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Abstract. We present trajectory-based estimates of Ozoneegions, particularly south Asia in NH summer, than have
Depletion Potentials (ODPs) for very short-lived halogenatedtypically been reported by previous studies which used emis-
source gases as a function of surface emission location. Thsions distributed evenly over land surfaces.

ODPs are determined by the fraction of source gas and its
degradation products which reach the stratosphere, depend-
ing primarily on tropospheric transport and chemistry, and
the effect of the resulting reactive halogen in the stratospheré
which is determined by stratospheric transport and chem- . . :
istry, in particular by stratospheric residence time. Reflect—It is now well established that long-lived hglocarbons eg.
ing the different timescales and physico-chemical processegFCS_’ HCFCs, sol_vents etc.) have contributed to the de-
in the troposphere and stratosphere, the estimates are bas guctmn of ozone in the strgtosphere over at least _th.e last
on calculation of separate ensembles of trajectories for th years WMO, 2007). The impact of halogen containing

troposphere and stratosphere. A methodology is describetagbztanpes gn stratgsplh ?.”C OPZ otne t(j(elplegc;)nphas bhe.eﬂ quan-
by which information from the two ensembles can be com—o'I '?. udsmg h zone Jeple |ond oten '38 I( . s) WI i fare
bined to give the ODPs. efined as the time-integrated ozone depletion resulting from

The ODP estimates for a species with a fixed 20d life- Unit mass emission of that substance relative to that resulting
time, representing a compound like n-propyl bromide, are]trom a corresponding unit mass emission of CFC-11 (€%

presented as an example. The estimated ODPs show Strol%\/uebblele_ISSdS?Ion;ofn et a*lj.1992 WM.OH ?007)' ODPSh .
geographical and seasonal variation, particularly within thedl® most easily defined for substances with long atmospheric

tropics. The values of the ODPs are sensitive to the inCIu_Ilfet|mes (greater than about 6 months). For these substances,

sion of a convective parametrization in the trajectory cal-WhICh are well -m|>.<ed |_nthe troposphere, the ODP is indepen-
culations, but the relative spatial and seasonal variation iéjem of the em|§S|on tlme a_nd Iocat_|on. .

not. The results imply that ODPs are largest for emissions | €re IS now increasing interest in stratospheric ozone de-
from south and south-east Asia during Northern Hemispherepleuon due to halogen-contalnlng_ substances with lifetimes
summer and from the western Pacific during Northern Hemi-Of € months or less, now conventionally called Very Short-

sphere winter. Large ODPs are also estimated for emission/ed Substances (VSLS). These are currently estimated to
throughout the tropics with non-negligible values also ex-Make a small contribution to the stratospheric chlorine load-

tending into northern mid-latitudes, particularly in the sum- -

Introduction

ing (WMO, 2007 but a significant contribution to total

mer. These first estimates, whilst made under some simpliStratospheric bromine, Br This contribution has been in-
fying assumptions, show larger ODPs for certain emissionferred from stratosphe.rlc BrO data, independent estimates
from upper tropospheric measurements of VSLS and mod-
eling studies (e.gDorf et al, 2008 Kerkweg et al.2008ab;

Correspondence td: Pisso Aschmann et a]2009 Hossaini et a].2010 and is estimated
m (ignacio@jamstec.go.jp) to be 3 to 8 ppt bromine out of a total Bloading of 18 to
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25 ppt WMO, 2007). Given that anthropogenic emissions of A major goal of this paper is to present the methodology
long-lived brominated halons and methyl bromide appear to(Sect. 2) and in this first step simplifying assumptions have
be decreasing, the relative contribution of brominated VSLSbeen made with regard to VSLS processing, loss and impact
to total stratospheric bromine, and hence to ozone depletingn ozone. However, we believe that the conclusions are ro-
reactive bromine, is likely to increase in the future. Within bust to relaxing these assumptions. ODPs are presented in
the stratosphere reactive bromine destroys ozone more effeGect. 3 for a VSLS with a 20d lifetime, representing a com-
tively, by a factor of 60, than reactive chlorine on an atom- pound like n-PB, and compared to previous studies. Conclu-
by-atom basisWMO, 2007). Reactive iodine species would sions are given in Sect. 4.

destroy ozone even more effectively but are considered to

be less important given current knowledge of emissions and

hence of likely stratospheric iodine loading. 2 Methodology

At the present time, VSLS emissions are dominated by ] .
natural emissions with only 5% or less coming from human The processes controlling VSLS ODPs have been set out in

sources although these may increase in the future. For exanYYMO (2003 Chapter 2). As for long-lived species, any
ple, n-propyl bromide, (ngH-Br, hereafter n-PB) is a non- _halogen-con_talnlng source gas (SG) emitted at the sur_face
natural VSLS already used as a fumigant and proposed a$ exported into the free troposphere and thence potentially
a solvent replacement. Other VSLS have also been proLransported into the stratosphere. For VSLS in particular,
posed such as iodotrifluoromethane §QFor use as a halon & signifi_cant fracf[ion of the SQ is expected to degrade pho-
replacement and phosphoroustribromide @}Bor in-flight Fochemlcally durlng 'the transit to the stratosphere, produc-
aircraft engine fire suppression. Furthermore emissions of'd halogen-containing product gases (PG). The PG may
natural halogenated VSLS may increase as a result of clitnémselves degrade photochemically, or since many are sol-
mate change, e.g. from oceans in response to increasing s&&!€, may be removed by rainout or by other cloud processes
surface temperatures (eButler et al, 2007). (WMO, 2007). The total halogen reaching the stratosphere
VSLS are not well-mixed in the troposphere and there-Potentially includes contributions from SG and PG.
fore estimation of their ODPs needs to take into account the Motivated by the above, the semi-empirical estimate for
details of the spatial distribution of emissions. This point theé ODP of a long-lived species was extendedMMO
has been recognized for some tingolomon and Albritton (2003 to a VSLS X, to be:

