? Both SOCOL=AERV2=icdine’and CAM=chem overestimate observations @tfnear=surfacerlevels) The sharp

decrease of observed and modeled 1O from both models goes similarly until 2 km. However, the modeled IO from CAM-chem
over both regions is higher than 10 from the SOCOL-AERv2-iodine. 10 from the SOCOL-AERv2-iodine is close to the mean

regions whereas 10 from CAM-chem became closer and even almost fit them. The sharp increase in SOCOL-AERv2-iodine
10 probablyollowiiig the recycling activity on feesTiiereiay e several reasons for this) the fecyeling of fodine Species omice
in SOCOL-AERv2-odine starts working at lower latitudes than in CAM-chem, recycling on ice is much more efficient than
washout in SOCOL-AERv2-iodine above 10 km, whereas in CAM-Chem they are comparable or tropospheric ozone above

310 10km in SOCOL-AERv2-iodine is much larger than in CAM-Chem. In CAM-chem the sharp increase in 10 concentration is

10/1y ratio modeled with the University of Colorado (CU) chemical box-model constrained by measured temperature, pressure,

@15 chemical concentrations, particle size distributions, and photolysis frequencies. The uncertainty in derived Iy is estimated as
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30% of the I0/Iy ratio including errors in the calibration of in-situ and remote sensing data and accounting for differences in the
spatial scales (Wang et al., 2015; Koenig et al., 2017). IO was taken as an average of 1O fields measured with AMAX-DOAS
during both TORERO and CONTRAST campaigns (Volkamer et al., 2015; Pan et al., 2017; Koenig et al., 2020). Thus, the

inferred Iy is based on the measured 10 and modeled 10/1y. The result of this comparison is {llustrated’in Figure 3

1 —— The empirical fit for l,(gas) (CU box-model)
—— The empirical fit for I, (part) (CU box-model)
The empirical fit for I, (gas+part) (CU box-model)
14 |y(gas) estimation based on 10 obs. (CU box-model)
-0~ SOCOL ly(gas assumed)
-®- SOCOL ly(gas modeled)
-0~ CAM-chem Iy (gas assumed)
101 -®- CAM-chem ly(gas modeled)

o
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©

—
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Volume mixing ratio (pptv)

Figure 3. Total gas-phase Iy modeledWwith'SOCOL=AERvV2%iodine’and CAM=chem'as’'wellas estimated by CU chemical box=model'based
on AMAX-DOAS IO observations in the upper troposphere and lowermost stratosphere. All model data and observations are taken only
for the region of TORERO [10°N-40°S, 250°E-285°E] and CONTRAST measurements [40°N-15°S, 115°E-175°E]. Red and green solid
and dashed lines: gas-phase Iy simulated with SOCOE=AER¥2=i6dine and CAM-chem averaged for the January-February period. Light red
and'light'green dashed lines: assumed gas-phase Iy Siftilated With"SOCOE=AERV2=i6dine"and CAM-chem excluding @ppox:iodine’in the
particulate phase. Blue dots: gas-phase Iy modeled by the University of Colorado (CU) chemical box-model. Black error bars: the uncertainty
in Iy modeled by the CU box-model. Blue, purple, and orange solid lines represent the empirical fit for gas-phase Iy (gas), particulate Iy (part)

and total Iy (gas+part), correspondingly. Shadings represent the uncertainty in the empirical fit.

Data were plotted with respect to the HyO/Oj3 ratio as it is a good indicator to distinguish the upper troposphere (UT) air
enriched in water vapor from the dehydrated air in the lower stratosphere as proposed by Koenig et al. (2020). To make CU
box-model data clearer they were thinned out by averaging the data every 50 units of HyO/O3 ratio between 1000 and 100 of
H,0/0O3 ratio; every 5 units between 10 and 1; and every 1 unit between 10 and 1. The blue empirical fit is to a subset of the
blue dots, that the orange line is based on Iy (gas) and Iy (part) data in the upper troposphere, and the purple line is derived

under the assumption of conversion. Equations to calculate empirical fit lines for experimental data can be found here (see
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equation2;4;-and-5-in Keenig-et-al: (2020) supplements).

