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Abstract. The concept of Ozone Depletion Potentials CHsl are shown that have good qualitative agreement be-
(ODPs) is extensively used in policy considerations related taween the model derived distribution of backgroundsGH
concerns about the effects of various halocarbons and othdrased on global source emission fluxes from previous stud-
gases on stratospheric ozone. Many of the recent candidaies, and available observations especially in vertical profiles.
replacement compounds have atmospheric lifetimes shorter
than one year in order to limit their environmental effects,
especially on stratospheric ozone. Using a three-dimensional )
global chemistry-transport model (CTM) of the tropospherel Introduction
and the stratosphere, the purpose of this study is to eval- L .
uate the potential effects of several very short-lived iOCIi_Anumber of analyses indicate that human-related emissions

nated substances, namely iodotrifluoromethanes)Cand of chlorine-containing and bromine-containing halocarbons,
methyl iodide (CI':i,l) on atmospheric ozone. Like other such as chlorofluorocarbons (CFCs), carbon tetrachloride

chemicals with extremely short lifetimes, the stratospheric(CCI“)' methyl chloroform (CHCCls) and bromochloroflu-

halogen loading and resulting ozone effects from these Comgrocarbons (Halons), have been largely responsible for the

pounds are strongly dependent on the location of emission Qbserved decrease in stratospheric 0zone concentrations over

For CRsl, a possible replacement candidate for bromotrifluo- recent decades (WMO.’ 20(.)7)' Thos_e ozone-depleting sub-
romethane (C§Br), ODPs derived by the three-dimensional stances (ODSs) are primarily comprised of the halocarbons

model are 0.008 with chemical lifetime of 5.03 days andthat have very ang lifetimes in the atmosphere. Without
0.016 with a lifetime of 1.13 days for emissions assumed>tong policy actions, these human produced ODSs would

to be evenly distributed over land surfaces at mid-la’[itude'sh]‘:’“’;e ctontu;]ue_d to have $h5|gn_|tf|pant:mpac'F on fltjrt]u:eﬂ:evgls
and the tropics, respectively. While this is the first time the O Stratospheric 6zone. Thus, It1S not surprising that the de-

ODPs have been evaluated with a three-dimensional mode}{elopment of our understanding of their effects on ozone led

these values are in good agreement with those derived prevf-o international regulations of the ODSs under the landmark

ously. The model calculations suggest that tropical convec—'vIontreal Protocol in 1987, and the amendments and adjust-

tion could deliver a larger portion of the gas and their break-ment to the Protocol that followed to further strengthen the

down products to the upper troposphere and lower strato” rOt%COI EcVeIdIers et alt., 2007). iec;]ause O.f thetPrOt?COI’t?
sphere if emission source is located in the tropics. The rellUmoer ofreplacément compounds have arisen to replace the

sulting ODP for CHI, emitted from mid-latitudes, is 0.017 ODSs being controlled. . .
with lifetime of 13.59 days. Valid simulations of convec- _ 1n€ concept of Ozone Depletion Potentials (ODPs)

tive transport, vertical mixing and degradation chemistry of (Wuebbles, 1981, 1983) arose as a means of determining the
relative ability of a chemical to destroy stratospheric ozone.