1992 but to date only a limited number of quantitative es- . SG SG . PG p
timates exist (e.gWuebbles et a].2001, 2009 since such ODPK(Xes o) = (1 (X fe) {5+ 7 (Xe, Te) b )

estimates require the use of global models including both tro- anrtncl TE(Xe,fe) Mcroi1 1)
pospheric and stratospheric processes. For each ODP assess- 3 ngg‘il Myx

ment several model integrations are required at significant

computational cost and due to large uncertainties in the spavherexe andze are, respectively the location and time of
tial and temporal distributions of VSLS emissions, different €mission. This is essentially the form given in (2.14) of
emission scenarios also need to be evaluated. WMO (2003 presented in a notation that is more compat-

A methodology is required which provides VSLS ODPs ible with that for a long-lived species presentedWtMO
as a function of surface emission location directly. Here,(2007). HerergC®(xe,te) andri®(xe, ze) respectively are the
we present such a methodology based on a trajectory modhass fractions of the source and product gases that reach the
elling approach. The advantage of using trajectories is thagtratosphere (measured relative to the mass of the emitted
transport characteristics from particular locations and theirsource gas). 7¢¥(xe, ze) is the time spent in the strato-
impact on ODPs can be clearly identified without the need toSPhere by the active halogen that results from the breakdown
perform multiple integrations as in the case of ODP evalua-Of X (and correspondingly fofG&YS,). Note that the pos-
tion using global Eulerian models. The ODP depends on thesible dependence oxe ande is retained in7g"%(xe, e).
fraction of VSLS, or more precisely the fraction of the total WMO (2003 refer to 72“™®(xe, te) as a stratospheric resi-
emitted halogen, emitted from a given location reaching thedence time, which can be justified on the basis that the active
stratosphere and the residence time in the stratosphere, duspecies that result from breakdownXfare soluble or have
ing which ozone depletion can occur due to the reactive haloshort tropospheric lifetimes, so that once the active species
gen arising from the emission. Ensembles of tropospherideaves the stratosphere and enters the troposphere it will be
trajectories including a representation of total halogen degraremoved. ng; andnc) are respectively the number of the
dation are used to quantify the fraction reaching the stratobromine and chlorine atoms in one molecul&Xaind« is an
sphere. Stratospheric trajectories, run for longer time peri-‘efficiency factor” for ozone destruction by reactive bromine
ods, are used to quantify stratospheric residence time. Theelative to that by reactive chlorine. The efficiency factors
information from the two sets of trajectories is combined to ¢g® and ¢;© are included since the ozone depletion result-
estimate the VSLS ODP as a function of emission location. ing from the halogen released by breakdown of source gases

or product gases will not depend only on the residence time
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|. Pisso et al.. ODPs for VSLSs 12027

T;’("C“"e(xe, te) but also on details of where exactly the halo-  Evaluation of the integral in Eq2) requires prediction of
gen is released and on its subsequent path through the strattite densityox(X,z,Xe, fe) through solution of the equations
sphere. For the remainder of this pap;qﬁe and ;;’G are  for transport and chemical reaction given the pulse emis-
both taken to be equal to 1 (but they could be estimated morsion atXe,ze. This prediction could be based on an Eule-
precisely from a suitable model calculation). These factorsrian chemical transport model, but here we follow chemical
should also arguably depend xnandze but this dependence evolution along trajectories using a Lagrangian approach. In
has been ignored as a first approximation. Mass fraction®ther words we assume that:
are converted into molar fractions by the quotié‘ﬁ'%"f11 of
molecular masses of CRQ1 andX. Note that theXEq.lo XX, Xe, Te) = (rx (£ X) (X = X (1 Xe, fe)) ©)
holds not only for VSLS, but also for a long-lived species, wherex=X(t; Xe, te) describes, as varies, a trajectory be-
for which r5¢=1 andrP¢=0. The Eq. {) highlights  ginning at positiore at timeze. 5() is the Dirac delta func-
that in estimating ODPs for VSLS there are two major andtion. rx(t;X) is a number between 0 and 1 representing
somewhat independent considerations. The first is the patthe variation of total amount of halogen specksso that
taken through the troposphere, which determitig&Xe.te)  rx(te; Xo) = 1, With rx(1; X (£; Xe, t6)) €xpected to decay as
andrng(xe,te), and the second is the path taken through theincreases frome. The bracketg) denote an average over
stratosphere, which determin@SC“"e(xe, te). Given knowl- @ suitable ensemble of trajectories emittecate carrying
edge of ODR(Xe, fe), the ODP for an arbitrary emission dis- initially a unit mass of the species in SG form. This av-
tribution in location and time can be calculated by a weightederaging could, for example, reflect the fact that variation of
integral of ODR (Xe, te). AO3(X, Xe, te) With respect taxe Or te is hecessarily coarse-
The processes removing SG and PG are distinct, and fograined —i.e. an ensemble of trajectories with launch position
detailed calculations of ozone depletion the partitioning of close toxe or launch time close tg is considered and an av-
halogen reaching the stratosphere between SG and PG mayage is taken over that ensemble, or it could be that some
be important WMO, 2007. However, in a first-order de- kind of stochastic parametrization is required in following
scription, what is important is the total halogen reaching thethe trajectoryX(z; Xe, fe), €.9. many realisations of a random
stratosphere. In the following development of a method forwalk representing diffusion (e.d.egras et al.2003 or in-
calculating ODPs for VSLS we shall, for simplicity, assume deed convective effects, followed by an average over an en-
that it is sufficient to consider total halogen, i.e. to regdrd semble of such realisations.
as a family that includes the SG and all the resulting halogen- We may substitute Eq3]J into Eq. @), to give
containing PG and degradation products, but it would ber X
straightforward to extend the method and relax this assump- 3( ’X; fe)
tion. =</ dt/ dXrx (1; X)8 (X — X (t; Xe, 16)) Kx (X, 1))
Consider now the depletion of ozone in the stratosphere, fe Q
recalling that ODPs are fundamentally a linear concept that o
quantifies the effect of a unit emission on a given background  ~— </I
atmosphere. Therefore, during its passage across the strato-