Below the HyO/O3 ratio ~70, both models well-capture the Iy estimated from observations. Higher up, the red and green
dashed lines represent the gas-phase Iy that is simulated with both models. Because the particulate iodine is not considered in
these models, the total inorganic Iy in SOCOL-AERv2-iodine and CAM-chem presented here is only in gas-phase. The light
red'and green lines are the assumed gas-phase Iy if the €Stifnated particulateliodinielis excluded fomithe) modeled Iy. To exclude
the unknown particulate iodine, the modeled gas-phase Iy was subtracted from the 0.87 pptv of iodine that is empirical {otally
plus uncertainty of observations (0.1 pptv) (see orange solid line and its uncertainty in Figure 3)3 Such an approach can Show
whatwould'be'the approximate modeled gas-phase Iy if the iodine in the particulate phase was presented in models. It is seen
that after the level of HyO/O3 ratio ~ 70, the gas-phase Iy estimated from measurements rapidly decreases and reaches the
value of about 0.1 pptv at the approximate altitude of the lowermost stratosphere (H,O/Oj3 ratio < 10). After excluding the
estimated particulate iodine, the assumed modeled gas-phase Iy (bécomesvery close tortheone from CU box-model.

It bears mentioning that there is evidence that a certain part of gas-phase iodine undergoes partitioning to aerosol in the strato-
sphere. This mechanism is not fully understood due to a lack of measurements. Note that the approach used here is different
from the simplified parameterization of IPART in CAM-Chem (Koenig et al., 2020). The assumption that the overestimation
of modeled gas-phase Iy against observations is because of an absence of iodine in the particulate phase is reasonable as it is
seen'in'Figure 3V InthiS worky we'do'fiot consider particulate iodine for the analysis of ozone loss as it is out of the scope of the
paper. Here, we assume that the total stratospheric Iy is only in the gas-phase. Nevertheless, the total amount of iodine obtained
with SOCOL=AERWV2=6dine is in a good agreement with other estimates and observations and can be used in further analysis

of its effect on ozone.
3.2 lodine chemistry(contribution to the global ozone loss

We estimate the iodine effect on present-day ozone climatology by comparing the experiment with a single loading of iodine
(1 x iodine), and the control experiment neglecting iodine chemistry (0 x iodine). The contribution of iodine chemistry to

present-day ozone climatology estimated by the SOCOL=AERV2=i6difie is presented in Figure &t
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Figure 4, Modeled effect of iodine chemistry on annual-mean ozone climatology averaged for 2000-2009 period and 10 ensemble members.
(a+c) Ozone changes of the case with present-day iodine emissions (1 X iodine) relative to the control run (0 X iodine), presented as zonal
mean ozone mixing ratios and total ozone columns (TOC) in percent. (b+d) Corresponding absolute ozone changes in parts per billion by
volume (ppbv) and Dobson units (DU), respectively. Bli@ solid line in (a) and (b): annual mean tropopause height. Hatching marks regions

with pzone losses having a confidence level less than 95%.

The relative and absolute responses of ozone to iodine chemistry activation are shown for both ozone mixing ratio and total
ozone column (TOC). The relative iodine effect on ozone is calculated as follows: ((EXP-REF)/REF)*100, where EXP is the
ozone from the experiment with 1 x loading of iodine and REF is the control run without iodine being included. The absolute
difference is simply defined as EXP-REF. The crisp iodine signal in ozone mixing ratio is observed in the lower stratosphere
and intensifies over the polar regions where the effect of halogens is estimated to be higher (Chipperfield et al., 2018). The
peak of ozone loss resides in the lower stratosphere over the high southern latitudes, where the ozone loss reaches about 10%
or 100 ppbv. The hemispheric asymmetry of the effect over high latitudes might be caused by a difference in the mixing ratio

of chlorine and bromine in active form (CIO and BrO) that in turn react with iodine. The effectiveness of iodine also depends

