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Abstract. The existing solvents trichloroethylene (TCE) and trichloroethylene (TCE, chemical formulgBCls) and per-
perchloroethylene (PCE) and proposed solvent n-propyl brochloroethylene (PCE, chemical formula@y, also named
mide (nPB) have atmospheric lifetimes from days to a fewtetrachloroethylene). TCE is widely used as an industrial sol-
months, but contain chlorine or bromine that could affectvent; PCE is commonly used in fabrics dry-cleaning, metal
stratospheric ozone. Several previous studies estimated ttgegreasing, as well as a feedstock for chemical manufac-
Ozone Depletion Potentials (ODPs) for various assumptiongure. As discussed in the 2002 World Meteorological Or-
of nPB emissions location, but these studies used simplifiedjanization international stratospheric ozone assessment (Ko
modeling treatments. The primary purpose of this study iset al., 2003), four modeling studies (Wuebbles et al., 1999,
to reevaluate the ODP for n-propyl bromide (nPB) using a2001; Bridgeman et al., 2000; Olsen et al., 2000) have pre-
current-generation chemistry-transport model of the tropo-viously evaluated Ozone Depletion Potentials (ODPs) for
sphere and stratosphere. For the first time, ODPs for TCEhPB. These studies used the modified concept for ODPs that
and PCE are also evaluated in a three-dimensional, global atccounts for the location of emissions (Wuebbles and Ko,
mospheric chemistry-transport model. Emissions representt999) as compared to the original definition developed for
ing industrial use of each compound are incorporated on landonger-lived gases. However, none of the nPB studies evalu-
surfaces from 30N to 60° N. The atmospheric chemical life- ated the ODPs using a three-dimensional chemistry-transport
time obtained for nPB is 24.7 days, similar to past literature,model of the troposphere and stratosphere with complete rep-
but the ODP is 0.0049, lower than in our past study of nPB.resentation of relevant chemistry processes. The purpose of
The derived atmospheric lifetime for TCE is 13.0 days andthis study is to update the ODPs for nPB using such a model.
for PCE is 111 days. The corresponding ODPs are 0.0003Tn addition, ODPs of TCE and PCE are evaluated, though
and 0.0050, respectively. the primary environmental concerns about these compounds
relate to their toxicity, as summarized in OEHHA (1999,
2000).

In the earlier nPB studies, Wuebbles et al. (1999) used a
zonally-averaged two-dimensional (2-D) model to estimate
n-propyl bromide (chemical formula GJEH,CH,Br, also  the ODP. Olsen et al. (2000) applied the low-resolutioh (8
named 1-bromopropane and abbreviated below as nPB) hagtitude x10” longitude x9 layers) three-dimensional (3-D)
been proposed as a potential replacement for compounddC! tropospheric chemical-transport model to determine the

that have been used as solvents for many years includingmount of very short-lived (VSL) substances for a range
of atmospheric lifetimes, and for various seasons and lati-

tudes of emission, reaching the tropical tropopause. Then by

Correspondence tD. J. Wuebbles scaling the ODP values from 2-D model results (Wuebbles
m (wuebbles@atmos.uiuc.edu) et al., 1999), they estimated ODP values for nPB ranging
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from 0.0002 (for summer emissions at’®to 64 N)toas 2 Methodology

large as 0.06 for tropical emissions. Bridgeman et al. (2000)

used the TOMCAT 3-D global chemical-transport model The ODP concept (Wuebbles, 1981, 1983) arose as a means
(5.6°x5.6°x 31 levels) to evaluate the atmospheric lifetime of determining the relative ability of a chemical to destroy
and amount of nPB reaching the stratosphere as a functiogtratospheric ozone. ODPs are an integral part of national
of location and season of emission. They calculated ODP#nd international considerations on ozone-protection policy,
empirically, based on the derived lifetime and the fraction of including the Montreal Protocol and its Amendments and the
nPB emissions reaching the stratosphere. For nPB, they ddJS Clean Air Act. ODPs provide an important and relatively
rived ODPs that vary from 0.0033 for emissions from Europestraightforward way of analyzing the potential for a new
to 0.0109 for emissions from Indonesia. The study assumeghemical to affect ozone relative to the CFCs, Halons, and
that any bromine atoms released in the troposphere would bether replacement compounds. ODPs are currently deter-
removed by rainout with 100% efficiency before reaching themined by two different means: calculations from chemistry-
stratosphere. Thus, their derived ODPs only considered th&ansport models of the global atmosphere (CTMs), and cal-