ODPs are an integral part of national and international con-
Correspondence tD. J. Wuebbles siderations on ozone-protection policy, including the Mon-
BY (wuebbles@atmos.uiuc.edu) treal Protocol and its Amendments and the U.S. Clean Air
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Act. ODPs provide an important and relatively straightfor- The only VSL compound currently evaluated and pub-
ward way of analyzing the potential for a new chemical to lished using 3-D models of the chemistry and physics of the
affect ozone relative to the CFCs, Halons, and other replacetroposphere and stratospherenipropyl bromide ¢PB, 1-
ment compounds. ODPs are currently determined by twoCsH7Br); at this time, only limited studies and a range of
different means: calculations from chemistry-transport mod-estimated ODPs are available for it (Wuebbles et al., 2001;
els (CTMs) of the global atmosphere (e.g., WMO, 1995, WMO, 2003, 2007). The past studies of the ODPs/BB
1999, 2003, 2007), and calculations using a semi-empiricahave been only partially based on 3-D model results (see
approach (Solomon et al., 1992; WMO, 1999). Tradition- Ko and Poulet (2003) for a more complete summary). 3-D
ally, zonally averaged two-dimensional (2-D) CTMs have CTMs, which include a much more comprehensive treatment
been the accepted tools for calculating the ozone responsef transport than the zonally-averaged 2-D models, are now
in the stratosphere. The past evaluations of ODP were conmuch more preferable for calculations of ODPs both for the
ducted for chemicals with atmospheric lifetime sufficiently longer-lived gases and for the very short-lived candidate re-
long (more than approximately one year). These long-livedplacement compounds. These models cannot only determine
gases are well mixed throughout the troposphere after suthe amount of the substance reaching the stratosphere di-
face release and large portion of surface emissions can reagkctly, without the simplifying assumptions of the 2-D mod-
the stratosphere. els, but can also more directly follow the processes affecting
However, many of the compounds being considered eithe reaction products. Studies suggest that the vast majority
ther for new applications or as replacements for substancesf chlorine or bromine reaching the stratosphere from VSL
controlled under the Montreal Protocol are now designed tosubstances is transported there in reaction products (Wueb-
be very or even extremely short-lived, on the order of daysbles et al., 2001; WMO, 2003, 2007).
to a few months, so as to reduce the impacts on ozone and lodotrifluoromethane (GHf) is a gaseous fire suppression
climate. Many of these very short-lived (VSL) compounds flooding agent for in-flight aircraft and electronic equipment
still contain halogens including chlorine, bromine and io- fires and a candidate replacement for bromotrifluoromethane
dine. The VSL replacement gases still can be vertically trans{Halon-1301, CEBr). Methyl iodide (Chl), a potential re-
ported into the lower stratosphere by intense convection irplacement fumigant for methyl bromide (@BF), has been
the tropical troposphere, which is relevant to possible effectof interest as a natural source of atmospheric iodine that is
on ozone from these compounds. Thus the ODP of a VSLprimarily emitted from the oceans and as a potentially use-
species depends upon its distribution in the atmosphere anfiil tracer of marine convection and the subsequent role of
the location of its source (Wuebbles and Ko, 1999; Wueb-iodine in atmospheric photochemistry (Bell et al., 2002; Co-
bles et al., 2001; Ko and Poulet, 2003). Unfortunately, thehan et al., 2003; Vogt et al., 1999). Since the C-I bond is
determination of ODPs for these gases is not straightforwardasily cleaved, C# can be rapidly photo-dissociated even
because their short atmospheric lifetimes leave them poorhat low UV intensity and visible light under daylight con-
mixed in the troposphere (Wuebbles and Ko, 1999; Wueb-ditions in the planetary boundary layer or the troposphere.
bles et al., 2001; Ko and Poulet, 2003; Butler et al., 2007).CHjsl also readily photolyzes under day light conditions as
The traditional 2-D model analysis of ODPs also is not suf-well as reacting with the hydroxyl radical (OH). For both
ficiently accurate for calculating the integrated amount of species, the initial reaction results rapidly in the availability
the halogenated VSL source and reaction product gases iaf atmospheric iodine for chemical reactions with ozone and
the troposphere that enter the stratosphere (Wuebbles et abther gases. Although current atmospheric concentrations of
2001). iodine-containing gases are very small,sC&nd CHl are
Three-dimensional (3-D) CTMs fully representing the both a potentially significant source of atmospheric iodine
complete troposphere and stratosphere are necessary fdespite being very short-lived and are of interest in the upper
evaluating the halogen loading and ozone depletion in the@roposphere and lower stratosphere as a source of iodine rad-
stratosphere for VSL species. Thus the definition of ODPsicals for ozone destruction (WMO, 2007). Ozone destruction
has been revised for VSL compounds (Wuebbles et al., 2001in the lower stratosphere due to catalytic cycles involving io-
WMO, 2003). The ODP definition for the VSL compounds dine was not well understood, but recent laboratory studies
thus now accounts for the variation that can occur in the ODPhave improved the understanding of atmospheric chemical
as a function of where and when the compound is used angrocesses of iodine species including their photochemistry
emitted. The most important factor in evaluating the ODP (WMO, 2007; Li et al., 2006; Bsch et al., 2003).
of VLS compounds is shown to be geographical distribution, As the next stage for further potential impact analysis of
or latitude, of the surface emissions because gases emittetie compounds on ozone beyond the previous studies using
at higher latitudes take longer to reach the stratosphere thaB-D models (Li et al. 2006; Solomon et al., 1994), ODPs
gases emitted in the tropics (Bridgeman et al., 2000; Olsen ebf the two iodinated VSL replacement compounds;IGiad
al., 2000; Wuebbles et al., 2001). Seasonal variations in th&€Hsl are evaluated using the National Center for Atmo-
emissions can also be important if that is a relevant criterionspheric Research (NCAR) Model for OZone And Related
in the atmospheric emissions of the compound. Tracers version 3 (MOZART-3) 3-D chemistry-transport
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model (we also update the ODP using the latest version oseasons requires two steady-state perturbation model runs
the University of Illinois at Urbana-Champaign (UIUC) 2- with the CTM, for an assumed flux of the gageand CFC-
D chemical-radiative-transport (CRT) model). A thorough 11 relative to a steady-state reference atmosphere. A CFC-11
understanding of the potential effects of the iodine com-perturbed atmosphere is obtained from the CFC-11 pertur-
pounds on stratospheric ozone builds upon the previous twobation run by increasing the surface mixing ratio of CFC-11
dimensional studies (Li et al., 2006). Using the availablefrom its value in the reference atmosphere run. When the ref-
analyses of global source emissions for {LlLee-Taylor  erence and CFC-11 perturbed steady-state atmospheres are
and Redeker, 2005; Bell et al., 2002), backgroundiGien- produced, the atmospheric burdens of &d CFC-11 as
centrations in the atmosphere are also evaluated and conwell as the total chemical removal rate of CFC-11 from the
pared with observational data towards determining the capaatmosphere are calculated to provide a denominator for the
bilities of 3-D models towards accounting for gHthem- ~ ODP as given in Eq. (1). In a separatgerturbation rungy
istry. is introduced as a surface flux emission for specific latitude
This paper is organized as follows. In Sect. 2, theranges to provide the ODP numerator. The model-derived
methodologies to obtain ODPs for very short-lived sub- ODPs are steady-state ODPs.
stances (VSLS) are described and discussed. A brief de- VSL compounds (assumed to be those with atmospheric
scription of models used for model-derived ODPs is given inlifetimes less than 0.5 year) generally do not mix evenly
Sect. 3 and simulated GHconcentrations are discussed and in the troposphere, and most of the surface fluxes are oxi-
compared with observational datasets in Sect. 4. Results adized within the troposphere rather than reaching the strato-
ODPs are presented in Sect. 5. Discussion and conclusiorsphere. It is important to note that through the degrada-
of the findings are in Sect. 6. tion process, halogen-containing product gases can be trans-
ported to the stratosphere. Thus in analyzing such short-
lived gases, chemical degradation in the troposphere, re-
moval of degradation products by incorporation into clouds
The concept of ODPs provides a relative cumulative measurand rainout, and transport of the gases and their degrada-

) ion products to the stratosphere must be treated accurately.
of the expected effects, on stratospheric ozone, of the emis: .
ecause tropospheric transport processes cannot be accu-

sions of a gas relative to one of the gases of most Concerrr]atel treated in a zonally-averaged two-dimensional model
to ozone change, namely CFC-11 (CEQWuebbles et al., Y Y 9 '