upon the coupling with chlorine and bromine chemistry intensifying their ozone @épletion'cyclesiin the lower stratosphere (see)
chemical f€actions'in Table'3) There is'evidence) that €f6SS/EYCIes) between bromine and chlorine are the dominant contribution

to ozone 1688 in the mid-latitudes and polar region (Fernandez et al., 2017; Alejandro Barrera et al., 2020). The active iodine in
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the form of IO is also an effective reaction partner for the BrO+ClO as suggested by Saiz-Lopez et al. (2015). Thompson et al.
(2015) assumed that the interaction of 10 with the BrO and CIO might be more effective over high latitudes because of their
higher concentration in that region (Sioris et al., 2006).

The iodine-mediated ozone loss in the tropical lower stratosphere ranging between 4-5% or 20 ppbv below 20 km. The ozone
destruction caused by iodine chemistry is not so pronounced over the tropics because the extremely low temperature in the
cold trap on the tropical tropopause resulted from adiabatic cooling is even lower than the temperature over high latitudes at
the same height making catalytic cycles less effective.

It is important to mention that the effects of iodine chemistry are confined mostly to the lower stratosphere and are greatly
decreasing from the middle to the upper stratosphere. The "glasses-like" iodine effect in the upper stratosphere similar to
the one of ClOx - cycle (Zubov et al., 2013) is not observed. The IOx-catalytic cycle is ineffective in the upper stratosphere
similarly to BrOx-cycle despite the presence of atomic iodine up there in reasonable concentration. It might be because iodine
reservoirs are much more unstable than those of chlorine and, similarly to bromine, the iodine species in lower altitudes will
be more likely in active form (IO) than that of chlorine will be in form of ClO (Daniel et al., 1999). So, the probability of
the terminal reaction C1O+O is higher than those of IO+O or BrO+O in the upper stratosphere. Hence, the effect off iodine
chemistry on upper stratospheric ozone loss is negligibly small.

The tropospheric effect is ~ 4-5 ppbv and maximizes over tropics where iodine sources are mostly emitted from the ocean
thanks to its higher temperature. About 6-8% of tropospheric ozone loss is comparable to what was reported by Sherwen et al.
(2016a) but where surface iodine emissions were a bit higher. It is also in agreement with an estimation made by Davis et al.
(1996). Tropospheric (0zone10ss'in'SOCOL=AERV2=iodine'is'a bit higher than'in CAM=chem where the iodine-induced ozone
1688 does not exceed 2-3 ppbv (Saiz-Lopez et al., 2014).

The total ozone column (TOC) is affected by iodine mostly over high latitudes (see c¢) and d) panels of Figure @) The highest
impact of iodine on climatological TOC is over high latitudes of the Southern Hemisphere showing the TOC 1688 about 4% or

11-12 DU. Over the Northern Hemisphere, the iodine effect on TOC does not exceed 3%.
3.3 Ozone response to the increased iodine emissions

To estimate the consequences for ozone from the continuous increase of iodine emissions, we compare ozone from the gxper=
iment with doubled emissions to that from the experiment with observed (or present-day) emissions. The results are shown in

Figure 313:
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Figure 5, Modeled effect of 2-fold iodine chemistry on annual-mean ozone climatology averaged for 2000-2009 period and 10 ensemble
members. (a+c) Ozone(€hanges'of the case With"2=f61d iodine €hemistry (2 x iodine) felatiVe’ o present-day iodine @missions (1) x iodine) in
percent. (b+d) Corresponding absolute ozone changes in parts per billion by volume (ppbv) and Dobson units (DU), respectively. Bld@ solid

line in (a) and (b): annual mean tropopause height. Hatching marks regions with pzone losses having a confidence level less than 95%.