direct nPB reaching the stratosphere. culations using a semi-empirical approach (Solomon et al.,
Wuebbles et al. (2001) used the MOZART-2 3-D 1992).
chemical-transport model {&5° x 34 levels) in combination An ODP is a relative measure of the expected cumulative

with studies using their 2-D model in examining the potential effect on stratospheric ozone per unit mass emission of a gas
effects of nPB on stratospheric ozone and the correspondsompared with the expected effect from the same mass emis-
ing set of ODPs for nPB, and attempted to quantify degradasion of CFC-11. Therefore, it is defined as the change in to-
tion product effects. With available information, bromoace- tal ozone per unit mass emission of the gas, relative to the
tone was the intermediate degradation product which had thehange in total ozone per unit mass emission of CFC-11.
largest concentration and had a local photochemical lifetimeODP by itself does not, however, indicate the actual emis-
more than 1 day. For nPB emitted equally over global landsions or the amount of ozone depletion that has occurred or
masses north of 86 and south of 70N, their 3-D model  might occur.
calculations suggest that about 0.44% of the emitted bromine Traditionally, zonally averaged 2-D CTMs were used for
enters the stratosphere. About 33% of the bromine reachingalculating the ozone response in the stratosphere. Past ODP
the stratosphere results from the direct transport of nPB to thevaluations were conducted for chemicals with atmospheric
stratosphere and about 19% due to the transport of bromoacéifetimes more than approximately one year. Such long-lived
tone to the stratosphere. The rest (48%) is from transport ofjases mixed well throughout the troposphere after surface
inorganic bromine. release, and large fractions of the surface emissions reached
These studies indicated the potential importance of conthe stratosphere. However, many of the compounds now be-
sidering both pathways in deriving the halogen reaching theng considered either for new applications or as replacements
stratosphere and the resulting ODPs for VSL gases like nPBfor substances controlled under the Montreal Protocol are de-
However, measurements by Burkholder et al. (2002) suggestigned to be short-lived, on the order of days to a few months,
that the local lifetime of bromoacetone is a few hours ratherso as to reduce the impacts on ozone and climate. These
than at least one day as assumed in Wuebbles et al. (20013hort-lived replacement gases still can be vertically trans-
Ko et al. (2003) modified the Wuebbles et al. (2001) ODP ported into the lower stratosphere by intense convection in
values to account for this overestimate of the bromoacetonéhe tropical troposphere, which is relevant to possible effects
atmospheric lifetime. For nPB emissions at midlatitudeson ozone from these compounds. Thus, the ODP of a VSL
(North America, Europe, and Asia —roughly°30to 60° N), species depends upon its distribution in the atmosphere and
the modified ODPs range from 0.017 to 0.026. the location of its source (Wuebbles and Ko, 1999; Wueb-
Since the earlier studies were published, much more hasles et al., 2001; Ko et al., 2003). Unfortunately, the de-
been learned about the oxidation of nPB and the chemistryermination of ODPs for these gases is not straightforward
of nPB degradation products in the atmosphere. In additiorbecause their short atmospheric lifetimes leave them poorly
to the Burkholder et al. (2002) study of bromoacetone, theremixed in the troposphere. Because they lose halogens in the
have been new measurements and analyses of nPB reactittoposphere, VSLSs can also causgd@pletion in the tro-
with OH (Gilles et al., 2002; Mamez-Aviles et al., 2008a) posphere, where bothzJrecursors and loss processes are
and of the specific reactions and reaction rates in the reactiohighly variable with longitude and thus not easily treated in
mechanism after initiation (Mdrtez-Aviles et al., 2008b). the zonal average. Also, the traditional 2-D model analysis of
We have incorporated these new findings into the reactioODDPs is not sufficiently accurate to calculate the integrated
mechanism used in the modeling studies. amount of the halogenated VSL source and reaction product
gases in the troposphere that enter the stratosphere (Wueb-
bles et al., 2001).
3-D CTMs representing the complete troposphere and
stratosphere are necessary for evaluating the halogen loading
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and ozone depletion for VSL species. Thus the definitionby meteorology fields derived from the Whole Atmosphere
of ODPs has been revised for VSL compounds (WuebblesCommunity Climate Model (WACCM) version 1b (Sassi et
et al., 2001; Ko et al., 2003). The new ODP definition for al., 2004). MOZART-3 thus has a 2.8esolution in latitude
the VSL compounds accounts for the variation that can oc-and longitude and a hybrid sigma-pressure vertical coordi-
cur in the ODP as a function of where and when the com-nate including 66 layers from the surface to $10-®hPa
pound is used and emitted. The most important factor in(approximately 140 km).
evaluating the ODP of VSL compounds is shown to be lat-
itude distribution of the surface emissions because halogend-2 Atmospheric oxidation of nPB, TCE, and PCE
from source gases emitted at higher latitudes are less likelyto . o . . .
reach the stratosphere than from source gases emitted in tHB this study, the initiating reaction of 'nPB with OH radical
tropics (Bridgeman et al., 2000; Olsen et al., 2000; Wueb-'S based on the rate constants from Gilles et al. (2002):
bles et al., 2001). 3-D CTMs, which include a much more xnpPB+OH—» CHsCH,CHBr+H,0) = 1.44x 10~ 2exp(—450/7)  (1a)
comprehensive treatment of transport than available for 2-D oo
models, are now preferable for calculations of ODPs both for* ("7B+OH— CHCHCH,Br+H20) = 2.54> 101 exp 265/ 1) (1b)
the longer-lived gases and for the very short-lived candidate (nPB+0OH— CH,CH,CH,Br +H,0) = 2.89x 10~ 2exp-957/T)  (1C)
replacement compounds. These models can not only deter- o
mine the amount of the substance reaching the stratospheyéhe;]% thel teTpielrathE :S n Kf arr:d ratt;a constants are
directly but can also follow the processes affecting the reac—'t? Cthe n:;) d(iac(;lss r'o durc]:&elgstI)S OOIEi (raezlcj:ticsjﬁq\lljv(iatﬂt ;E)%Ct;?;;
tion products. Studies suggest that most chlorine or brominﬁ-\/ly . AVIIE P | ZOOg b hat th I
that reaches the stratosphere from VSL substances is trans-amnez' viles et al. (. a, b) suggests t_at_t_ € only
ported there in reaction products (Wuebbles et al., 2001, Koqrganobr_omlne degradaﬂo_n product to have aS|gn|f|_cant Infe-
etal., 2003; Law et al., 2007). tm”_ne agamst_ further react|0_n and to be produced in a sig-
' nificant fraction of the nPB input to the atmosphere is bro-
moacetone, CklC(O)CH,Br (abbreviated as BrAc below).