sphereX can be taken to destroy ozone, measured by mas¥/Neresin(€2, X) is the time at which the trajectopy first en-
concentration, at a local rate which is proportional to the lo- {€rS the stratosphere,u(€2,X) may be defined correspond-

cal mass concentration of, with a constant of proportion- ingly as the ti_me the trajectory first leaves th@T stratosp_here.
ality equal toKx, so thatKx has units of inverse timeKx Note that if followed long enough the .trajecto)y will
encodes information not only on the reactivity, but also on the€nter and leave the stratosphere many times. However the
fraction ofX (recall thatX is now being regarded as a chemi- active part of the halogen will, to good approximation, leave
cal family) that appears in active form together with the back-Only once since, once it re-enters the troposphere it will be

ground concentrations of ozone and other species that influ‘@pidly lost due to rainout. . 4 .
ence the rate of destruction. We can instead writéx = x3*"°K 3" where x 2 is

The time integrated depletion of ozone in a regi@rof the proportion ofX appearing in the active form and then

the stratosphere due to a unit mass emissiok @fleased at ~ '€gardxx®" not as representing the active partXfaris-

locationxe and timere in the troposphere can therefore be INg in @ single circuit of the trajectory through the strato-
written as: sphere, but as a sum of the parts arising in all such circuits.

~ The active fractiory Ve corresponds to the factor$© and
AO3(X, Xe, te):/ / ox (X, 1, Xe, te) Kx (X, t)dXdt 2 ¢PCin Eq. (1). The integral appearing in Ecd)(is then not
te J2 taken over the entire trajectory subsequent to first entry into
The integration variableg and: represent positions and the stratosphere, but instead only over the part of the trajec-
times in the stratosphereax (X, ,Xe, fe) is the density oiX tory corresponding to first passage through the stratosphere,
(total halogen) at positiom and timer resulting from the i.e. the upper limit of the integral is taken to hgi(€2, X)
pulse emission oK at positionxe and timete. rather tharmo. Note that the need to consider the sum over

dt rx (t; X) Kx (X(t; Xe, te) . 1)) 4)
in(Q2,X)

www.atmos-chem-phys.net/10/12025/2010/ Atmos. Chem. Phys., 10, 1P02%5-2010
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all circuits applies only to a long-lived species, since it might  Note the correspondence between the factors appearing in
reasonably be assumed that for VSLS the conversion to th&q. () and those appearing in Ed.)( r)‘Z (Y,s,Xe, te) COITE-
active form during one circuit is complete, but the generali- sponds to a combination ef® andr{©, i.e. the proportion
sation is useful since the resulting formalism then applies toof total halogen that reaches the stratosphere (in both source
all halogenated substances, regardless of lifetime. and product form), and

This alternative formulation allowsy(¢; X) to be consid-
ered constant for>#n(€2,X). The subsequent loss of to- TaC“"e(y §)= </
tal halogen is incorporated by the definition)g®"® as the X ’ i (2.5)
cumulative distribution function for conversion to the active _
species, regarded as function of position and then sampled bgorresponds td2®™"€, i.e. the stratospheric residence time
the trajectory. The change of the upper limit to the integralfor active halogen, but these are for given locatignand

Q,X
fou( ) activejyy. o
dtxg 1 Xin=Y,tin=s)

allows Eq. €) to be re-expressed as: time ze of release (only for the factorg (y,s,xe.e) ) and
(@50 given entry locatiory and entry times into the stratqsphere
AO3(X. Xe. t)=(rx (tin(2): X) ' (for both factors:¢(y, s, Xe, fe) andTQCt'Ve(y,s)). Note in par-
in(2,X) ticular that we have chosen to retain the possibility of depen-
di X)a(lctive(x (t: Xe. 1o)) K)ezctive(x (t:Xe 1e))) (5) denc_e of stratospheric residence time on stratospheric entry
location and time.
where the factorrx(tin(2),X) in Eq. () is determined The Eg. 6) is calculated in practice using two ensem-

by the tropospheric trajectory segments and the integral ibles of forward trajectories. The first is a tropospheric en-
determined by the stratospheric trajectories. For VSLS,semble, used to evaluatgy,s; Xe, te)rff(y,s,xe,te). A sec-
rx(tin(R2),X) is expected to be significantly less than one, ond, stratospheric, trajectory ensemble is used to evaluate
since total halogen, in both SG and PG, reaching the stratoTQC“"e(y,s). The division of the calculation in this way has
sphere is expected to be only a small fraction of that emit-two advantages that, first, differences in transport time scales
ted. For long-lived species, on the other hand, we expecbetween troposphere and stratosphere are taken into account
rx(fin(2),X)=1. Note that the integral in Eq5), whilst and, second, differences between tropospheric and strato-
evaluated only over the stratospheric portion of each trajecspheric chemical processes can be exploited. Consider first
tory, depends implicitly on the tropospheric portion through the tropospheric part of the calculation.