) a three-dimensional model is required to investigate the im-

198;’ 198.3’ WMo, 1995’ 1999, 2003, 2.007)' The ODP of a act of halogenated replacement compounds on ozone deple-
gas is defined as the integrated change in total ozone per urrEI}on as a function of location (Wuebbles et al., 2001). How-
mass emission of the gas, relative to the change in total ozone . ; " o

er unit mass emission of CEC-11. As a relative measure® €" at this time, ODP studies have not been done with a
P . L . fully coupled CTM of the troposphere and stratosphere.
ODPs are subject to fewer uncertainties than estimates of the Since VSL compounds are likelv to be used orimarily at
absolute percentage of ozone depletion caused by different b y P y

. : . -~ northern mid-latitudes, the emissions at the surface are as-
gases. ODPs provide an important and relatively straight- : )
i . -~ sumed to occur for latitudes from 38 to 60° N (see Fig. 1).

forward way of analyzing the potential for a new chemical I . .
’ The surface emissions in the MOZART-3 perturbation run
to affect ozone relative to CFCs, Halons, and other replace- . ; . .
) . are considered only over land grid cells while those in the
ment compounds. However, a chemical compound with ex-

e 2-D model are assumed equally distributed over the lati-

tremely short lifetime, on the order of several to tens of days, e
. . . tude range. The emissions are assumed to be the same over
is not expected to be well mixed in the atmosphere and thus : ; ) X
; -model land grids and assigned with fractional land surface
has ODPs that should be dependent on location of the emis- """ ]
. . _emissions at boundary grids between land and ocean/lake
sions (Wuebbles and Ko, 1999; Wuebbles et al., 2001; Ko S .
surfaces considering the actual land fraction. Total annual

and Poulet, 2003).

The ODP of an o0zone-destroying specieis defined by: masses emitted into the_ atmosphere in the 3-D mo_del were
' adjusted to match those in the 2-D model for comparison pur-
AOs(x) / AO3(CFC—11) pose. Model ODPs of the iodinated compounds have been
ODP, = 500 #(CFC—11) (1) derived assuming the mid-latitude emissions. Model anal-
ysis of a tropical emissions case has also been carried out
where the percent change is®urden AO3(x)) for a sur-  for CRsl. Global atmospheric lifetimes are calculated based
face emission of the compoundis divided by the same fac- on model atmospheric loading and chemical loss rate of the
tors for CFC-11. The flux of the compoundintroduced compounds.
into the atmospheric boundary layer is represented ty),
and the CFC-11 flux in the perturbation run minus that in the
reference run is represented p(CFC-11).
Therefore, the derivation of the ODP for a given com-
pound for assumed emissions at given locations and/or

2 Methodology
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(a) CFsl Land Emissions at the surface over mid-latitudes of 30N-60N
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Fig. 1. Land-based surface emission fluxes oiC&ver (a) 30° N to 6C° N and(b) 20° S to 20 N in the unit of molecules cmt s~1. These
postulated emissions are inputs to model perturbation runs. The surface flux is adjusted at boundary grids considering actual land fractions.

3 Modeling tools explicitly calculate the impact of VSL iodinated compounds
on ozone. The MOZART-3 CTM of the global atmosphere is

The 3-D model better represents some of the physical proone of the leading tools for the study and prediction of cur-
cesses affecting ozone as well as transport processes, espent and future atmospheric composition and of possible ef-
cially in the troposphere and the polar stratosphere, than théects from anthropogenic emissions into the atmosphere. The
2-D model does. Therefore, 3-D CTMs are now the tool of model was updated to incorporate the complete set of iodine
choice and much more preferable for evaluating ODPs bottehemistry used in the previous 2-D modeling study by Li et
for longer-lived gases and for the very short-lived candidateal. (2006). Major chemistry reactions and rates that could im-
replacement compounds. These models can not only detepact effects of CEl and CHsl on atmospheric ozone concen-
mine the amount of the substance reaching the stratospheteations relative to earlier studies (e.g., Solomon et al., 1994)
directly but can also follow the processes affecting the re-include: CRl, CHsl, 10, HOI, INO, INO2, IONO,, OIO,
action products. The drawback in using 3-D models is thatlCl, IBr, and |, absorption cross-sections for photochemical
they are very computationally expensive and require mucheactions (Sander et al., 2003, 2007), thermal reaction-rate
additional human resources for analysis. coefficients of CHI + OH — | + H,0 + CH;O, and cat-

In this study, the National Center for Atmospheric Re- aly'tic cycles involving rea(?tions of 10 with CIO or BrO and
search (NCAR) Model for OZone And Related Tracers ver- | With Os, HOz or O (see Li et al., 2006).
sion 3 (MOZART-3) (Kinnison et al., 2007) has been used to

Atmos. Chem. Phys., 10, 101283144 2010 www.atmos-chem-phys.net/10/10129/2010/
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The MOZART-3 model includes a complete represen-tionally efficient compared to 3-D models, and thus can pro-
tation of stratospheric processes and extends to altitudegide a quick reference to the slower 3-D simulations (Youn
greater than 80 km as described and evaluated in Kinnisoet al., 2009).
et al. (2007). It incorporates a full stratosphere, including
the chemistry of chlorine species (¢land bromine species
(Bry) important to stratospheric ozone as well as updated hy4  Simulation of CHzl background concentration
drogen, nitrogen, and hydrocarbon oxidation chemistry rel-
evant to stratospheric and tropospheric chemistry includedcHsl, an effective carrier of iodine from the biosphere into
in its predecessor model MOZART version 2 (Horowitz et the atmosphere, is emitted into the atmosphere mainly as
al., 2003; Lin et al., 2008). State-of-the-art representations2 result of biological methylation of iodine (Moore and
of relevant heterogeneous and physical processes for winGroszko, 1999; Amachi et al., 2001) along with photochem-
ter/spring polar vortex related to ozone destruction are alsacal production in open sea (Happell and Wallace, 1996; Li
fully included in the model. This model has been evalu- et al., 2001; Yokouchi et al., 2001). After the emissions to
ated extensively via comparisons with measurements of atthe atmosphere, Gitican be photolyzed or oxidized by the
mospheric trace gases from satellite data and a large numbé&H radical, to produce iodine radicals. Photolysis ofsCH
of aircraft field campaigns (e.g., Kinnison et al., 2007; Pan etis @ main pathway of its removal from the troposphere, so
al., 2007; Horowitz et al., 2003; Wei et al., 2003). as to produce iodine atoms even under visible light condi-