The absorption cross sections and photolysis quantum yields

This study uses the current-generation 3-D model of gIobalfor_l_irACh?f Burltholdezaec;[éll. (ZdO_(lJ_é)Eare used in th(ijs study. .
atmospheric chemistry and physics developed by the Na- € chloroalkenes an are expected to react in

tional Center for Atmospheric Research (NCAR) called té‘_e Catdmozf)hﬁre grimr?rily by addition Off O? radic:(lj.tg the
the Model for OZone And Related Tracers version 3.1~~~ double bond. The rate constants for these addition re-

(MOZART-3). MOZART-3 has been used to explicitly actions are taken as the high-pressure limit expressions from

calculate the impact of halocarbon emissions added at thfahe JPL 2006 photochemical data evaluation by Sander et

Earth surface into the atmosphere on ozone depletion. Th@l' (2006):
MOZART-3 CTM includes a complete representation of tro- k(PCE+ OH) = 4.7 x 10~ *2exp(—990/ T) 2)
pospheric, stratospheric, and upper atmospheric processes _
(Kinnison et al., 2007). It incorporates a full stratosphere, in-i(TCE—i_OH) =800 10~ Pexp300/T) ©)
cluding the chemistry of chlorine species {(Chnd bromine  where the temperaturE is in K and rate constantsare in
species (By) important in stratospheric ozone calculation cmmolects™1. The PCE + OH rate constant expression
as well as updated hydrogen, nitrogen, and hydrocarborin the IUPAC photochemical data evaluation (Atkinson et al.,
oxidation chemistry relevant to stratospheric and tropo-2008) agrees with that in Sander et al. (2006) to within 6%
spheric chemistry included in the lower atmospheric ver-for T of 200 to 300 K. The TCE + OH rate constant expres-
sion, MOZART-2 (Horowitz et al., 2003). The water-soluble sion from Atkinson et al. (2008) agrees with that given by
Cly species HCI, HOCI, and CIONfQand the water-soluble  Sander et al. (2006) fdf of 240 to 300 K; while the IUPAC
Bry species HBr, HOBr, and BrONfare removed from the  values are more than 10% higher for T below 240 K, this is
MOZART-3 atmosphere by tropospheric wet deposition with not expected to produce much difference in the TCE lifetime
the same rate constant as used for HN®epresentations because limited amounts of TCE reach colder temperatures
of relevant heterogeneous and physical processes for winin the upper troposphere (see Fig. 4a below).
ter/spring polar vortex related to ozone destruction are also Radicals produced by OH addition to PCE or TCE then are
fully included in the model. This model has been evalu- likely to add G, then react with NO to produce chlorinated
ated extensively via comparisons with measurements of athydroxyalkoxy radicals. In this study, we have approximated
mospheric trace gases from satellite data and measuremetiie subsequent chemistry as release of all chlorine within one
campaigns (e.g., Wei et al., 2003; Pan et al., 2007). time step. The chlorinated hydroxyalkoxy radicals are likely
Chemical reaction-rate constants and photochemical dattéo produce phosgene (GO) for both TCE and PCE and
for reactions other than those of nPB, its degradation producthloroformaldehyde (CHCIO) for TCE, which react further
bromoacetone, TCE, and PCE follow the recommendationdy both OH and photolysis under daytime conditions suitable
of Sander et al. (2003). The MOZART-3 CTM is driven for oxidation of PCE or TCE.