Xe and ze. We make the further important simplification  Trajectories are integrated forward in time from a space-
that this dependence is only through the entry pdipt= time (emission) grid at the Earth’s surface fag and ze.
X(tin: Xe, te) @nd entry timeiy, i.e. the final point on the first A corresponding space-time grid fgrands is specified on
tropospheric portion of the trajectory and the initial point on the control surfac@2 defining the boundary of the strato-

the subsequent stratospheric portion. sphere. The trajectory calculation then gives, for exam-
This allows the above expression fa03(X, Xe, te) to be ple, the fraction of the trajectories released from a space-
rewritten as: time grid-box at the Earth’s surface which reach a particu-

lar space-time grid box on the control surfat®. Given

AO3(X, Xe, fe) some procedure for calculating the proportion of total halo-

oo . . .
:f dsf dyo (Y, s; Xe, te) (rx (tin ($2); X) | Xin=Y, fin=s) gen rfg(y,s,xe, te)' which reac_hes the stratosphere via this
fe . ;Q route, with the simplest possible procedure being to assume
fout(2,X) _ , ; : Lot
< / A xEVX (1 X 16)) K EZMEX (12 Xer 1)) Xin=Y. fin=s5) exponential decay as'g rate, this allows estimation of the
1in (2,X) producto (Y, s; Xe, te)ry (Y, 5, Xe, te) @ppearing in Eq.§). In

the following section we will take.~1 = 20 d corresponding
to an n-PB-like substance.

Now consider the stratospheric part of the calculation. For
this trajectories are integrated forward in time from the con-
trol surfaced2 with its space-time grid specifying the vari-
ablesy ands. If X is a VSLS then we make the simplest

o0 . .
=/ dS/ dyo(y,s; Xe, te)")% (Y,5,Xe, te)k)?Ctlvechnve(yJ) (6)
te Q2

where 9Q is the surface bounding the regiof2
(across which all trajectories enterin@ must pass),
o(y,s) is the probability density function for en-

. . Q _ a
o -Iocst!c))(n >¥ iﬂd -en—try tlmg s[éacg\fe;);%fiilée’ ‘e B possible assumption thagVe= 1 everywhere in the strato-
<’>§§;‘(”Q(X§ )|aciif\‘/e—a{;i\t/'2 =s) an X X (y,s)._ sphere, i.e. that on entering the stratosphere all SG and PG
(it dtxTVCKZTVEX (15 Xe, 10)) [ Xin =Y. fin = 5), With  are converted to active form. The results presentetis

the constantk3°™e some suitable average @&ZVe(X). saini et al.(2010, particularly the profiles shown in their
The notation(.|Xin, =y, fin = s) is used to denote an average Fig. 11, for CHBg (which is believed to have a tropospheric
over all trajectories with entry poigtand entry times. lifetime of around 25d), provide some justification for this.

It follows that T3™Vé(y, 5) is then precisely the stratospheric
residence timef;$3Y(y, s) say, for trajectories enterting the
stratosphere at positigrand times and the required estimate

Atmos. Chem. Phys., 10, 120262036 2010 www.atmos-chem-phys.net/10/12025/2010/
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of this function is simply the average time for trajectories that the injected fraction is always greater when convection
leaving the appropriate grid box on the control surfaze is included although runs with and without convection show
to re-enter the troposphere. This procedure is likely to besimilar latitude and longitude variations in the tropics where
incorrect for T2, however, since the source region for the fraction is largest.
the active products of CFC-11 is not close to the tropopause. The spatial variation of the emitted species fraction trans-
Therefore we simply sdl;g,gt(';"il to be a constant value equal ported to the stratosphere (Fif). shows a dominant source
to the stratospheric residence time from a starting point in thaegion for air reaching the tropical tropopause region over
tropical middle stratosphere, corresponding to an assumptiothe equatorial west Pacific region in Northern Hemisphere
that the production of active chlorine from the partial break- (NH) winter which moves northward and extends west-
down of the CFC-11 occurs only at this point. wards to include south-east and south Asia in NH summer.
Combining the estimates ofr(y,s;xe,te)r)?(y,s,xe, te) This is broadly as expected from previous trajectory studies
from the tropospheric trajectory calculation and @2y, s) (Fueglistaler et a].2004 Berthet et al.2007 and (for NH
from the stratospheric trajectory calculation and summingwinter only) the Eulerian study oischmann et al(2009.
over grid boxes corresponding % and s gives the re- The localisation of the source regions for rapid transport to
quired estimate forAOz(X,Xe,fe). On the other hand the stratosphere is consistent with current ideas that only out-
AO3(CFC-1)=Ka%Ve T2ve | is independent of location flow from only the highest convection is likely to ascend into
and time of emission. For a brominated VSLS, recall- the stratosphere on short time scales (Eugglistaler et a).
ing Eg. @) and that the ratiak §“"™e/KaVe  is equal to 2009 and references therein). Note that the study.éyine

(angr+nc))/3, it follows from Eq. 6) that: et al.(2007 shows less localisation, but they consider trans-
M o0 port into the stratosphere not only via the tropical tropopause,
ODPx(Xe, fe) = CFC11 OmB’—i_,nC'/ ds/ but also quasi horizontally into the lowermost stratosphere.
Mx 3Tca|(::tg§1 fe aQ To estimate VSLS ODPs, the fraction of halogen injected
dyo (Y, 5; Xe 1) (Y, 5, Xe 1) T3y, 5) 7 across the 380K surface at locatiprand times needs to

be weighted by the stratospheric residence tRiE\y,s).
. _ This is estimated for every month with an ensemble (2.2 mil-
3 Results and discussion lion) of stratospheric trajectories, on &>2° grid, using

