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Abstract. In this paper, we present a new version of the chemistry-climate model SOCOL-AERV2 supplemented by an iodine
chemistry module. We perform three twenty-year ensemble experiments to assess the validity of the modeled iodine and to
quantify the effects of iodine on ozone. The iodine distributions obtained with SOCOL-AERv2-I agree well with AMAX-
DOAS observations and with CAM-chem model simulations. For the present-day atmosphere, the model suggests that the
iodine-induced chemistry leads to a 3-4% reduction in the ozone column, which is greatest at high latitudes. The model
indicates the strongest influence of iodine in the lower stratosphere with 30 ppbv less ozone at low latitudes and up to 100 ppbv
less at high latitudes. In the troposphere, the account of the iodine chemistry reduces the tropospheric ozone concentration by
5-10% depending on geographical location. In the lower troposphere, 75% of the modeled ozone reduction originates from
inorganic sources of iodine, 25% from organic sources of iodine. At 50 hPa, the results show that the impacts of iodine from
both sources are comparable. Finally, we determine the sensitivity of ozone to iodine by applying a 2-fold increase in iodine
emissions, as it might be representative for iodine by the end of this century. This reduces the ozone column globally by an
additional 1.5-2.5%. Our results demonstrate the sensitivity of atmospheric ozone to iodine chemistry for present and future

conditions, but uncertainties remain high due to the paucity of observational data of iodine species.

1 Introduction

Emissions of chlorine- and bromine-containing halogen compounds have long been the subject of scientific investigation be-
cause they play an important role in the catalytic destruction cycles of stratospheric ozone (Solomon, 1999). Recent studies

demonstrate the success of the Montreal Protocol and its Amendments in phasing out the emissions of chlorine- and bromine-
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containing substances and also point to early signs of stratospheric ozone recovery (e.g., Newman et al., 2009; Egorova et al.,
2013; WMO, 2018). At the same time, our understanding of iodine-induced ozone depletion is incomplete because of the
extremely low stratospheric iodine concentrations, typically in the parts-per-trillion (pptv) range (Solomon et al., 1994; Saiz-
Lopez et al., 2012). However, the ozone 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 10, in the presence of sunlight. Therefore, iodine chemistry remains suspected of
affecting stratospheric ozone (Saiz-Lopez et al., 2015) and slowing the recovery of the ozone layer (Koenig et al., 2020). Still,
iodine-induced ozone depletion is not regulated under the Montreal Protocol as the mixing ratio of total inorganic iodine in the
atmosphere is extremely low (1 pptv) and because there is almost no direct anthropogenic production of iodine-containing

species (Fuge and Johnson, 2015).

The study of iodine source gases (ISGs) began in the late 1970s. The main organic source of atmospheric iodine is found
to be iodomethane (CH3I) as suggested by Lovelock and Maggs (1973) and Chameides and Davis (1980). Photochemical pro-
duction in ocean surface water involving phytoplankton and algae is the main source of organic and inorganic iodine that enters
the atmosphere (Saiz-Lopez et al. (2012) and references therein). Iodocarbons are further 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). ISGs are produced mostly in the tropics as the sea surface temperature (SST) is an important driver
of biological activity. The 5-6 day lifetime of CH3I is long enough to allow a small fraction of it to reach the upper troposphere
via tropical convection with an estimated mixing ratio 0.1 pptv in the tropical tropopause layer (WMO, 2018). Other organic
ISGs, such as CH,1,, CH,ICl, CH,IBr, and C,HjsI, 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
are formed through reactions of near-surface ozone with oceanic iodide (I"), i.e. O3 + H* +I= ¥ HOI + O, and HOI + H* +
I ¥ I, + H,O, which are possibly responsible for up to 75% of total iodine emissions (Carpenter et al., 2013; Prados-Roman
et al., 2015b). In conjunction with these findings, (MacDonald et al., 2014) used a numerical parametrization of sea-surface
iodide in numerical modeling of HOI and I, fluxes. Caused by the growing anthropogenic air pollution and the concomitant
increase in surface ozone levels, iodine emissions have risen continuously during the past decades. Cuevas et al. (2018) and
Legrand et al. (2018) argued that the atmospheric iodine loading must have increased by at least a factor of 3 since the 1950s,
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 biota. While
the future surface ozone evolution has a large spread in model projections covering the 215 century (Archibald et al., 2020),
which results in large uncertainty in future iodine emissions, the continuous increase in surface temperatures is predicted to

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 deplefidesi@uction by one | atom relative
to Oz destruction by one Cl atom) is predicted to change, with the share of halogen-induced ozone loss due to reactions of
iodine likely to grow in the future stratosphere (Klobas et al., 2021).