2.1 Atmospheric model

www.atmos-chem-phys.net/11/2371/2011/ Atmos. Chem. Phys., 11,2330-2011



2374 D. J. Wuebbles et al.: Model evaluation of nPB, TCE, and PCE Ozone Depletion Potentials

2.3 ODP from MOZART-3 common basis in the figures that follow. ODP is a measure
of relative decrease in globals(ourden, so that we select
We evaluate the atmospheric lifetimes and Ozone Depletiorl% decrease in global{burden arising from each VSLS
Potentials (ODPs) for the three compounds in the MOZART-scenario as that common basis. Because theuden loss
3 CTM. A steady-state background atmosphere corresponds expected to be proportional to the flux of each VSLS and
ing to the year 2000 was derived assuming fixed surfacdo the increase in Glor Bry resulting from addition of that
mixing ratios for long-lived gases (such as nitrous oxide, VSLS to MOZART-3, we divide each model output (annual-
methane, chlorofluorocarbons, and other halogenated sour@nd zonal-average VSLS mixing ratios, Qr Bry mixing
gases) and fixed emissions for short-lived gases. An ODPatio perturbations, percent changes ifnrixing ratio, and
calculation in an atmospheric CTM requires two perturba-BrAc mixing ratios for nPB as the VSLS) presented in the
tion runs for comparison to the CTM reference atmospherefigures below by the total global {burden loss averaged
a CFC-11 (CFG, also known as trichlorofluoromethane) over the year for that VSLS as calculated in MOZART-3.
run and a run incorporating the compound under evalua\We refer to these values from MOZART-3 divided by global
tion. The perturbations of CFC-11 or of the compound underOz burden loss by the phrase “per 1% Rurden loss” in this
evaluation are selected to give similar decreases in globallydiscussion.
averaged @ that are less than one percent. Emissions of
nPB, TCE, and PCE were assumed to occur entirely on Ian% 1 nPB
at midlatitudes in the Northern Hemisphere, front BOto '
60° N (which corresponds to where the vast majority of cur-
rent or future emissions are also expected to occur). In adThe nPB flux used to illustrate industrial use is a rate
dition, for nPB the atmospheric lifetime and ODP was de- of 8.64x10® moleculescm?s~ from all land at latitudes
termined assuming emissions evenly distributed over land30° N to 60° N, for a total nPB emission rate of 2.48 Tgyr
globally, from 60 S to 70 N. Each CTM perturbation is run  That flux required 7 model years to reach steady state and
to steady state, after which the change in totgltdrden  resulted in a global @burden decrease of 0.214%, of which
in the atmosphere and the flux of the substance causing th@.123% was above the tropopause. Figure 1 shows the de-
ozone change are calculated for the CFC-11 run and for théived annual and zonal average distribution of nPB, the corre-
run of the compound under study. The ODPs calculated irsponding distribution of BrAc and change inyBand the re-
this study use the global totalsGburden loss becausezO  sulting change in the distribution of tropospheric and strato-
absorbs harmful solar ultraviolet radiation whether or not it Spheric Q divided by the 0.214% decrease in global ieir-
is located in the stratosphere; we do not attempt to separatden. In each part of this and subsequent figures, the dot-
ODP into tropospheric and stratospheric components, thougked white line indicates the average pressure level of the
we do note the fraction of ©burden loss that occurs in the MOZART tropopause. The nPB mixing ratio per 19 O
troposphere for nPB, TCE, and PCE below. burden loss in Fig. 1la peaks at the emissions region with
The CFC-11 perturbation used in MOZART-3 for this little reaching the Southern Hemisphere, and no more than