) ) ) _ . a seasonally varying, but perpetual year 2000, wind fields
The methodology described in the previous section require$,gy, ERA-Interim. In order to diagnose the time spent dur-

separate tropospheric and stratospheric trajectory calculdng the first passage through the stratosphere the trajecto-
tions. Velocity fields from the ERA Interim reanalysis (ieg were followed for 20yr, significantly longer than stan-
dataset were used to calculate trajectories with FLEXPART 5, estimates of lower stratospheric turnover time. The
(Stohl etal, 2003. Two versions of the tropospheric calcula- rajectories were judged to have left the stratosphere when
tions were carried out, one simply using the reanalysis veloc-[hey first crossed the WMO thermal tropopause also deduced
ity fields and the other including the Emanuel parametriza-from ERA-Interim data Figuré displaysT:$ta{y, s) for tra-

. N . : res \Ys

tion of deep convection implemented in FLEXPART as re- jectories leaving the 380K surface as a function of starting
ported byStohl et al.(2005 andForster et al(2007. The latitude and month. The results show a clear seasonal cy-

tropospheric forward trajectories were started in January anq|e, with, in the tropics, significant variability in the resi-

July 2001 from points distributed over a 1 degree latitude-gonce times. 738y, 5) is shown in Fig.3 as function of

longitude grid and over 19 levels in the boundary layer ev-potential temperature and latitude calculated using ensem-

ery 50m up to 950 m giving 1.2 million trajectories for each e of trajectories starting on several different potential tem-
starting time. The trajectories were followed for 12 momhsgerature surfaces. It exhibits a pattern that might be ex-

and positions recorded every 12h. The combined effects opected from the large-scale stratospheric circulation and in-
SG ox@anon by OH and P_G rainout were represented IndeedTr%tSrat(y’S) is complementary to stratospheric age of air,
a very simple way by assuming that the total amount of haloyich is a more standard and familiar diagnostic of the circu-
gen associated with the VSLX, decayed exponentially at |51ion (e.g.Waugh and Hall2002. For example, the effect
aratek, with A~ =20d corresponding to a nPB-like VSLS o he tropical pipe can be seen at the Equator above 500K,
(Wuebbles et a]2009. with a clear maximum in residence time due to that fact that
The lower boundary for the stratosphere volufiewas  gp air parcel starting at this location will be taken upwards in
taken to be the 380K surface. The fraction of total halogeny,e tropical pipe before then descending in the extratropics.
crossing this surface as a function of emission location: As discussed in the previous section, the results displayed
o0 in Figs.2 and3 can be used to estimate a residence time for
/ dS/ dyo (¥, 51 Xe, t)T¢ (Y. 5, Xe. fe) (8)  reactive halogen produced by CFC-11 of about 60 months as-
fe g% suming that it breaks down in the tropical stratosphere above
extracted from Eq.Q), is shown in Fig.1 for January and 20 km (=530 K).
July for runs with and without convection. The results show

www.atmos-chem-phys.net/10/12025/2010/ Atmos. Chem. Phys., 10, 1P02%5-2010
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a) January — ERA Interim b) January — El + convection
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Fig. 1. Fraction of accumulated halogen reaching the 380K surface within one year of a pulse emission of an nPB-like substance shown
as a function of surface location of the emission. The fraction is estimated using forward trajectories started near théagafati)
correspond to January 200{c) and(d) correspond to July 2001(a) and(c) use ERA Interim vertical velocities(a) and(c) use ERA

Interim with the Emanuel convective parametrization as implemented in FLEXPART 6.2. See text for details.

Based on the results from the tropospheric and stratowithout the convective parametrization. It is worth noting
spheric trajectory calculations, ODPs can be calculated fronthat legislation in the US sets a limit of 0.2 for substances
Eq. (7). Again for illustrative purposes, and consistent with which are not controlled and the US Environmental Protec-
the assumed 20d lifetime, we consider a VSLS like n-PBtion Agency cautions that chemicals with ODPs greater than
as an example witlugy =1, nc =0, nc(CFC-11) =3, 0.05 should be considered carefulli/ifebbles et al2009.

TEEYS, = 60 months Mcrc-11/Mx = 137.37/1230~ 1 and The ODP spatial distribution is similar to that of the quan-
a =60. Figure4 shows the resulting ODP distribution for ity shown in Fig.1in terms of where the maxima are located.
January and July 2000 as a function of surface emissiorrhjs similarity suggests that the effect of spatial variation in
location, for calculations without and with the convective the stratospheric residence time is relatively weak. However,
parametrisation. Including the convective parametrisationit js important to realise that the similarity in spatial distri-
enhances ODPs by up to a factor of 2. For example, withhytion results primarily from the concentration in the trop-
the convective parametrisation, ODPs in NH summer eX-ics and, in particular, this means that it is the stratospheric
ceed 0.6 for emissions over southern Asia and have valuegesidence time associated with tropical injection that deter-
of up to 0.2 for emissions over Central America. Maximum mines the ODP. Using a global average value (over injection

values are not significantly changed without the convectivepcations) of the stratospheric residence time would underes-
parametrisation, but values over the tropics as a whole argmate the ODP by a factor of 2 or so.

somewhat reduced. There is at least a factor of 4 reduc- As noted for the fraction injected into the stratosphere

tion in the longitudinal average in the tropics compared 10 g 1) the ODP results also show strong longitudinal varia-
the extratropics. With the convective parametrisation, SUM+i5 (factor 3 or more) within the tropics as well as a strong

m%r IODPZ ofaround 0'33 are found for Emlslsmn; at norther%easonal variations. They suggest that ODPs for emissions
mid-latitu €s, €.9. nort'ern Europe, wit Values In xCess Otom southern Asia in NH summer may be larger than for
0.1 for emissions at latitudes corresponding to southern EUamissions from the western Pacific in NH winter. In NH

rope and the northern United States (US). These extratropig,, jymer significant ODP values extend southwards over the
cal values are typically reduced by a factor of 3 or so in runs, - qian ocean well beyond what are generally regarded as
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Fig. 2. Zonally averaged stratosphere residence time (see textFig. 3. Latitude-height cross section of stratospheric residence time
(colour indicates months) for airmasses starting on the 380 K surfor trajectories starting at different heights, from 380K to 540K,
face as a function of latitude and time of the year of the startingand latitudes. Trajectories were integrated using perpetual year
point. Trajectories were integrated using perpetual year 2000 ve2000 velocity fields from the ERA Interim dataset. See text for
locity fields from the ERA Interim dataset. See text for details. details.