Using a two-dimensional model of atmospheric chemistry and dynamics, Solomon et al. (1994) demonstrated a high im-
pact of iodine chemistry on ozone even when only 1 pptv of total stratospheric iodine is present. These model results were
later 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 pptv in the upper troposphere-lower stratosphere measured during nine balloon ights over Scandinavia and France. This
suggested only a small in uence of iodine chemistry on stratospheric ozone. In contrast, using differential optical absorption
spectroscopy (DOAS) Wittrock et al. (2000) found signi cant concentrations of 10 between 0.65 and 0.8 pptv (+/- 0.2 pptv)
over Spitsbergen Island. Recent aircraft campaigns, also applying DOAS (Baidar et al., 2013) over the West Paci ¢ during
CONTRAST (Convective Transport of Active Species in the Tropics) in January—February 2014 (Pan et al., 2017) and over the
East Paci ¢ during TORERO (Tropical Ocean Troposphere Exchange of Reactive Halogen Species and Oxygenated VOC) in
January—February 2012 (Volkamer et al., 231Bpasured a second maximum in 10 mixing ratio of more than 0.1 pptv in the
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 very 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 sea-sall
particles resulting in the production of ICI and IBr (i.e., HOl + GI H* I ICI + H,0, HOI + Br + H* | IBr + H,0).

Note that these recycling reactions constitute a net source of bromine and chlorine into the atmosphere but represent only &
change in partitioning for the iodine species, which avoids iodine uptake and washout (e.g.#as)HDix et al. (2013)
hypothesized that the measured increase of IO mixing ratio in the Paci ¢ free troposphere might hint at heterogeneous recy-
cling processes from aerosols back to the gas phase in the upper troposphere. Ordéfez et al. (2012) were the rst to use i
global chemistry-climate model, namely CAM-chem, to incorporate a comprehensive bromine and iodine chemistry scheme.
The global distribution of organic iodocarbons from CAM-chem showed reasonable agreement with observations in the marine
boundary layer when including global oceanic ISGs of approximately 1.9 Tg(l)/yr (Prados-Roman et al., 2015a,b). Later, an
updated version of the GEOS-Chem model (Sherwen et al., 2016a) demonstrated 3.83 Tg (I)/year of total ISGs emissions,
when using the sea-surface iodide eld 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 (Sher
wen et al., 2019), suggesting only 2.7 Tg (I)/year of total emissions. In order to reproduce the 10 observations of Volkamer
et al. (2015), Saiz-Lopez et al. (2015) introduced the heterogeneous recycling of iodine reservoirs (HOI apll d0 MO

crystals, and implemented it in CAM-chem, assuming it to be analogous to bromine recycling on ice crystals in the upper

1The GV AMAX-DOAS Data can be found here: https://data.eol.ucar.edu/
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troposphere (Aschmann and Sinnhuber, 2013). Accordingly, the total iodine injected into the stratosphere is currently thought
to be up to 0.8 pptv (WMO, 2018), i.e. about ve times larger than that from the previously published assessment (WMO,
2014). Also, CAM-chem results suggest that stratospheric iodine might be responsible for up to 30% of halogen-mediated
ozone depletion in the lower tropical stratosphere. At the same time, the results of Hossaini et al. (2015) obtained using the
3-D chemistry transport model TOMCAT suggest that iodine lowers stratospheric ozone on8¢bwand total column ozone

by 0.5%. However, this model did not take the recycling mechanism described in Saiz-Lopez et al. (2015) into consideration,
which increases the stratospheric iodine levels signi cantly beyond what was assumed by Hossaini et al. (2015). It remains

