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Efficiency of short-lived halogens at influencing climate
through depletion of stratospheric ozone
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Halogens released from long-lived anthropogenic substances, such as
chlorofluorocarbons, are the principal cause of recent depletion of stratospheric ozone,
a greenhouse gds? 3 Recent observations show that very short-lived substances, with
lifetimes generally under six months, are also an important source of stratospheric
halogeng: °. Short-lived bromine substances are produced naturally by seaweed and
phytoplankton, whereas short-lived chlorine substances are primarily anthropogenic.
Here we used a chemical transport model to quantify the depletion of ozone in the lower
stratosphere from short-lived halogen substances, and a radiative transfer model to
guantify the radiative effects of that ozone depletion. According to our simulations,
ozone loss from short-lived substances had a radiative effect nearly half that from long-
lived halocarbons in 2011 and, since pre-industrial times, has contributed a total of
about —0.02 W m™ to global radiative forcing. We find natural short-lived bromine
substances exert a 3.6 times larger ozone radiative effect than long-lived halocarbons,
normalized by halogen content, and show atmospheric levels of dichloromethane, a
short-lived chlorine substance not controlled by the Montreal Protocol, are rapidly
increasing. We conclude that potential further significant increases in the atmospheric
abundance of short-lived halogen substances, through changing natural processés$

or continued anthropogenic emissiors could be important for future climate.
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Stratospheric ozone gDconcentrations are maintained by a balance between photochemical
production and loss. Increases in the loss rate, e.g. through emission of ozone-depleting
substances (ODSs)eads to net ©depletion, such as the formation of the AntarctihGle.

In addition to long-lived ODS, such as chlorofluorocarbons (CFCs) and halons, recent
observations show that very short-lived substances (VSLS), with lifetimes < ~6 months, are
an important source of stratospheric bromine and chfotfieTheir absolute contribution is
uncertain owing to poor constraints on the magnitude and distribution of VSLS entissions
limited understanding of their tropospheric procesjrand a paucity of VSLS observations
(and their product gases) near the tropopause. At present, VSLS likely account for ~25% of
stratospheric bromine and a few percent of stratospheric cHicFinese relative

contributions will increase in the future, as long-lived anthropogenic ODS are phased out
under the terms of the Montreal Protoedhe international treaty designed to safeguard the
ozone layer. Bromine VSLS are mainly of oceanic origin, produced by various species of
seaweetl- a number of which are farméd and by phytoplankton. Once transported to the
stratosphere they affect the natural balancespp@rticularly in the lower stratosphété®

(LS; altitudes ~12 to 25 km), where @erturbations strongly impact surface temperature and
climaté"2. The radiative impacts of VSLS-drivers Perturbations are unknown but important

to understand as models predict that stratospheric VSLS loading may increase in thé future

Two models were used to quantify the impact of VSLS ear@climate (Methods). First, a
state-of-the-art three-dimensional atmospheric MdEODMCAT, was used to simulate the
transport and breakdown of bromine, chlorine, and iodine-containing VSLS (and their
product gases) in the troposphere and stratosphere. The model contains a comprehensive
treatment of atmospheric chemistry and has been widely used to study gffbal O
Experiments were performed, including a control run with no VSLS, to determine the relative

contribution of each halogen and the net impact of VSLS g Gpplementary Table S1).
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Second, an offline radiative transfer mddéfwas used to diagnose the net change

(longwave + shortwave) in radiation at the tropopause due to VSLS-driveer@Qrbations

in 2011 (i.e. the difference between simulations with/without VS “radiative effect”

(RE) is used to estimate the significance of VSLS-driveto§s on climate and is compared

to the ozone RE due to long-lived ODS, calculated similarly for 2011. The related measure of
“radiative forcing” (RF) here describes the change in RE between 2011 and pre-industrial

times.

Figure 1 shows the simulated stratospheric columaoh@nge due to all VSLS from natural

and anthropogenic processes (relative to the control). Ozone concentrations are reduced
globally, with a maximum column decrease of -6% (-3% to -8%) occurring over Antarctica
(Fig. 1a)- corresponding to ~15 (8 to 21) Dobson Units. The range (Fig. 1b) quoted is due to
uncertainty in the stratospheric loading of VSLS. Cycles including bromine account for
approximately half of the total chemica @ss in the springtime Antarctic 0zone haded

here contribute 81% of the total VSLS-drivegsl@ss in this region. Chlorine VSLS account

for a further 16% (i.e. a colummns@ecrease from chlorine of ~1%) and iodine 3% of the

total. Globally, we calculate a RE of -0.08 (-0.04 to -0.11)%dune to the presence of

natural and anthropogenic VSLS and their influence on stratospheginc2011 (Fig. 1c,d).