regions of active convection. This is consistent with the eX_TabIe 1. Estimated ODPs for the nPB-like substance as a function
9 ’ of emission location, area-averaged over different latitude bands.

pected northward cross-equatorial flow into the convective
regions and emphasises that the spatial distribution of ODPs 3 3 3 3
is determined not only by the location of the most active con- 3thoconv Jalkony  Juhoconv  Jukonv
vective regions but also by the pattern of low-level flow into ~ 60°N-9C°N  0.0041  0.0143  0.0081  0.0217
those regions. Note that for the calculation without convec- 30°N-6°N  0.0052  0.0266  0.0289  0.0654
tion, the maximum ODPs over Asia are not reduced much 30°S-30N  0.1321  0.3027  0.1736  0.3285
relative to the calculations with convection but extend over ~30°S-60°S ~ 0.0108 00333  0.0091  0.0213
a smaller region. A secondary maxima can also be seen over 60°S-90'S 00016  0.0114  0.0043 0.0138
central America in NH summer.

WMO (2007 (Sect. 2.6.2) give an order of magnitude es-
timate for the ODP of a VSLS, such as n-PB, containing oneare annual means over land surfaces where the substances
bromine atom and with a molecular weight similar to CFC- were emitted, are lower than the results presented in Table
11. They estimated that the fraction reaching stratospherespecially when convection is taken into account. How-
might typically range between 18 and 1072 for a species ever, the global model estimates included convection and
with a lifetime of 25d, according to emission location. Our also a rather detailed treatment of n-PB degradation. They
calculations indicate that this fraction might be as much asincluded new kinetic data for the degration of an important n-
10~1 in certain regions (see Fi@), and that ODPs might be PB product gas, bromoacetone (BrAc) finding a shorter life-
as large as 0.6 in these regions, as indicated in&=iGlobal  time (around 5h) compared to previous studies. They esti-
mean ODPs for the 20d tracer shown here vary from 0.02Imated a lifetime for n-PB of around 24 d using both the 2-D
and 0.035 in January and July in runs without convection toand 3-D modelsWuebbles et al(2009 also found a factor
0.067 and 0.079 in runs with convection. Results for differentof 2 difference between mid-latitude (3860 N) and trop-
latitude bands for January and July for runs with and withoutical (2> S—20 N) regions for another VSLS, GFE Our es-
convection are shown in Table timates suggest a much larger difference (factor 5 to 11 in

These estimates are generally higher than previous estthe runs with convection) between tropical and extratropical
mates for n-PB based on emissions located in northern midvalues. RecentlyWuebbles et al(2010 have refined these
latitudes WMO, 2003 2007). Wuebbles et al(2007) es- values of ODP for nPB in the band 38-60° N to 0.0049
timated n-PB ODPs ranging from 0.033 to 0.040 for emis-and the lifetime to 24.7 days and in the°@®-70 N band a
sions over land and 0.021 to 0.028 for emissions over indusmean of 0.011 with a lifetime of 19.6 days.
trialized regions in the Northern Hemisphere. More recently, The estimates of ODPs shown in Fig.are, of course,
Wuebbles et al(2009 re-evaluated n-PB OPDs finding val- dependent on the assumptions underlying the modelling
ues in mid-latitudes of 0.019 based on 2-D model calcula-methodology outlined in Sect. 2 and, in particular use of
tions and 0.005 based on a 3-D model. These results, which trajectory-based approach. There is reason to believe that
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Fig. 4. Ozone Depletion Potentials for the nPB-like (20 d lifetime) substance as a function of latitude and longitude of emission (agation.
and(b) correspond to January 200(c) and(d) correspond to July 200)(a) and(c) use ERA Interim vertical velocitiega) and(c) use
ERA Interim with the Emanuel convective parametrization as implemented in FLEXPART 6.2.

trajectories based on large-scale wind fields alone underegropics than the scheme of Zhang and McFarlane. For exam-
timate rapid vertical transport in the tropics. For example,ple panel b shows differences of the order of 1009£f8Rn

Law et al. (2010) have suggested that use of such trajectobetween Zhang and McFarlane and Emanuel above 200 mb.
ries underesfumates the_: contrlbut_lon of deep convection over Increased injected mass across the 380K surface in the
Asia to the air masses in the tropical tropopause layer (TTL)tr

observed over west Africa and estimates of convective trans- opics may be among the causes for the larger ODP esti-
i ) A mates in the tropics here relative Wduebbles et al(2009
port based on trajectories calculated explicitly in a meso-

; 2010 in addition to uncertainties related to the treatment of
scale model appear to show deeper transport of air massgs

; . - oth tropospheric and stratospheric chemistry. It is worth re-
into the tropical tropopause layer (Fierli et al., 2010). The . ) ) L ]
inclusion of the convective parameterization in the FLEX- marking that the divergences appear mainly within the trop

PART traiectory code clearly has a sianificant impact on o rical belt and with the Emanuel parametrisation since our
! y y has a signitl 'mp U alues for midlatitudes driven with ERA Interim winds and

results and may go some way to improving the representatioQhose inWuebbles et al(2009 2010 are of a compara-

e e e el oG f Mg, Th assumplons eed o it
. arg . L spheric chemistry also introduce limitations for the accurate
ing to repeat the present experiment with different convec-