Chemical reaction-rate constants and photochemical dattions (Chameides and Davis, 1980: Davis et al., 1996). lo-
follow the recommendations of Sander et al. (2003). Thedine produced from Ckl plays many important roles in ma-
MOZART-3 CTM used in this study is driven by a meteorol- rine boundary layer chemistry, influencing ozone destruc-
ogy field derived from the Whole Atmosphere Community tion, the oxidizing capacity of the troposphere, denoxifica-
Climate Model (WACCM) version 1b. The MOZART-3 thus tion, and particle formation (Vogt et al., 1999; Carpenter,
has a 2.8 resolution in latitude and longitude and a hybrid 2003; O’'Dowd et al., 2002). The ultimate fate of gas phase
sigma-pressure vertical coordinate including 66 layers fromiodine is abstraction to aerosol particles as iodidg @nd
the surface to 5.210-% mbar (approximately 140 km). iodate (I03") in the troposphere. Unfortunately, most of the

The UIUC 2-D CRT model (see Youn et al., 2006, 2009; existing measurements of iodine in marine aerosols are based
Guillas et al., 2006) updated from the version used in Li eton bulk measurement of total iodine, so the individual chem-
al. (2006) is also used. The UIUC 2-D CRT model includesical iodine species contributing to particulate iodine have
a 3-D representation of the propagation of low wave-numberrarely been measured (O’'Dowd and Hoffmann, 2005). Al-
planetary waves, and thus is called as “2.5-D model” in thethough recent modeling work tried to include aerosol phase
sense that transport and diffusion effects due to the breakreactions with organic substances (Pechtl et al., 2007), any
ing of the waves are self-consistently handled with the zonaRerosol chemistry was not included in our current study.
wind and the residual mean meridional circulation (massTherefore, our derived ODPs of iodine species are the up-
transport circulation). Wave propagation properties and theper limit. In this Sect. 4, a simulation of background £IH
residual circulation, calculated with climatological data from concentrations in the atmosphere is evaluated to determine
United Kingdom Meteorological Office (UKMO) data as- the capabilities of 3-D models towards accounting forsCH
similation system for the specific years 1992—-2002, are comchemistry.
puted self-consistently with the zonal wind, and tracers are As described in detail by Bell et al. (2002), the known
transported in the zonal-mean plane by the residual circulaor extrapolated global budget of oceanic £LHmissions
tion and the diffusion due to the wave breaking (Choi andranges from 130 to 1300Ggyt. However, land-based
Youn, 2001; Youn et al., 2009). sources may be important regionally. €Hluxes from

The UIUC 2-D CRT model has been an adequate and efgrowing rice are significant compared to other land-based
ficient tool for the evaluation of ODPs although 2-D models sources such as inland and coastal wetlands, peatlands, and
have limitations in adequately representing the zonally asymbiomass burning (Lee-Taylor and Redeker, 2005 and refer-
metric features such as tropospheric transport processes amgices therein). Flux rates from inland and coastal wetlands,
the edge and evolution of the ozone hole. The 2-D modelpeatlands, and biomass burning all yield global source terms
applied to traditional ODP studies, especially for long-lived below 10 Ggyr? (Lee-Taylor and Redeker, 2005).
compounds, has been performed in a daily-average mode Table 1 shows the annual emission flux of £Lktb the at-
with a time step of one day outside the operators. Howevermosphere used in this modeling study. ThesCkmission
the 2-D model runs in this study of evaluating the impact sources include ocean, rice paddies, biomass burning, wood
of VSL compounds on atmospheric ozone were conducteduel, and wetlands. Except for emissions from rice paddies,
in more detailed integration with a time step of 20 min due all of the emissions in Table 1 are computed following Bell
to extremely short lifetimes of the source and product gase®t al. (2002), using the GEOS-Chem global 3-D model of
although the above-mentioned limitations exist. The 2-Dtropospheric chemistry (Park et al., 2006; Bey et al., 2001)
model still has the advantage of being much more computadriven by assimilated meteorological data from the Goddard

www.atmos-chem-phys.net/10/10129/2010/ Atmos. Chem. Phys., 10, 1007842010
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CHsl surface emissions (Ocean+RicePaddies+BB+WetLand+Woodburn)
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Fig. 2. Annual average surface emission fluxes of{Cl the unit of molecules cmls~1. The emissions include fluxes from ocean, rice
paddies, biomass burning, wetlands, and wood burning to the atmosphere.

Table 1. Global source emission fluxes of GHused in MOZART- surface emissior? fluxes of GHused to Si.mglate packground
3 3-D model to simulate background concentrations in the model. CHal concentrations. The source emissions include fluxes
from ocean, rice paddies, biomass burning, wetlands, and

Source value Reference wood burning to the atmosp_here. _
[Tgyr Based on CHl source emission fluxes from the previous
studies, we simulate background concentrations ogICH
Oceans 0.224 Bell et al. (2002)

using the MOZART-3 3-D CTM and compare the results

E;g%gggﬁfﬂing 8:838 'éeeﬁ':‘;':f)(rz%%d;edeker (2005) W.i'[h aircraft measurement data} that. are vertically resolved.
Wood fuel 0.008 Bell et al. (2002) Aircraft measurements used in this study are from the
Wet land 0.008 Bell et al. (2002) Pacific Exploratory Mission(s) (PEM): PEM Tropics A for
Total source 0.264 August—October 1996 and PEM-Tropics B for March—April