In this case, the EXP was taken to be the experiment with 2 x loading of iodine whereas the REF is the one with observed

(1 x) iodine emissions. In the troposphere, a 2-fold increase in emissions leads to the ozone loss of about 6-8% that is similar

\to what is seen in Figure @2 In the stratosphere, the contribution of additional iodine is different. The Southern hemispheric

390 maximum is weakened and shifted to the middle latitude showing the ozone loss of up to 7% or 50 ppbv. The iodine con-
tribution to ozone loss in the northern polar lowermost stratosphere also shows a similar pattern and magnitude of the effect

to climatological effect in (Figuif€4 showing about 50 ppb of ozone loss. For the Northern Hemisphere, the effect might be
characterized as a linear-kind too and the intensification of ozone loss by a factor of 2 can be expected. The iodinesinduced

total column ozone loss would enhance by 2-3% following the 2-fold increase of iodine emissions.
Thus, we can expect that a 2-fold increase in iodine injection into the atmosphere would lead to a mostly linear increase of

the ozone loss over the troposphere and lower stratosphere. The reason why we do not see the linearly changed effect over the

Southern Hemisphere is possibly related to the saturation effect when the ozone was almost destroyed even for smaller iodine
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, loading. Hence, it can be predicted that the iodine effect on ozone in the lower atmosphere, if the assumed negative iodine

400 scenario plays out in the future, would simply hinge on a factor of the increasing iodine injection into the atmosphere.

3.4 The relative importance of inorganic versus organic iodine

We also address fhelifapactiof) organic vs inorganic iodine sources on total iodine-induced tropical ©6Zoneloss=Tordo this, we
repeated the experiment with (6bS€fVedI(6f present-day) €missions'but nullifying either organic or inorganic surface emissions.

The results are shown in Figure 62
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Figure 6. Modeled vertical distribution of 6zone 1oss induced by iodine from organic, inorganic, and total surface emissions @veraged over
tropics (202NII209S TR 2000-2009 {efoAEHANO cnscmble (eimbersuRed curveodinesindiced OFIoSHD organic EMisSIONSArEOMY)
(considered; Blue curveiodinesindiiced 031688, if iNorganic) emissions are only-considered;-Green-curve:-iodine-induced-O3-loss;-if-both;
organic-and-inorganic-emissions-are considered. Shadings feépresentastandard deviation of ensemble MembersITheresulishave aconfidence

level more or equal to 95%.

405 In the lower troposphere, the iodine from inorganic emissions is responsible for ~ 75% of total ©Z61e"6ss) and the con-

tribution of fodine from organic sources is ~ 2SS EXpECtEdNKOENEIENalI2020) e upper (FOPOSPheremand lower

stratosphere, the ozone loss by iodine from both kinds of sources is closer but still with the higher impact of inorganic sources
ghowing) ~ 60% and ~ 40%, EoTrespondinglysContrbutionsIon iodine BOMBHEIN to total pzone lossbecomesimilararaboun
50 hPa.
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4 Discussion and conclusions

In this study, we describe the new version of the chemistry-climate model SOCOL-AERV2 improved with the addition of
the iodine chemistry module. The iodine chemistry scheme in SOCOE=AERV2=iodifie was developed based on the up-to-date
knowledge about atmospheric iodine. We performed a set of numerical experiments to test the fidelity of the developed iodine
chemistry, scheme and to estimate iodine contribution to ozone depletion. The model results show about 0.75 pptv of iodine
in the lowermost tropical (Stratosphere’in agreement with'previous) estimations (Saiz=Ilopez et al (2015)—A-gradual increase
of-Iy-up-to-1-0 pptv in the stratosphere might be related to the dynamical features, gffect of tropospheric sinks or rigid upper
border in the model atmosphere. The comparison of modeled and observed 10 within the tropical troposphere showed thatlO
from (SOCOL=AERV2=i0dine is in"a'generally good agreement with AMAX-DOAS 6bsetvations? The @dditional comparison
of total gas-phase inorganic Iy with the values determined by the CU box-model based on AMAX-DOAS observations of 10
showed that the model reproduces the Iy in the upper troposphere very well, while in the stratosphere, Iy is much overestimated
due to the absence of simulated iodine in particulate phase. If the assumed particulate iodine was excluded from the modeled
stratosphericly'SOCOL=AERV2=icdinie correspondswell withlyfrom the'CU box-model. The simulation of particulate iodine

is the subject for future studies as the mechanism of its formation is still not fully understood due to a lack of measurements.