. o calculation of ODPs and may also explain some of the dif-
'gv_e part;amggl'\s/gtlor_ﬁé\/uek)ﬂblg set 3(2019 u_se(i]M(g(Z:,:\Az'l'_ ferences between our estimates and other numbers found in
clrl:\:jeens tr):e deep c\:Nc;rr:v;(.:tiogliér?g;\\gegté?/glgnpgﬁfwg anéin- the literature. Another possible cause is an underestimation
McFarlane(1995 which operates in conjunction with the of the total ozone destroyed by CFC-11. In fact, CFC ef-

. fect in the stratosphere is estimated using a full description
scheme oflack(1994. Tost etal(201Q compared different of the stratospheric turnover of the injected masses yield-

f:onvectlve parametrlsatlon scheme_s in a global CTM ShOW'ing an expected residence time depending on the latitude
ing that the choice of the convection parametrisation in a

. . and height, rather than a simple global mean residence time.
global model O.f the chemical composmoq of_the.atmosph_ere FC-11 is modelled as being activated above 30 hPa, but at
has a substantial |nfly§nce ontrace gas distributions. In F|g. is height the expected residence estimated is rather a lower
g;;:_orsltiﬁ.t alt.(Zr?]l?, I:‘nlz aspga:en; t':]hat gg%a:]l;elsl?;;amei:';hboundary since we have used a 20 year trajectory calculation

on injects more SS across the ce &nd at this height trajectories may remain in the stratosphere