study is an increase of the fixed surface mixing ratio by 10 ppt, or 2% of the 349 ppt maximum mixing ratio, reaches
80 ppt. This perturbation required 10 years of model timethe tropopause. The potential product gas injection BrAc
to reach a steady state globag Gurden loss 0f-0.594%.  mixing ratio per 1% @ burden loss peaks at 2.1 ppt near
The change in CFC-11 loss rate due to that perturbation i¢he surface in Fig. 1b, and its maximum mixing ratio at the
0.0335 Tgyr?, which equals the increase of CFC-11 flux at tropopause is less than 0.02 ppt. However, the fRartur-
the surface in the model. nPB, TCE, and PCE fluxes added t®ation per 1% @ burden loss in the Northern Hemisphere
the model in this study are chosen to provide globabOr- exceeds 2.5 ppt for much of the lower stratosphere, as shown
den losses less than 1% and similar, ideally to within a fac-in Fig. 1c. The stratospheric Bperturbation in excess of
tor of two, to 0.594% as obtained for CFC-11; these fluxesnPB mixing ratios at the tropopause suggests thatrBthe
are not intended to represent historic, current, or likely fu-stratosphere is increased by some means besides the nPB that
ture emissions of any of these compounds. We ran all of theeaches the stratosphere. The minimum Berturbation in
model calculations on the same compute platform in order tdhe tropics suggests that the remainder of the stratospheric
avoid possible portability issues. Bry perturbation could be due to a decrease in the ngt Br
transport from the stratosphere to the troposphere caused by
the By, increase in the Northern troposphere. nPB increases
3 Results Bry by at least 1 ppt everywhere in and above the MOZART
stratosphere, and thes@erturbation percentage per 1% O
This study considers three VSLSs with a variety of surfaceburden loss in Fig. 1d includes both a peak in the Northern
fluxes introduced into the MOZART-3 CTM and a signifi- polar upper troposphere and a secondary maximum near the
cant range of atmospheric lifetimes. In order to enable com-South Polar tropopause with minimag@ss in the tropics
parison among these results, we sought to present them onaround 10 hPa. The atmospheric chemical lifetime obtained
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for nPB is 24.7 days, comparable to the value reported in
Ko et al. (2003), and the chemical lifetime for BrAc is 5.4 h,
consistent with the estimate of Burkholder et al. (2002). The
ODP obtained for nPB is 0.0049, smaller than the value re-
ported previously. This ODP is lower by a factor of more
than three compared to the most comparable value reported
in Tables 2—12 of Ko et al. (2003), 0.017 for emissions from
North America, Europe, and Asia with the correction for re-
duced BrAc using maximum rainout of Bspecies in Wueb-
bles et al. (2001). Atmospheric lifetimes and ODPs for nPB,
TCE, and PCE obtained in this study are summarized in Ta-
ble 1.

A study with nPB emissions of 2.90L0° molecules cm?
s 1 evenly distributed over land surfaces from°&0 to
70° N, which totals 2.49 Tgyr! and is comparable to the

Approximate pressure/hPa

-30 0 60 20
Latitude/degrees N

10 T T T T T

2.500

g 1.000 "global” case in Wuebbles et al. (2001), was also conducted
s in MOZART-3; this perturbation also required 7 model years
& 0.025 to reach steady state with a global ©olumn change of
£ | [y —0.470%. The nPB annual and zonal average mixing ra-
§ | Py tios divided by 0.470 to represent 1% global kurden loss,
~ o000 shown in Fig. 2a, show that penetration to the tropopause
is more symmetric than for 3860° N emissions, and be-
%0 0 60 % tween 1 and 2.5 ppt of nPB reaches the tropopause at all lati-