The estimated contribution of iodine chemistry on the lower stratospheric ozone is higher than those discussed in Hossaini
et al. (2015) showing up to 10% of the lower stratospheric ozone loss driven by iodine chemistry. It should be noted that
Hossaini et al. (2015) reported only 0.15 pptv @f1§) injected into the stratosphere, which is more than five times less than
in SOCOL=AERV2=i6dine and CAM-chem. In the lower troposphere, the share of ozone loss induced by iodine originating
only from inorganic sources is estimated to be 75% and 25% if considering only organic sources. (Contributions of iodine ffom
organic and inorganic sources to total iodine-induced ozone loss become similar at 50 hPa. We also verified that even if the con-
centration 6ffi6dine is much less than other halogens it(€6uld"play a noticeable role in the lower stratospheric ozone depletion
especially over high latitudes Nevertheless; negative lower stratospheric changes recently found by Ball'eétial’) (2018) might
bedriven by iodine €hemistry only) in the lowermost stratosphere as the iodine’effect in the EXtratropical lower stratosphere’is
not'supposed to'produce such'a’spreadsignal? The upper stratospheric ozone is not affected by iodine chemistry similar to the
impact of bromine chemistry as (presumably; the iodine §pecies’in the upper stratosphere are hardly Be€ifighinl active form (10)
than that'ef chlorine will be in form of CIO due to longer lifetime of chlorine precursors (Daniel et al., 1999). Hence, the net
effect is that iodine is relatively more important in‘theflower stratosphere ([déSpite the abundance of total gas-phase iodine is

expected to be similar throughout the stratosphere.

Also, we would like to address here some shortcomings of the current iodine scheme and further updates that are antici-
pated to increase the accuracy of iodine simulations in chemistry-climate models. A strong local decrease in free tropospheric
ozone (Can'beexpected from iodine €ollectediinside iodized aerosol particles from deserts and oceans which can reach the

above-cloud troposphere where they release iodine (Volkamer et al., 2021). However, such complex aerosol iodine chemistry
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cannot be properly simulated with current chemistry-climate models (Baker, 2004; Sherwen et al., 2016b). The recent studies
of Gémez-Martin et al. (2020), Baccarini et al. (2020), and He et al. (2021) suggested that iodine species can make new aerosol
particles that are big enough to be cloud condensation nuclei (CCNs). Polar ice-melting in turn leads to the increase of the
atmospheric amount of iodine (Cuevas et al., 2018) which may enhance the formation of CCNs. These findings are worth
studying further using global climate models with advanced aerosol chemistry and cloud microphysics. Additionally, higher
iodine oxides species presented in our study by [,0,, 1,03, and 104 might decompose to form iodine oxoacids that growth
further to become CCNs (McFiggans et al., 2004; Burkholder et al., 2004; Saunders et al., 2010). However, the formation of
iodine oxoacids is still an open question that needs further studying (He et al., 2021). Here, we did not consider any iodine in
aerosol form, and these species are represented only in the gas-phase. Also, as was mentioned above, in this work we used a
simplified approach for photolysis of higher-order iodine oxides. However, the cross-sections for photolysis of these species
are recently measured and can be used to increase the accuracy of simulation (Lewis et al., 2020). Recent field evidence indi-
cates that the #€€ycling'of iodine on sea-salt aerosol, and perhaps other @€fosolymay be much faster than currently represented
(Tham et al., 2021). Also, we did not include CF3I that also could modify the total concentration of iodine in the atmosphere.
However, based on the recent studies, it will not substantially impact the stratospheric ozone loss showing even less impact
than that of CH3I (Zhang et al., 2020) and will mostly affect the tropical and northern mid-latitudes tropospheric ozone because
of higher concentration of pollutants (Youn et al., 2010). All organic iodine emissions in our scheme are prescribed? However,
they can be interactively calculated in the model utilizing ocean biogenic sources (Ordéiiez et al., 2012). It can be embodied
also in the next-generation Earth system model where the ocean biosphere is interactively calculated. As it was mentioned
above, the sea-surface iodide that is the precursor for HOI/I, fluxes has @Hhuge uncertainty in the models and observations
(Chance et al., 2014; Sherwen et al., 2019). Nonetheless, there is a prediction for increased iodide that will potentially impact
the iodine abundance in the future (Carpenter et al., 2021). Also, there are region-specific parameterizations for sea surface
iodide concentration that can be implemented in the next version of the iodine scheme in SOCOE=AERV2=i6dinie to increase
the reliability of abiotic iodine emissions (Inamdar et al., 2020). Recent investigations of the chemical basis of the HOI/I,
source can help improve the generalization of empirical source functions (Moreno et al., 2020).