Atmos. Chem. Phys., 10, 120262036 2010 www.atmos-chem-phys.net/10/12025/2010/



|. Pisso et al.. ODPs for VSLSs 12033

for longer periods. A full assessment of the stratosphericsuggest that sources over a much broader geographical re-
expected residence time and age of stratospheric air wouldion are responsible for HCN variations. In any case HCN
be advisable to address such an uncertainty. Eulerian modélas a multi-year photochemical lifetime and an oceanic sink.
studies such ag/uebbles et al(2009 2010 may not have Independent verification of the seasonal variations shown in
made such approximations of the stratospheric chemistryfigs. 1 and 3 is more likely to come from observations of
In the real stratosphere, the amount of ozone destroyed bghort-lived species such as Acetylenel{z), but the effects
chlorine/bromine will not just depend linearly on the time of seasonal variations in convective transport would have to
spent in the stratosphere. If an air parcel reaches a high altibe distinguished from seasonal variations in surface emis-
tude, where the photochemical lifetime of ozone is short thersions.
ozone will reach equilibrium. In addition, bromine chemistry ~ The results presented here consider only the effect of
is not so efficient at these altitude®/MO, 2007, Salaw-  trajectories that penetrate above 380K. It has been noted
itch et al, 2005. In our approach, the different activation (Levine et al, 2007 that there may be significant ozone de-
heights of chlorine from CFC-11 (above 30 hPa) and brominepletion in the lowermost stratosphere due to VSLS and their
from VSLS (above 380K) aims to represent the inhomoge-product gases which are transported quasi-horizontally into
neous distribution of active species and other factors influ-the lowermost stratosphere. This could be included in our
encing the depletion reactions. The chlorine from CFC-11estimates by adopting a different definition of the control
and bromine from VSLS released is then modelled as resurfaced2. However, we note that residence times within
maining active along the transit through the stratosphere untithe lower stratosphere are likely to be no more than a few
the parcel under consideration is expelled back into the tromonths (compared with the 15months for air transported
posphere. This approximation largely neglects effects arisingacross 380 K). Additionally, the results presentedarthet
from the inhomogeneous distribution of active (radical) andet al. (2007 suggest that transport into the lowermost strato-
inactive (reservoir) halogen; instead, only a mean efficiencysphere in NH winter may be significantly less than that esti-
factoro published in the literature /MO, 2003 2007 was  mated bylLevine et al.(2007).
assumed. This assumption could be relaxed in future studies Another potential sensitivity in our calculations is the as-
but would add significant computational costs from running sumption of a uniform decay rate for total halogen. As
box models along the stratospheric trajectories. noted previously, this represents a combination of photo-
The prediction of higher fractions of VSLS emissions chemical destruction of SG and loss of PGs through chemical
reaching the stratosphere in NH summer, in particular, fromdegradation and washout. If removal of total halogen in the
southern Asia, than in NH winter, and the correspondingly upper troposphere is overestimated through this assumption
higher ODPs for tropical emissions in NH summer versusthen ODPs might be larger than estimated here. Certainly
those in NH winter is interesting. There are hints of this in transport timescales in the tropical upper troposphere appear
previous results, e.g. results from the 1-D model study ofto be relatively long, e.gKriiger et al.(2009 estimate, on
Gettelman et ak2009 show CO values that are larger in the the basis of trajectory calculations similar to those used in
lower stratosphere for NH summer over southern Asia tharthis paper, that the time to ascend from 360K to 380 K may
for NH winter over the west Pacific. However, this difference be 30d or more, though, as noted previously, deep convec-
may arise from differences in the lower stratospheric circu-tion over particular regions may penetrate high into the TTL
lation rather than from differences in vertical transport in the (Fierli et al, 2010 thereby reducing transport timescales. In
troposphere. Of course there have been many previous studhe case that air resides for 30 d or more in the TTL, our as-
ies which highlight the strong differences between NH sum-sumption of 20 d exponential decay would imply significant
mer and NH winter, but it is important to keep in mind the reduction in total halogen before reaching 380K. The lat-
precise measure of the circulation that is being consideredter reduction in total halogen might well be an overestimate
Fueglistaler et al(2004 2009 showed the low-level source since, if convective penetration into this region is relatively
region for air that subsequently reaches the stratosphere (andre, then removal by washout in this region is likely to be
therefore determines stratospheric water vapour), but therglow. On the other hand there is also the possibility of re-
was no particular criterion on transport timescale. Severaimoval of total halogen through uptake on thin cirrus clouds
studies have emphasised the role of the NH summer Asiagvhich form as part of the process of dehydration of air as it
monsoon anticyclone, with the relative isolation in the in- enters the stratospher®iinhuber and Folkin2006.
terior of the upper anticyclone leading to coherent features
in water vapour (e.gJames et gl.2008 and in a variety
of chemical species including CO, HCNpds and GH» 4 Conclusions
(Park et al.2008. IndeedRandel et al(2010 have used
HCN measurements to argue for a special role for the AsiarCalculating ODPs for VSLS is challenging because the
monsoon anticyclone system in bringing polluted air from ODPs are expected to be strong functions of location and
the south and east Asian region to the stratosphere in NHime of emission, implying the need for many calculations
summer. However modelling studies such.ast al. (2009 with different emission distributions. Ultimately, multiple
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calculations are needed with global 3-D models that reprebackground chemical fields taken from a suitable Eulerian
sent both the tropospheric chemistry and transport processé3TM. Representation of removal by moist processes would
that determine what fraction of the emitted halogen reacheslso be relatively straightforward to incorporate. The sen-
the stratosphere, plus the stratospheric chemistry and transitivity demonstrated here of the estimated ODPs to the in-
port processes that determine the resulting ozone depletiortjiusion of convective parametrization emphasises the current
but currently these are computationally expensive. Up toquantitative uncertainty over precise values of ODPs. Even
now ODP estimates have usually been based on simplifiedf it is accepted that a convective scheme is necessary the
approaches that, for example, follow tropospheric evolutionestimated values are likely to be depend on which particu-
in some detail to predict the fraction of the halogen reachinglar convective scheme is chosen and any communication of
the stratosphere, followed by some kind of approximate cal-ODPs to policymakers needs to emphasise the range of un-
culation of the implied ODP (e.gBridgeman et a).200Q certainty associated with representation of convection or of
Olsen et al.200Q Wuebbles et al.200]1). The exception is  any other processes.
Wuebbles et al2009 2010 which used a 3-D model of both Space and time integrals of the calculated ODP distri-
troposphere and stratosphere. butions, can be calculated straightforwardly to give overall
Here, we have set out a trajectory-based methodology thaDDPs for many different emissions scenarios. This would
gives the ODP as a function of location and time of emis-allow estimation of, for example, regional ODPs or ODPs
sion. We believe the trajectory-based calculation to be ador particular ship or aircraft routes. Detailed tables (large
good a representation of tropospheric transport processes asrays) could be easily produced for automated evaluation
an Eulerian CTM, not least because it is based on the samfor the use of policymakers.
sort of velocity dataset that is typically used for an Eulerian Extension to different halogen-containing species (chlo-
calculation. The stratospheric calculation makes similar ap+inated, brominated, iodinated) would also be straightfor-
proximations to those that have been used before to estimatward using different values af or with a more sophisti-
ODPs and indeed for long-lived species we see some advarcated chemistry schemes. In particular, it would be possi-
tage to our approach since it requires integration not for theble to calculate ODPs for naturally occuring bromine species
lifetime of the emitted species but only for the time required emitted by the tropical ocean (see é/¢arwick et al, 2006
to estimate the stratospheric residence time of the resultingnd to consider, for example, how the ODPs change as trop-
active species. Furthermore, the separation of the calculatioital ocean temperatures change in the future (e.g. consider-
into tropospheric and stratospheric parts allows significaning the wind fields from a climate model). Correspondingly,
computational saving. ODPs for new artificial halogenated species could be esti-
The calculations presented here are based on the simplestated, given knowledge of their emissions, which might re-
possible representation of tropospheric chemistry. Thereforesult from manufacture, use and disposal. NH midlatitudes
the primary interest in the results is not so much the absolutdiave conventionally been seen as likely source regions for
value of the ODPs but the implied spatial and temporal vari-such species and ODPs would then be correspondingly small.
ation. The results shown in Fig.show clearly that not only  But emissions resulting form continuing industrialisation and
is there strong latitudinal variation, as has been suggested byopulation growth in south and south-east Asia would clearly
previous work, but also that there is very significant longi- from Fig. 4 have a much larger potential impact on strato-
tudinal and seasonal variation. This is not unexpected fromspheric ozone. This focuses attention on the precise spatial
previous analysis of transport in the tropical troposphere, buvariation of the ODP distribution in this region and its re-
our results are, we believe, the first quantitative estimates ofation to convecting regions. The pattern of low-level inflow
implications for ODPs. The estimated ODPs are much higheinto the Asian monsoon and its relation to potential emissions
than previous estimates in certain localised regions. (A reds a crucial aspect requiring further investigation.
cent paper byBrioude et al.(2010, submitted after this pa-
per, includes a more detailed representation of tropospheriécknowledgementsThis work was supported by the EU SCOUT-
chemistry and suggests that our 20 day timescale for n-PE?3 Integrated Project (GOCE-CT-2004505390). ~ We thank
may be too long, implying that our estimated numerical val- 52" Esler, Stephan Fueglistaler, Sue Liu and Kirstitier for
useful discussions. Part of the calculations were performed using
ues of ODPs should be smaller. But the strong dependencelCLAD the computing system of IPSL
on location and season of the source is also founBrinude ’ '
etal.(2010, albeit in a less detailed analysis which does not ggiteq by: A. Baumgaertner
include any analogue of our Fig. 4 showing ODP as a func-
tion of position.)
Extension to more sophisticated tropospheric or strato-
spheric chemistry would be possible without recalculation of
the large trajectory dataset on which the estimates are based.
Existing chemical trajectory codes could be used for both
tropospheric and stratospheric parts of the calculation, with
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