-30 0
Latitude/degrees N

tudes north of 25S. While the BrAc distribution per 1% £
burden loss in Fig. 2b is also more symmetric than that for
30°—6C N nPB emissions, the peak mixing ratio is 0.43 ppt

o 20.00¢ compared to a maximum nPB mixing ratio of 110 ppt in
3 ‘2"5":; Fig. 2a, and the maximum tropopause BrAc mixing ratio is
a 1.000 less than 0.005 ppt. The Bperturbation per 1% ©burden

g zf:z loss from these nPB emissions, shown in Fig. 2c, is more
H | [ than 2.5 ppt throughout much of the stratosphere up to the 10
< g %o hPa pressure layer, but the Brerturbation at the tropopause

— 0.000

is smaller for 30 S to 30 N than for surrounding latitudes
outside that range. As with Fig. 1a—c, the fact that strato-
spheric By increases more than the maximum stratospheric
Lﬂ / nPB mixing ratio indicates that in addition to the component
h o from nPB reaching the stratosphere, stratospherjcfidm
nPB in MOZART-3 could be increasing in part because of

-90 -60 30 60 90

-30 0
Latitude/degrees N

— 0.000

£ — 0100 decreased net Bitransport from the stratosphere to the tro-
| [ posphere resulting from increased,Boncentrations in the
3 2000 extratropical troposphere. Theg@ercent loss profile per 1%
5 6000 O3 burden loss from these nPB emissions shown in Fig. 2d
g o again peaks at either pole, but the South Polar tropopause
12000 is the maximum loss and the reduction in tropical tropo-
spheric Q is greater than for 38-60° N emissions in Fig. 1d.
20 60 % tudorSegroos N 60 % For the global emissions case, the derived atmospheric life-

time of nPB is 19.6 days, nearly the same as in Wuebbles
Fig. 1. Annual- and zonal-average mixing ratio changes calculatedet al. (2001), and the resulting ODP is 0.011, more than a
in MOZART-3 for n-propyl bromide (nPB) emissions evenly dis- factor of two lower than the global high wet-deposition ODP
tributed on land surfaces from 38l to 60° N totaling 2.48 Tgyr 2, reported in Wuebbles et al. (2001) or the 0.027 value given in
divided by 0.214 to correspond to 1% decrease in global total 0zon& et al. (2003) Table 2—12 for that Wuebbles et al. (2001) re-
(O3) burden.(2) nPB in ppt;(b) bromoacetone (BrAc) in pp(c)in- gyt after correction for the revised BrAc lifetime. The com-
organic bromine species (frin ppt; (d) Og in percent. Inthisand  31isons of current ODPs with the values reported in Ko et
Z'rllgozlfxﬂgvzgz;s{rézis:f;d white line represents the annual-, *5003) after BrAc lifetime correction indicate thag @

' MOZART-3 is less sensitive to Brfrom nPB than was the
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Table 1. Derived atmospheric lifetimes and ODPs.

Gas Emissions Latitudes Lifetime, days ODP

nPB 30 N-60° N 24.7 0.0049 w0000
nPB 60 S-70 N 19.6 0.011 2000
TCE 30° N-60° N 13.0 0.00037 25000
PCE 30 N-60°N 111 0.0050 10000

2.500
1.000
0.250
— o0.010
— 0.001
— 0.000

Approximate pressure/hPa

Table 2. Summary of lifetimes and ozone changes in MOZART-3
for two total surface fluxes of trichloroethylene (TCE) fron 30 - .
to 6C° N land surfaces. Latitude/degrees N

10 T T T T T

30

TCE flux, Tgyr! Lifetime, days Q@ column change, % ODP

12.9 13.0 —0.0851 0.00037
51.7 13.8 —0.338 0.00037

2.500
1.000
0.250
0.100
0.025
0.010
0.005
— 0.002
— 0.001
— 0.000

Approximate pressure/hPa

case for the combination of MOZART-2 with the UIUC 2-D
model as used in Wuebbles et al. (2001).

3.2 PCEandTCE

-90 -60 60 90

0 0
Latitude/degrees N

The MOZART-3 CTM with added surface flux for land from
30° N to 60 N is run to near-steady-state for TCE and for
PCE as with nPB fluxes. After 9 years model time to reach
steady state, a PCE surface flux of 3.91 Tghin MOZART-