Due to their short atmospheric lifetimes, if VSLS (or their degradation products) reach the LS
they readily release halogens in a region where surface temperature and climate are most
sensitive to @perturbations. We calculate VSLS currently redugeylup to ~100 (50-140)

parts per billion (ppb) in the LS (Fig. 2a), corresponding to percentage decreases in the range
4-12%. Bromine, predominately from naturally-emitted oceanic VSLS such as bromoform
(CHBr3) and dibromomethane (GHIr2), is responsible for the majority (~85%) of the LS O

decrease. The analogous chlorinated gases, chloroform §Ca@l dichloromethane
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(CH:Cl,), have anthropogenic souré&®with applications as industrial solvents, foam
blowing agents, fumigants and use in the paper and pulp industry. Anthropogenic sources
account for ~25% and 80-100% of total Ckl@hd CHCI» emissions, respectivélyAs these
gases are not controlled by the Montreal Protocol and given potential for industrial growth,
guantifying their impact on €s important. We find all chlorine VSLS reduce i@ the LS

by ~11 (6-18) ppb (0.6-1.6%). A larger absolute impact is found in the upper stratosphere
(~40 km) with decreases in the range 17-54 ppb, though at this altitude ¢har@e relative

to the control is <1%. An upper limit ofs@eduction due to methyl iodide (GH, the only
iodine-containing VSLS with a sufficiently long lifetime to allow significant transport into

the stratosphere, is ~3 ppb (<0.5%), suggesting a minor stratospheric role fot3bdine

Bromine (chlorine, iodine) accounts for ~87% (9%, 4%) of the global RE due to VSLS-
driven stratospheric £Joss (Supplementary Table S2). The relatively large RED@f7 (-

0.035 to -0.096) WrA due to Q loss from bromine VSLS can be compared to the RE from
stratospheric ©changes driven by long-lived anthropogenic ODS (Fig. 2b). For 2011, we
calculate the latter RE to b8.17 Wm? (Methods) which also corresponds to a radiative
forcing as anthropogenic ODS were not present in the pre-industrial atmosphere. Normalized
by equivalent stratospheric chlorine (ESC), the RE due to bromine VSLS is ~3.6 times larger
than that causdaly long-lived anthropogenic ODS, owing to their influence annQhe
climate-sensitive LS. Compared to long-lived gases synonymous with ozone depletion, such
as CFCs, VSLS possess significantly larger leverage to influence climate through ozone.
While CFCs, for exampl@re themselves potent greenhouse gases which have caused a larg
positive RF, this is not the case for VSLS due to their low abundances and short ljfetimes
VSLS cause a cooling effect through I0ss without a corresponding warming effect due to
their presence in the atmosphere. Accounting for VSLS will improve simulations of

stratospheric €) reducing uncertainty on related estimates of ozone-driven climate forcing.



99 In addition to the stratosphere, recent work has highlighted the significance of tropospheric
100 halogen chemistry and its impact og?&*. The true VSLS RE is therefore likely greater if
101 tropospheric @impacts are also considered. We calculated a global mean RE due to
102  tropospheric ®@loss from VSLS (Methods and Supplementary Table S3).dR2 Wm?,
103 50% larger than the stratospheric RE, in good agreement with previous egfinBatesine
104 and iodine combined contribute virtually allgtropospheric RE, most of which is fromy O
105 loss in the upper troposphere (Supplementary Figure S1). Chlorine from VSLS has a
106  negligible impact due to the relatively long lifetime of the major VSLS themselves and
107  because thedegradation product gases (both organic intermediates and HCI) are subject to
108 relatively efficient tropospheric wet removal in rainwater. Considering both the troposphere
109 and stratosphere, we estimate a whole atmosphere RE of -0.20 (-0.16 to -0228)a/ttn

110 VSLS-driven Qloss.

111 We found no trend in the influence of VSLS on globab®&tween 1979 and 2013. However,
112 in addition to bromine- whose impact on €s enhanced following volcanic eruptidh® —

113  we find stratospheric £1oss due to chlorine VSLS was also enhanced (up to ~2x) following
114  the eruptions of El Chichén (1982) and Mt. Pinatubo (1991), relative to volcanically