1999 (Colman et al., 2001; Blake et al., 2001). Simulated
atmospheric burden of CG#H amounting to 8.0Gg and
photolysis loss rate of 264.0 Ggyk in the model yield
Earth Observing System (GEOS-4) of the NASA Data As- lifetimes of 11.1days. The lifetime of 11.1days is about
similation Office for year 2001. The emission fluxes from twice as large as that in Bell et al. (2002). It should be
oceans are from an oceanic mixed layer model coupled taoted that if total gaseous inorganic iodine is defined as
the GEOS-Chem model. The estimated global oceanigl CH 1,=I+I0+HOI+INO+INO2+IONO2+0I0+ICl+IBr+I>+CHal,
source of about 0.264 Tgyt in Table 1 is very similar to  simulated total iodine in the stratosphere using thesiCH
that of 0.214 Tgyr® by Bell et al. (2002), but about three emissions in Table 1 constitutes about 2.6% of total
times smaller than the global estimate by Butler et al. (2007).atmospheric,|.

The CHsl flux from rice is the most important among the  Besides uncertainty ranges of source emissions, a horizon-
land sources. However, earlier estimates of the rice-origintal resolution of approximately 250 km in the MOZART 3-D
CHal flux of 71Ggyr! (Redeker et al., 2000) seem to CTM is coarse for comparison with aircraft measurements.
overestimate the boundary layer concentrations ofICHf Satellite observations of G if any, could be used for the
the China coast in a 3-D model study as noted by Bell etbetter comparison. However, since our current ultimate tar-
al. (2002). We use the recent global gux data fromrice  get is evaluating ODPs of two iodinated compounds, the fol-
paddies provided by Lee-Taylor and Redeker (2005), withlowing comparisons of 3-D model results with aircraft mea-
the reduced global estimate of 16 Gg¥found to yield bet-  surements are used to check if the model chemistry of at-
ter agreement between model and measurement. Figure rdospheric iodine described by Li et al. (2006) is reasonable
shows the geographical distribution of the annual averageenough to evaluate ODPs of iodine species. Figure 3 shows

Atmos. Chem. Phys., 10, 101283144 2010 www.atmos-chem-phys.net/10/10129/2010/
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PEM-Tropics A (Aug.-Sept.-Oct.) PEM-Tropics B (Mar.-Apr.)

e
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Fig. 3. Atmospheric concentrations of GHin the marine boundary layer. Circles are aircraft measurement data from PEM-Tropics A in
August-October (left) and PEM-Tropics B in March-April (right). The aircraft and model data are averaged between 0 and 1 km for boundary
layer concentrations.

atmospheric concentrations of simulated and measuredl CH of emission fluxes over oceans. The MOZART-3 CTM in the
in the marine boundary layer (MBL, averaged between Opresent study is driven by the WACCM meteorology. Since
and 1km). The distribution of atmospheric giHn the the climate model meteorology compared to assimilated data
MOZART-3 model shows distinct differences with overlay will not provide a good simulation of deep marine convec-
circles denoting collocated aircraft GHMBL concentra-  tive mass fluxes over the Pacific, it is not surprising that the
tions. The model overestimates observed mixing ratios oveMOZART-3 results show a less defined “C-Shaped” profile
the Southern Ocean, the Tasmanian Sea and the Northern Pdran the GEOS-Chem does in Bell et al. (2002).
cific at mid-latitudes. However, recently reported cruise data Discrepancy in spatial patterns of the simulated and ob-
by Butler et al. (2007) and Yokouchi et al. (2001) show high served CHI concentrations in the MBL is associated with
values over 1.5 pptv (see their Fig. 4) over the regions in theuncertain source emissions that need to be better understood.
same months. The correlation between simulated and meaHowever, the current model results qualitatively agree with
sured concentrations in MBL is weak+0.29). The discrep-  aircraft measurement data in vertical profiles. The good com-
ancies suggest an overestimated source or a missing sink fgrarisons between measured and modeledl@dncentra-
CHzal in the ocean and the model's difficulty of reproducing tions do not fully justify the set of iodine chemistry used in
the patterns in the C}iMBL concentration field is discussed our model simulations. However, those comparisons do de-
by Bell et al. (2002). note valid simulation of convective transport, vertical mixing
Observed vertical profiles of G are gridded into the and degradation chemistry of GH
MOZART-3 model grid boxes at the same locations and In simulating the effect of fast convective updraft at global
months. The observed GHprofiles for selected locations scale, such as large longitudinal gradients at a latitude cir-
with enough vertical information are compared with those of cle and the maximum tropospheric trace gas concentrations
model results in Fig. 4. Selected locations include grids neawith the overshooting features over land tropical convective
Fiji (18° S, 178 E), Hawaii (19 N, 155 W), Tahiti (17 S, systems, Park et al. (2004) showed overall good agreement
149 W), New Zealand (38S, 180 W), Easter Island (27S, between satellite observations and MOZART-3 simulations
109 W), and tropical central Pacific. Both simulated and for methane and water vapor in the upper troposphere and
observed CHhI concentrations decrease with height up to 4— lower stratosphere (UTLS). Therefore, the MOZART-3 sim-
6 km. Many of the profiles in Fig. 4 show enhanced concen-ulation in the UTLS region is overall success although there
tration in the middle and upper troposphere (UT) associatedare significant differences in the observed concentrations of
with deep convection, as also found in Bell et al. (2002). Thethe long-lived species between the continents. We note that
simulated and observed profiles are in good agreement; thi¢ is beyond our research scope to quantify the uncertainties
model reproduces the vertical gradient (decrease) with altiin global-scale model calculations in that the current hori-
tude in the lower atmosphere. However, over tropical centralzontal resolution could misrepresent subgrid convective pro-
Pacific regions, the simulated concentrations are over 4 timesesses along with the uncertain convection parameterization
lower than observed. The simulation of MBL @Honcen-  producing overshootings significantly high, rapid and intense
trations has errors possibly due to the lack in understandingnough for penetrating the lower stratosphere. However, the
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Fig. 4. Vertical profiles of CHI concentrations measured from aircraft and simulated by model. Horizontal bars are standard deviations
computed from the individual measurements. Solid black lines denote the corresponding model profiles.

substantial uncertainties in calculations of large-scale vertis Ozone Depletion Potentials for Cil and CH 3l
cal transport (and the contribution of overshooting convec-
tion) are topics that require more investigation.