3 results in a global @column change 0f0.344%. The
annual and zonal average mixing ratio distribution due to
PCE divided by 0.344 to represent 1% globallidirden loss

is shown in Fig. 3a. PCE reaches the tropical tropopause
at a markedly higher fraction of the peak mixing ratio than
for nPB (compare Fig. 1a). The tropopause PCE mixing
ratios, which range from 100 ppt at the North Pole to less 50 50
than 50 ppt poleward of 435, are consistent with the strato-
spheric G} perturbation per 1% ©burden loss of up to
0.35ppb in Fig. 3b because each PCE molecule carries four
chlorine atoms and because the small values of tropospheric
Cly perturbation form a similar pattern to those from longer-
lived chlorocarbons such as HCFC-123. PCE seems likely to
transport G} to the stratosphere as PCE by a combination of
tropical and extra-tropical transport, unlike the case fgr Br
from nPB. Figure 3c shows thatzQoss from PCE per 1%

O3 burden loss occurs mostly at polar latitudes with a max-
imum loss in the South Polar lower stratosphere. The PCE
atmospheric lifetime obtained is 111 days, and the ODP cal-
culated for PCE in MOZART is 0.0050, among the lowest of
values obtained for any chlorocarbon so far.

TCE was run at two surface fluxes for which the MOZART
results are summarized in Table 2. The initial run using
51.7 Tgyr! with 7 model years to reach steady state pro-
duced a global @column decrease of 0.338% with an atmo-
spheric lifetime of 13.8 days. Figure 4a shows the annual and
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Fig. 2. Annual- and zonal-average mixing ratio changes calculated
in MOZART-3 for nPB emissions evenly distributed on land sur-
faces from 60S to 70 N totaling 2.49 Tgyr1, divided by 0.470

to correspond to 1% decrease in global totglDrden.(a) nPB in

ppt; (b) BrAc in ppt; (c) Bry in ppt; (d) Oz in percent.
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Fig. 3. Annual- and zonal-average mixing ratio changes calculatedFig. 4. Annual- and zonal-average mixing ratio changes calculated
in MOZART-3 for perchloroethylene (PCE) emissions evenly dis- in MOZART-3 for trichloroethylene (TCE) emissions evenly dis-
tributed on land surfaces from 301 to 6(° N totaling 3.91 Tgyr 1, tributed on land surfaces from 30! to 6(° N totaling 51.7 Tgyr 1,
divided by 0.344 to correspond to 1% decrease in global togal O divided by 0.338 to correspond to 1% decrease in global total O
burden.(a) PCE in ppt;(b) Cly in ppb;(c) Oz in percent. burden.(a) TCE in ppt;(b) inorganic chlorine species (@lin ppb;

(c) Oz in percent.