115 quiescent years (Fig. 3a). The model slightly overestimates the relatdecf@ase following
116  the Pinatubo eruption (Supplementary Figure S2) but generally reproduces observed O
117  variations well. The sensitivity of VSLS-drivers Perturbations (and RE) to the aerosol

118 loading are, therefore, relevant for understanding the full impacts of geoengineering

119 approaches to combat climate change by stratospheric injection of p4tticles

120 There is currently no evidence of a historical trend in the stratospheric loading of natural
121 bromine VSLS, beyond shorter term fluctuations due to the El Nifio Southern Osciflation

122 However, the pre-industrial influence of bromine VSLS on glokab@fore anthropogenic
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input of chlorine into the stratosphere, was ~30% snialder present day (Supplementary
Figure S3); anthropogenic activity has enhanced natural stratosphéogs@ycles. We
calculate this @trend caused a contribution to the climate RF of -0.014 (-0.007 to -0.018)
Wm2 (out of the -0.17 W RF from long-lived anthropogenic ODS quoted above) which
will likely be reversed as stratospheric chlorine declines during ttheetttury, in response

to the Montreal Protocol. A future increase in VSLS emissions, potentially due to a climate-
driven increase in their oceanair flux® or a rise in seaweed cultivationa rapidly growing

industry— would offset some of this reversal.

Surface concentrations of GEl,, an anthropogenic VSLS, have increased rapidly in recent
years (Fig. 3b). Between 2000 and 2012, surfacgdGCHhcreased at a global mean growth

rate of 7.7%/yr. Mean growth rates in the northern (NH) and southern hemispheres were
~8.3%/yrand 6.3%/yr, respectively, the larger NH growth reflecting the presence of

industrial sources. Between 2012-2013,.CH growth accelerated with a NH growth rate of
20%/yr; double the 2010-2013 average (Supplementary Table S4). Whilst modest at present,
the impact of anthropogenic GEl> on & (Fig. 3) would increase significantly if the

observed trend continues. This is likely if increases in atmosphetClEate associated

with the increased industrialization of developing countries and, for example, use@$ CH

as a feedstock for hydrofluorocarbon (HFC) production, such as H¥G-a2efrigerant

used in blends as a substitute for HCFC-22. Production of HFC-32 and other HFCs has
increased rapidly in recent years and could increase substantially in thé’futlireugh

HFCs do not directly depletes(a broader consideration of their production pathways

suggests a potential for direct influences arayer chemistry and hence climate. We

suggest despite the modest concentration changes to date, anthropogenic chlorine VSLS have
already contributed -0.005 (-0.003 to -0.008)02 to atmospheric RF (Methods). Combined

with the larger RF due to bromine VSLS (discussed above), the total RF from VSLS is -0.02



148  (-0.01 to -0.03Wm and comparable in magnitude to, for example, the (positive) RF due to

149  aircraft contrails.

150  We have shown that, through interactions with \Z5LS have a disproportionately large

151  climate impact compared to long-lived ODS, owing to their breakdown at climate-sensitive
152  altitudes. VSLS have already contributed to climate forcing since the pre-industrial era,

153  though this is so far unlikely to have caused a noticeable change to surface temperature, for
154  example. However, crucially, given the large leverage VSLS possess to influence climate,
155  future increases in their emissions would drive a negative climate forcing and thereby offset a
156  small fraction of the projected warming influence due to greenhouse gases. We note

157  additionally that the observed atmospheric abundance of anthropogeiit Gtere about

158 x50 larger than some recently detected CFCs and HFREgresently adding many times

159  more chlorine to the atmosphere and, unlike those chemicals, is not controlled by the

160  Montreal Protocol.

161  Methods

162  Simulated impact of VSLS on stratospheric ozonel'he 3-D chemistry transport model,

163 TOMCAT?S, was used to simulate the breakdown of VSLS in the stratosphere. TOMCAT
164 contains a detailed gas-phase/heterogeneous chemistry scheme considering all major

165 stratospheric families; QHOx, NOy, Cl,, Bry, and here we implemented an iodine sciéme
166  The major VSLS considered were CHBCH:Br, CHCk, CH.Cl> and CHiI. Their

167  degradation occurs by both photolysis and hydroxyl radical oxidation, with photochemical
168 and kinetic data taken from the NASA Jet Propulsion Laboratory evaluation. The surface
169  VSLS mixing ratios weréime-independent quantities, scaled to give a range of stratospheric
170 loadings of bromine, chlorine and iodine from VSLS based on current best estimates and