Atmos. Chem. Phys., 10, 101283144 2010

Several earlier studies have evaluated potential effects of
CFsl on ozone in terms of ODPs. Assuming £LEmissions
from the Earth surface only, early studies obtained extremely
small ODPs of CEl, which were <0.008 by Solomon et
al. (1994) and 0.006 by Connell et al. (1996). Since the
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Table 2. Derived ODP values of Cff for mid-latitudes and tropics emission scenarios angdbr mid-latitudes emission scenarios using

the UIUC 2-D and the MOZART-3 3-D models.

Derived Global

Global Ozone Change
per Unit Mass

Species and . ST .

Model Scenario Lifetime® Emission [% yr Tq] Derived ODP
2-D 3-D 2-D 3-D 2-D 3-D

CFC-11 perturbation 57.3yr 53.7yr—12.949 -14.911 1.000 1.000

CRsl midlatitudes perturbation scenario  3.83days  5.03days-0.075 —0.126 0.006 0.008

CRsl tropical perturbation 0.99 day 1.13day —0.173 —0.245 0.013 0.016

CHgsl midlatitudes perturbation 13.49days 13.59days—0.207 —0.255 0.016 0.017

A: Derived lifetimes are global chemical lifetimes calculated using atmospheric total burden (loading) and chemical loss-rates in the models.

earlier studies, the laboratory results on iodine reactions keep Latitude-height distributions of zonal mean {Lkleter-
being updated. Using the 2004 version UIUC 2-D model, Li mined by the UIUC 2-D and the MOZART-3 3-D model
et al. (2006) re-evaluated the ODPs for surface emissions oére shown in Fig. 5. The contour lines are isolines of the
CRsl and determined ODPs of 0.013 for emissions evenlybase-10 logarithms of GFvolume mixing ratios where the
distributed over the Northern Hemisphere, 0.011 for emis-mixing ratios are scaled as per teragram of one yeajl CF

sions distributed over 3N to 60° N, and 0.018 for emis-
sions distributed over°ss to 30 N. The model used an up-

loading. 3-D model-determined distributions of annually av-
eraged CEl including topography and the tropopause varia-

dated representation of iodine chemistry (see Tables 1 and fons along longitudes show more detailed features than those
and Fig. 1 in Li et al., 2006) relative to the earlier studies of from the two-dimensional model. In general, {LHistribu-

the ODP of CEl (Solomon et al., 1994).
In this study, the ODPs for GFand CHsl have been eval-

tions from the different model simulations compare relatively
well, including the annual variation from January to Decem-

uated using the state-of-the-art MOZART-3 3-D CTM incor- ber (not shown).

porated with the chemical processes relative to the iodine- The annual average percent change in total inorganic io-
containing compounds as in Li et al. (2006). We also usedine (l,) mixing ratios per Tgyr! of CFsl surface flux

the current UIUC 2-D CRT model for direct comparison to in Fig. 6 shows agreement in pattern with that inzCh

the 3-D model results. Three-dimensional model case studiebig. 5. As expected, the Northern Hemisphere has a higher

for mid-latitude emissions of GFand CHsl and for tropical

mixing ratio of |, because of the direct influence of &F

emissions of CEl has been conducted to evaluate the po-However, since the values on contour lines in Fig. 6 are
tential effects of these postulated anthropogenic surface fluthe base 10 logarithm of yImixing ratio in ppt”, contour
emissions of halogenated VSL compounds on atmospherizalues of about-1.5 to —2.5 in the stratosphere amount

ozone based on the geographic distributions of emissions ito about 0.03 to 0.003 ppt which is not significant.

Fig. 1. Land-based emissions of &&and CHsl over the lat-
itude range of 30N to 6(° N used in the model correspond
to a total emission rate of 0.74 and 0.536 TgYyrrespec-
tively. An additional simulation for C§f land emission (total
0.73Tgyr 1) for 20° S to 20 N was also conducted.

The atmospheric burden changes okCfEH3I), 1, and
O3 per Tgyr! of CRsl (CHal) surface flux introduced to

De-
spite the very small concentrations, total inorganic iodine
from mid-latitude emission scenarios of iodine species in
the stratosphere in Fig. 6a (also in Fig. 8b) is noted because
the distributions shows asymmetry about equator, differently
from that from tropical emission scenario in Fig. 6b. It
would partly indicate dependency of short-lived ODS’s ODP
on emission location and support the existence of Northern

the UIUC 2-D CTM and MOZART are evaluated for the Hemisphere (NH) transport pathway (the NH summer mon-
troposphere and the stratosphere. The burden is obviouslgoons as regions for transport) to the lower stratosphere as
higher in the troposphere where the species is being emittedhown with satellite data and MOZART-3 output by Park et
or and its by-products are produced via degradation. Stratoal. (2004). The UIUC 2-D and MOZART 3-D models show a
spheric burdens are smaller because removal processes igeneral agreement in the transport and distribution of the |

cluding photo-dissociation of GFand wet scavenging of its

However, 3-D simulated,|for mid-latitude emissions shows

reaction products prohibit those iodine species from beingsmaller mixing ratio in the Southern Hemispheric strato-

transported into the stratosphere.

www.atmos-chem-phys.net/10/10129/2010/

sphere than 2-D simulated one does. Larger amounts of 3-
D I, for tropics emissions are elevated up to the tropopause
level.