Our sensitivity study showed that the contribution of increased iodine to ozone is almost linear compared to the present-day
iodine. To simulate the reliable future impact of iodine on ozone, the recent estimations on future iodine emissions based on
RCP scenarios can be used (Iglesias-Suarez et al., 2020). Tropospheric ozone content in SOCOE=AERV2=iodine s overesti-
mated compared to other Mmodels(Revell'etally 2018) thataffects'the sea-surface [deposition of O37and'its concentration inside
the marine boundary layer, hence the accuracy of simulated iodine emissions. It is planned to fix this problem in future versions
of SOCOL.

One of the most controversial parts of atmospheric iodine studies is the scrutiny of the role of volcanic iodine in stratospheric
chemistry and its effect on ozone. The volcanic iodine impact is worth studying since some of the powerful volcanoes are sup-
posedly capable to directly inject the iodine into the stratosphere and suppose to result in negative and long-lasting implications
for the ozone layer (Bureau et al., 2000; Aiuppa et al., 2005; Balcone-Boissard et al., 2010; Cadoux et al., 2015). (However;,

there is no solid evidence that volcanoes can inject a sufficient amount of iodine into the atmosphere (Schonhardt et al., 2017)
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and it is needed to organize the measurement campaigns to make estimations of emitted volcanic iodine in a more precise way.
480 The results of this work showed the highest impact of iodine on ozone in the lowermost stratosphere at high latitudes. This
finding indicates the necessity of having broad measurements of iodine species in this region.
We also stress that the iodine can presumably be more noteworthy in the future. The intensified Brewer-Dobson circulation
might bring more iodine into the stratosphere in the future than today. Also, the further increase of sea surface temperature
due to global warming, near-surface ozone, and sea surface iodide concentrations could be the reason for the intensification of
485 iodine emissions in the future making the atmospheric amount of iodine to be vastly higher (Cuevas et al., 2018; Legrand et al.,
2018; Cuevas et al., 2018; Koenig et al., 2020; Iglesias-Suarez et al., 2020; Carpenter et al., 2021). The effectiveness of iodine
for ozone destruction is found to be stable in future warming scenarios and therefore its relative importance increases relative
to the other halogens (Klobas et al., 2021).
All of this inspires further efforts to better characterize the iodine in the atmosphere and its impact on ozone loss.
490 Alongside, the further improvements of iodine chemistry simulations in chemistry-climate models, it is needed to overcome
the scarcity of global measurements of iodine chemistry especially in the upper troposphere and lower stratosphere to increase

the accuracy of estimations for iodine impact on ozone loss and to make better predictions of the future ozone evolution.

Code and data availability. The SOCOL=AER¥V256dine’coderisiavailable here: https://doi.org/10.5281/zenodo.4844994 (Karagodin-Doyennel;
2021a) upon request to the corresponding author. The SOCOE=AERV256dine simulation data can be accessed here:

495  https://doi.org/10.5281/zenodo.4820523 (Karagodin=Doyentiel;) 2021b). CU-AMAX-DOAS CONTRAST IO data are available at:
(https://data.eol.ucar.edu/dataset/383.023, last @ccess®09June 2021). CU-AMAX-DOAS TORERO IO data are available at:
(https://data.eol.ucar.edu/dataset/352.082, last access: 099June 2021). The CU-box model data are available here:
https://doi.org/10.5281/zenodo.4916787 (Volkamer and Koenig, 2021).
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