dif cult to judge 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), which has been extended to include an iodine chemistry scheme. The
main objective of this study is to verify the model and further constrain the impact of iodine chemistry on stratospheric ozone
depletion, rst based on present-day emissions, and second when applying a 2-fold increase of iodine emissions. Section 2
provides a short description of SOCOL-AERV2 (2.1), improvements which have been made to obtain the new model version
subsequently referred to as SOCOL-AERv2-I (2.2), and describes the numerical experiments conducted with the new model
version (2.3). Section 3 presents the model results, i.e. the comparison of simulated and observed iodine, as well as rst, dif-
ferent aspects of iodine effect on present-day stratospheric ozone climatology, are considered (3.1), and second, the sensitivit
of ozone to iodine is presented (3.2). Finally, the discussion and summary of the present study are provided in Section 4.

2 Model description and conducted experiments
2.1 The SOCOL-AERvV2 chemistry-climate model

The chemistry-climate model SOCOL-AERV2 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 modi cations for chemistry and
deposition. The AER module of SOCOL was established by Sheng et al. (2015) (CCM SOCOL-AERvV1). The CCM SOCOL-
AERv1 was substantially updated by Feinberg et al. (2019) (CCM SOCOL-AERvV2) with an interactive deposition scheme,
expanding tropospheric chemistry scheme, and improved sulfate mass and particle number conservation (less susceptible t
numerical diffusion). The SOCOL-AERV2 consists of a dynamical core that is the middle atmosphere version of the spectral
transform general circulation model MA-ECHAMS5.4 (the Middle Atmosphere version of the European Centre/Hamburg Model
version 5.4) (Manzini et al., 2006), which has been interactively coupled to the MEZON atmospheric chemistry-transport
module (Model for the Evaluation of OZONe Trends) (Egorova et al., 2003). The coupling takes account of radiative forcing
caused by ozone, #D, N,O, 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 ux-transform semi-Lagrangian
scheme based on mass conservation and shape retention (Lin and Rood, 1996). The standard SOCOL-AERV2 utilizes the
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Gaussian transform horizontal grid with T42 triangular truncation (64 latitud&28 longitudes) splitting the model space

into grid cells of 2.5 2.5 degrees each. The vertical direction model grid consists of 39 levels in 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 radiation and chemical calculations.
The CCM SOCOL-AERV2 uses the prescribed monthly elds of the sea surface temperature (SST) and ice coverage acquired
from the Hadley Centre dataset (Rayner et al., 2003). MEZON shares the horizontal and vertical spatial resolutions with MA-
ECHAMS5 and includes 95 chemical species, 215 gas-phase, 16 heterogeneous, and 75 photolysis reactions. For more detai
on CCM SOCOL-AERvV2, see Feinberg et al. (2019).

2.2 SOCOL-AERvV2 updates to SOCOL-AERvV2-I

Here, we introduce the SOCOL-AERvV2-I that is the SOCOL-AERV2 extended with the iodine chemistry module. This module
includes 61 gas-phase and 4 heterogeneous chemical reactions involving iodine, boundary conditions for prescribed iodocarbot
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 SOCOL-AERv2-I. The prescribed organic

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

Table 1: lodine source gases (ISGs) incorporated in SOCOL-AERv2-I

ISG Type Resolution Reference

I> interactive model time step  Carpenter et al. (2013)
HOI interactive model time step  Carpenter et al. (2013)
CHal prescribed monthly Ordoiiez et al. (2012)
CHyl, prescribed monthly Orddfiez et al. (2012)
CHolCI prescribed monthly Ordoiez et al. (2012)
CHoIBr prescribed monthly Ordéfiez et al. (2012)

Following Ordofiez et al. (2012), the organic iodocarbons have been obtained from the inventory of Bell et al. (2002) for
CHgl and from the 1-D model estimates of Jones et al. (2010) foplgHCH,ICl, and CHIBr. Organic ISGs have been
parameterized in Ordoéfiez et al. (2012) by a biogenic chloroghfdhl-a) dependent source in the tropical oceans (McClain
etal., 2004). In our scheme, organic emissions are prescribed on the monthly basis. To simulate the long-term period, we repea
organic emissions uxes at the beginning of every model year, so any interannual variability is not included.
lodocarbon source uxes were directly extracted from the GEOS-Chem model (v10-01) at a resolution o?.& Aegrees
including updates to both iodine and bromine chemistry from Sherwen et al. (2016c) and Schmidt et al. (2016), and interpolated

on the SOCOL-AERv2-I horizontal grid (T42). The inorganic HQlMixes 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 HOJ/luxes this parametrization utilizes the model elds of near-surface ozone (at
closest to the surface model level), surface wind speed, and SST.