zonal average TCE distribution divided by 0.338 to represent

a 1% global @ burden loss. The maximum TCE mixing latitudes below the 300 hPa pressure layer and effectively no
ratio per 1% O3 burden loss is 5750 ppt in the emissions rechange in GJ throughout most of the stratosphere and the
gion, and intact TCE transport to the stratosphere is limited toSouthern troposphere. Thes@sses resulting from TCE
perhaps 0.1% even at the North Pole. Thg @rturbations  per 1% Q burden loss shown in Fig. 4c are mostly con-
(ppb) per 1% Q@ burden loss in Fig. 4b are concentrated in strained to the Northern troposphere and range up to 40%
the emission region, with mixing of ¢from TCE along the  reduction. Because this large TCE flux results in such a large
extratropical Northern upper troposphere and into the stratoehange of @ at Northern latitudes, distortion of the OH field
sphere seemingly limited by rainout removal at North Polarin MOZART resulting in an overestimation of TCE lifetime
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is a possible concern. Therefore, we also ran with one-fourtrand includes a more comprehensive representation of atmo-
that TCE flux, or 12.9 Tgyr'. After 8 model years to reach spheric chemistry and transport relevant to the expected ef-
steady state (due to an operational problem in model year 7 dfiects of these VSLSs than in past studies of nPB. However,
this run), the @ column perturbation was one-fourth that of the nPB ODPs reported in this study are considerably lower
the 51.7 Tgyr?! run, and the TCE lifetime reported was 13.0 than those in Wuebbles et al. (2001), and the decrease in
days, consistent with a minimal OH field perturbation from BrAc lifetime is not likely to have caused such a large re-
TCE, and we report the lifetime from the 12.9 Tgyrun in duction in ODPs. The apparent lower sensitivity of @
Table 1. The TCE ODP, 0.00037, is unaffected to within 1% MOZART-3 to Br, from nPB compared to that of 0in
by the change of surface flux. the combination of MOZART-2 with our two-dimensional
The fluxes of TCE and PCE used in this study were se-chemical-transport model (2-D CTM) could arise from sev-
lected in order to produce numerically significanf I0ss in  eral differences in these models, including:
MOZART-3, so that these fluxes are markedly larger than the
global production of these compounds. The ODP results sug- — MOZART-3 uses the JPLO2 chemistry recommendation
gest that historic annual releases of these two chlorocarbons ~ (Sander et al., 2003); MOZART-2 and our 2-D CTM
to the atmosphere, which as of 1999 totaled 0.146 Tg for ~ used the prior version.
TCE and 0.387 Tg for PCE in the Reactive Chlorine Emis-
sions Inventory (McCulloch et al., 1999; Keene et al., 1999),
should have less than 0.1% effects on global total ozone.
Global emissions of TCE and PCE have been decreasing
since 1999, and emissions of these compounds will likely
continue to decrease in the future, so that these compounds — Faster rainfall rates may be obtained in MOZART-3
likely produce negligible ozone effects. than in MOZART-2 or the 2-D CTM, leading to faster
Our MOZART-3 analyses of TCE and PCE have not con- Bry wet deposition.
sidered possible degradation chemistry after the initial ad-
dition of OH, instead treating these compounds as if all CIWe did not save information regarding,Bret deposition in
atoms were released within a model time step. TCE and PCRUr MOZART-3 runs, so that we cannot definitely identify
atmospheric degradation schemes have not been comprehettie possible contribution of faster rainout to the lower ODPs
sively evaluated by experiment, but a recent study (Nolan epbtained for nPB in this study with our existing output.
al., 2006) indicates that some 70% of TCE and PCE react- The lifting speed of VSLSs such as nPB, TCE, and PCE by
ing with OH produces phosgene (CQIlinder atmospheric  the MOZART-3 convection process is an important compo-
conditions. COG has negligible reactivity with gas-phase nent of their predicted effects ongOThe convective lifting
species in the troposphere and a 1.85 year lifetime againstpeed is difficult to evaluate against measurements because
photolysis in the stratosphere (Kindler et al., 1995), suggestwind information must be obtained at considerable detail that
ing that it could transport significant Cl from TCE or PCE to is unwieldy to use in a model. However, the convection pa-
the stratosphere. However, CQ®ldrolyzes in liquid water ~ rameterization in WACCM 1b must be reasonable in order to
(Sander et al., 2006, and references therein) so that this oxallow it to obtain a good representation of temperature and
dation product could reduce total gas-phase Cl perturbationsf specific humidity. Because MOZART-3 uses similar con-
resulting from TCE or PCE. An additional TCE and PCE vection, we believe it to be reasonable as well with the caveat
oxidation product likely to be produced by the mechanismsthat it has not been fully evaluated.
presented in Nolan et al. (2006) is hydrogen chloride (HCl), MOZART-3, as with other atmospheric models of its gen-
which is soluble in liquid water and readily adsorbed on ice. eration, uses a somewhat coarse vertical resolution near the
While HCl yield is not quantified in the Nolan et al. study, tropopause of just under 1 km. This coarse vertical reso-
HCI removal by wet deposition would reduce the total Cl in- lution causes MOZART-3 to underestimate steep gradients
put to the atmosphere from TCE or PCE emissions. If this ef-in the tropopause region (Pan et al., 2007) and could cause
fect applies beyond the existing MOZART-3 wet deposition an overestimation of the amount of VSLSs that reaches the
of HCI, HOCI, and CIONQ produced in the model tropo- Stratosphere. If this is taking place for nPB, TCE, or PCE,
sphere by Cl released from these compounds, TCE and PCthe ODPs reported in this study would be overestimated.
ODPs reported in this study would be overestimated because Transport in newer models, including climate-chemistry
of the possible production of HCl and CQQly tropospheric ~ models such as version 3 of WACCM, is being evaluated

— Transport in the full-atmosphere MOZART-3 has been
revised compared to the tropospheric model, MOZART-
2, in tropospheric and stratospheric circulation and in
exchange across the tropopause.

degradation, each of which is subject to wet deposition. ~ against measurements in more detail than was applied to
MOZART-3 or WACCM 1b (Gettelman et al., 2010; Neu et
3.3 ODP uncertainties al., 2010). In these tests, WACCM 3 was one of the best

of the climate-chemistry models in representing transport.
Our study incorporates the VSLSs nPB, PCE, and TCE intowhile WACCM 3 does include updated processes compared
a global 3-D CTM that fully represents the upper atmospherdao WACCM 1b, the earlier version of WACCM, and thus
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