Atmos. Chem. Phys., 10, 1007842010
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(a) CFsl for surface emissions over 30N-60N
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(b) CF5l for surface emissions over 20S-20N
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Fig. 5. Annually averaged CHf mixing ratios introduced into the atmosphere by one teragram of totgll &iFface emissions in ranges of

(a) mid-latitudes andb) tropics. The base 10 logarithm was taken of theyldRixing ratios determined by the two scenarios using two
different models after being scaled as per teragramgl @ading. The MOZART-3 3-D (UIUC 2-D) model results are on the left-hand-

side (right-hand-side). The tropopause levels are denoted by thick line and the 3-D model results only includes detailed topography and
tropopause variations.

Annually averaged ozone percent changes for mid-latitudeover mid-latitudes, total ozone change simulated by the 3-
and tropical emission scenarios relative to background atD (2-D) model is—0.381 (-0.228) in Dobson units (DU)
mospheric conditions are shown in Fig. 7 in the unit of and the ozone change throughout the tropospher®i833
% Tgtyr. Slight increases in ozone can be seen in the SH—0.197) DU. Despite different values in magnitude, the 2-
stratosphere but the increases are very small. 3-D model sim® and 3-D model-simulated results show clear similarity in
ulations show larger ozone depletion than the 2-D model simthat about 87% of atmospheric total ozone change is from
ulations as a result of the atmosphericsClBading and sub-  changes in the tropospheric ozone. The tropospheric ozone
sequent inorganic iodine products as seen in Figs. 5 and &hange is notable. Since the actual amounts of ozone deple-
There is general agreement between the 2-D and 3-D modetion in the stratosphere are exceeded by those in the tropo-
simulated patterns and amounts of ozone depletion per tersphere, Fig. 7 should thus indicate relatively small impacts
agram of one year G loading. Only a small amount of surface CF3l emissions on stratospheric ozone, or small
of I, reaches the levels above the tropopause. The agre€3DP.
ment between the two different model simulations is again
shown with calculations of total ozone. For §Llemissions

Atmos. Chem. Phys., 10, 101283144 2010 www.atmos-chem-phys.net/10/10129/2010/
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(a) Iy for surface emissions over 30N-60N
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Fig. 6. Logarithm of annually averageg mixing ratio changes per GFTg loading for(a) mid-latitude andb) tropical emission scenarios.

Figure 8 shows changes in annually-averageICH,, and CHsl emissions evenly distributed over the mid-latitudes
and Q3 that are made by C#i surface emissions over mid- of 30° N to 60° N, while the ODP for Cgl emissions dis-
latitude range of 30N to 60° N. Spatial patterns of changes tributed over 20S to 20 N is 0.013.
inl, and G due to the CEl and CHsl mid-latitude emissions The 2-D and 3-D model-derived lifetimes of glFand
in Figs. 6a and 7a and Fig. 8c are very similar. However, theCHsl are comparable to the values reported in Chapter 2 of
loading of CHl into the atmosphere yields larger depletion WMO (2003, 2007). Consistently with ozone depletion dis-
of atmospheric ozone than that of gkloes because GH tributions in Fig. 7, three-dimensional ODPs for {Land
has longer lifetime (see Table 2). CHjsl are higher but are in good agreement with 2-D ODPs.

ODPs are a vital part of the current U.S. Clean Air Act, in Both models show the dependence of the ODPs ofl GR
which 0.2 is the upper bound of ODP values of any chem-the location of emissions. The gFODP for tropical emis-
ical that is not controlled. However, much smaller ODPs sions is twice that found for mid-latitude emissions. The
are considered to still be of concern in recent policy consid-consistent results obtained with different models for the two
erations. Global atmospheric chemical lifetimes and ODPsodine compounds is in part attributable to the consistent set
of iodine compounds for the surface emission scenarios irof chemistry incorporated into the models. The computation-
Fig. 1 are summarized in Table 2. The 3-D model-basedally efficient zonally-averaged 2-D model still appears to per-
ODPs for mid-latitude emission cases of{LBnd CHsl are  form relatively well in the ODP studies of those VSL species.
0.008 and 0.017, respectively, and that for tropical emissionThis is in part because the residual circulation used in the 2-
case of CEl is 0.016. For comparison, the 2-D model-based D advection well represents mass transport in latitudinal and
ODPs obtained are 0.006 and 0.016, respectively, fas CF vertical (meridional) directions.

www.atmos-chem-phys.net/10/10129/2010/ Atmos. Chem. Phys., 10, 1007842010
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(a) O3 Change for CF3I Emission over 30N-60N
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(b) O3 Change for CF3l Emission over 20S-20N
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Fig. 7. Annually averaged ozone percent changegdpmid-latitude andb) tropical emission scenarios relative to background atmospheric
conditions without CEl emissions in the unit of % T yr.

The global lifetimes of Cgl are smaller than those for The fraction of VSL compounds involved in ozone de-
CHal. This accounts for the smaller ODP values ofsCF pletion depends strongly on the location of the surface
than that of CHI. The shorter lifetimes of the iodinated VSL sources. The atmospheric distribution of the source gases
compounds, when compared with most brominated VSLis determined by competitive atmospheric processes includ-
compounds, suggest less efficient transport of total inorganiéng vertical transport and chemical destruction or removal
iodine to the stratosphere and thus smaller ODPs. via washout. 3-D model-derived ODPs of £fland CH;l
for mid-latitude emissions case are 0.008 and 0.017, respec-
tively. The 2-D model gives similar ODP values, 0.006 for
CFRsland 0.016 for CHI, despite of the limited 2-D represen-
tations of atmospheric processes. The 3-D and 2-D model-
The MOZART-3 3-D CTM, fully representing the tropo- derived_CE,I ODRP for tropical emissionsz 0.0_16 _and 0.013,
sphere and stratosphere, as well as the current version of t{§SPectively, also agree well. The chemical lifetime ogCF
UIUC 2-D model, has been used to evaluate the potential effrom t_rop|cal emissions is shorter than that for mld_—latltude
fects of CRl and CHl on atmospheric ozone. Through the emissions due to fgst phot_oly;us but the model-derived ODP
model analyses, we have calculated ODPs for the two io_values for CEl tropical emissions are Igrger (see Table 2).
dinated VSL compounds to evaluate the relative effects on' '€ 1arger Ckl ODPs for tropical emissions can be ex-

global atmospheric ozone from surface emissions of suctplained by the rapid vertical transport due to convective activ-
questionable gases. ities in equatorial regions that is more effective in the vertical