The parametrization for the emission uxeskfio; andF, (in nmol nT2 d-1) as function of the surface ozone mixing ratio

dos 1 (IN PPbV) are given by

Fhol =00,y (415 10° (Mllg’f/\Ns)—(ZO.GIV\/S)—23600 Mllaqu), 1)

Fl, =00y ME3 (174 10°-654 168 Inws), @

where W, is the surface wind speed (in m3 andM|;q is the sea surface iodide concentration expressed as molarity (mol
dm3)

M- = 1.46 x 16exp(-9134Ts9 (3)

aq

with sea surface temperatufgsin K.

It is important to note that this parameterization is intended for calculasirejmdl HOI uxes at wind speeds below 14 m

s71 (higher wind speeds lead to negative values of uxes) since it is based on the approximation of measurements and there
are no measurements when a storm occurs. Also, it should be mentioned that turbulent mixing of the interfacial layer with
bulk seawater reduces the proportion pahd HOI evading into the atmosphere therefore uxes decrease with the wind speed
(MacDonald et al., 2014). The obtained inorganic ISGs uxes in the SOCOL-AERv2-1 exceed GEOS-Chem and CAM-Chem
emissions because SOCOL-AERv2-| overestimates near-surfpeell et al., 2018). When we compared the ground-level
ozone elds from SOCOL and GEOS-chem, we found that for most of all regions whereHiiksions are produced, the
overestimation of ground-level ozone in SOCOL i800%. To ameliorate this bias, the surface ozone used within the param-
eterization was scaled by 0.5. This decreased the emission by 100% giving HQ#E comparable: 2.4 Tg (I)/year in
SOCOL-AERvV2-l and 2.2 Tg (l)/year in GEOS-chem (Sherwen et al., 2016c). Since there is an uncertainty in inorganic
iodine emissions (Chance et al., 2014; Sherwen et al., 2016c), such a difference in emissions between models is admissible
lodocarbon source uxes in both SOCOL-AERv2-1 and GEOS-chem are identical and correspond to 0.5 Tg (l)/year. lodine
emission uxes used in CCM SOCOL-AERv2-| are demonstrated in Figure 1.
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Figure 1. Annual-mean emission uxes of organic (GHa), CHyl, (b), CH:ICI (c), and CHIBr (d)) and inorganic (HOI (e) and:I(f))
iodine source gases [in nmol’ﬁmd’l] used in SOCOL-AERv2-I.

As itis seenin Figure 1, the sum inorganic uxes of ISGs [HOb}H$ roughly three times higher than that of organic uxes
[CH3l + CHyl» + CHyICI + CHsIBr] of ISGs that is corresponding well with Carpenter et al. (2013).
Chemical compounds involved in the iodine chemistry scheme in SOCOL-AERV2-| are presented in Table 2.

Table 2: The iodine species considered in SOCOL-AERv2-|

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

(g mol) (mol m—3 atm™1) of H (K)
I 126.90 7.9 10 0 Burkholder et al. (2015)
I, 253.81 2.8 10° 3900 Burkholder et al. (2015)
10 142.90 — — —
e][e) 158.90 — — —
INO, 172.91 3.0 1C? 0 Ordéfiez et al. (2012)
INO 156.91 — — —
IONO» 188.91 1 0 Burkholder et al. (2015)
HOI 143.91 41 10° 0 Badia et al. (2019)
HI 127.91 7.3 106 3190 Badia et al. (2019)
IBr 206.81 2.43 10* 0 Wagman et al. (1989)
ICl 162.36 1.1 10° 0 Wagman et al. (1989)
1,05 285.81 1 0 Badia et al. (2019)
1,03 301.81 1 0 Badia et al. (2019)
1,04 317.81 1 0 Badia et al. (2019)