6 Key findings and conclusions

Atmos. Chem. Phys., 10, 101283144 2010 www.atmos-chem-phys.net/10/10129/2010/
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(a) CHsl for surface emissions over 30N-60N
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Fig. 8. Annually averaged changes (a) CHzl and (b) Iy, (c) ozone for CHI mid-latitude emission scenario relative to background

atmospheric conditions without GHemissions.

transport of total halogens since the transport timescale inndirect GWPs. Trace gas changes in perturbed model atmo-
convection events (hours) is shorter than chemical loss osphere for the calculation of ODP are determined with two

washout removal timescale.

steady-state (perturbed and baseline) model atmospheres for

] each scenario so that the limitation of the 2-D model mostly
~ Youn et al. (2009) showed that the differences betweenyeated to zonally-asymmetric features such as tropospheric
time variations of Halon perturbations and ozone changesgircylation and stratospheric ozone hole does not signify in
simulated by both the 2-D and 3-D models, were found notihjs study of evaluating potential impacts on global ozone

to give significantly different values for both the direct and

www.atmos-chem-phys.net/10/10129/2010/
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using the two simulations. Also, the 2-D model is expected toBey, I., Jacob, D. J., Yantosca, R .M., Logan, J. A., Field, B., Fiore,
yield similar mass transport to the 3-D model as long as both A. M., Li, Q., Liu, H., Mickley, L. J., and Schultz, M.: Global
large-scale transport features and eddy effects in the atmo- modeling of tropospheric chemistry with assimilated meteorol-
sphere are reasonably consistent in the 2-D models. There- 09y: Model description and evaluation, J. Geophys. Res., 106,
fore, despite known limitations of the 2-D model, the 2-D 23073-23 096, 200_1-

model with shorter integration time step for simulating the 5/2ke. N-, Blake, D., Simpson, I, Lopez, J., Johnston, N., Swanson,

very-short lived compounds in this study is proven to be use- A., Kaizenstein, A., Meinardi, S, Sive, B., Colman, J., Atias, E.,
ful y P yisp Flocke, F., Vay, S., Avery, M., and Rowland, F.: Largescale lati-

tudinal and vertical distributions of NMHCs and selected halo-
We simulate background concentrations of{Ctsing the carbons in the troposphere over the Pacific Ocean during the
MOZART-3 3-D CTM to evaluate the model results with  March—-April 1999 Pacific Exploratory Mission (PEM-Tropics
aircraft measurement data. Using §Hsource emission B), J. Geophys. Res., 106, 32 627-32 644, 2001.
fluxes reported by the previous studies and calculated fronBridgeman, C. H., Pyle, J. A., and Shallcross, D. E.: A three-
the oceanic mixed layer model coupled to the GEOS-Chem dimensional model calculation of the ozone depletion potential
3-D CTM, there were discrepancies in spatial patterns of ©f 1-bromopropane (1-C3H78Br), J. Geophys. Res., 105, 26,493
simulated and observed GHconcentrations in MBL. How- __26'502' 2000. ) _ _
ever, the current model results qualitatively agree with air-BOSCh’ H., Camy-Peyret, C., C.h'p.perﬁe'd’_ M. P., F_|tz_enberger, R,
. - . Harder, H., Platt, U., and Pfeilsticker, K.: Upper limits of strato-
craft measurement data in vertical profiles of{Lk the at- spheric 10 and OIO inferred from center-to-limb-darkening- cor-
mosphere. Therefpre., the MO,ZART'3 model can be used t_o rected balloon-borne solar occultation visible spectra: Implica-
evaluate ODPs of iodine species as long as postulated emis- tjons for total gaseous iodine and stratospheric ozone, J. Geo-
sions are used. From the simulation of backgroundICH  phys. Res., 108(D15), 4455, doi:10.1029/2002JD003078, 2003.
concentration, we found that about 2.6% of total inorganicButler, J. H., King, D. B., Lobert, J. M., Montzka, S. A., Yvon-
iodine as the upper limit is transported across the tropopause Lewis, S. A., Hall, B. D., Warwick, N. J., Mondeel, D. J., Aydin,
into the stratosphere. M., and Elkins, J. W.: Oceanic distributions and emissions of

The extremely small ODPs for GFand CHl values in- short-lived halocarbons, Global Biogeochem. Cy., 21, GB1023,
dicate that little of the CHl or CHsl, and their reaction prod- Ca(:ggi?érwf%/ ??ggﬁf%otzhg\zﬂé %i(r)‘n(()e?éoundary Layer. Chern. Rev
ucts containing iodine atoms, would reach the stratosphere: 103, 49534962, 2003.

Most of the iodine would be removed rapidly from the atmo- Chameides, W. L. and Davis, D. D.: lodine: Its possible role in

sphere by rainout processes. These studies also emphasmetropospheriC photochemistry, J. Geophys. Res. 85, 7383-7398,
the importance of using state-of-the-art three-dimensional 1g9gg.
numerical models of the chemistry and physics of the tropo-choi, W. and Youn, D.: Effects of physical and numerical schemes
sphere and stratosphere in evaluating the ODPs of replace- on model-calculated ozone distribution in the stratosphere, Ko-
ment compounds for short-lived compounds. rean J. Atmos. Sci., 3, 39-52, 2001.
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