171 lower/upper limit (Supplementary Table $1
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In all simulations the abundance of long-lived source gases (e.g. CFCs, halon€H)

were constrained with time-dependent surface mixing ratio boundary conditions based on
observations. Similarly, a time-dependent sulphate aerosol load was imposed based on
Stratospheric Aerosol and Gas Experiment (SAGE) data. Ten model integrations covering the
1979-2013 period were performed. A control experiment, in which VSLS were not
considered, was followed by a series of experiments to determine the impact and relative
contribution of bromine, chlorine and iodine VSLS of M sensitivity experiment was

performed with a time-dependent stratospheric loading ef0GHbased on its observed

surface trend and modelled tropospheric oxidation, between 2005-2013.

We also performed experiments with a pre-industrial stratospheric halogen loading
containing ~6 ppt of CkBr and ~500 ppt of C¥Cl, based on ice-core recofdsFrom these
experiments, we calculated: [1.] the difference in the influence of bromine VSL$% on O
between the pre-industrial period and 2011. This was also used to diagnose a RF from
bromine VSLS. [2.] The ©change attributable to anthropogenic long-lived ODS only
(Figure 2b). Simulations to quantify the impact of VSLS on troposphenee@ also

performed. Details of these experiments are given in the Supplementary Information.

Climate impact of VSLS.The RE of VSLS-driven @loss was calculated using the offline
Edwards and Slingo radiative transfer méderhis model considers six bands in the

shortwave, nine bands in the longwave and uses a delta-Eddington 2-stream scattering solver
at all wavelengths. We used monthly mean climatologies of temperature, water vapour and
trace gases based baMWF reanalysis data, together with surface albedo and cloud fields

taken from the International Satellite Cloud Climatology Project arthive

We normalized the RE due to bromine VSLS in the stratosphere (Supplementary Jable S2

per unit of equivalent stratospheric chlorine (ESC = Cl + 60xBr). This was performed in
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order to compare the RE of VSLS-drivea éhanges with that of long-lived ODS,

independent of the halogen loading that caused them, and in a way that considers the
effectiveness of bromine relative to chlorine forl@ss. The stratospheric loading of bromine
VSLS in our model (3, 6 or 8 ppt) corresponds to ESC loadings of 180, 360 and 480 ppt,
respectively. The normalized RE from bromine VSLS is -1.9%Won2 (ppt ESCY.

Similarly, we normalized the RE due to stratosphesdo®s arising from anthropogenic
long-lived ODS. This ®@change is shown in Figure 2b and was caused by an ESC difference
of 3207 ppt from long-lived ODS (i.e. the 2011 minus pre-industrial ESC load). The
calculated RE is -0.17 Wiand the normalized RE 15.3x10° (ppt ESCY; a factor of ~3.6

smaller than the normalized RE from bromine VSLS.

The RF contribution due to bromine VSLS arises because their presence affects the efficiency
of Ozlossfrom the pre-industrial period to 2011 caused by changes in anthropogenic chlorine
from long-lived ODSs. The relatives@hange due to bromine VSLS in each period

(compared to simulations without bromine VSLS) was quantified (Supplementary Figure S3).
The calculated difference in the corresponding RE between the two periods corresponds to a

pre-industrial to 2011 RF.

The RF due to anthropogenic chlorine VSLS is due to a time-trend in their abundance since
the pre-industrial period. This was estimated from the calculated RE limits given in
Supplementary Table 2, reduced by 30% to account for the natural component of chlorine
VSLS in the stratosphetehe calculated RF is due to the pre-industrial to 2011 trend in

anthropogenic chlorine VSLS concentrations only.

Long-term observations of CHCl2. Observations from multiple sites in the ongoing
NOAA/ESRL Global Monitoring Prograffiare presented (Supplementary Table S4). Results

from paired flask samples collected at remote sites were used to derive surigte CH
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mixing ratios over the 1995-2012 period averaged over each hemisphere with a weighting
based on sampling latitutfe These data are publically available

http://www.esrl.noaa.gov/gmd/dv/ftpdata.html.

Code Availability. The TOMCAT model is supported by NERC and NCAS and is available
to UK academic institutions working with these organizations. The output from model

simulations used here and post processing code is available on request.
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Figure Captions

Figure 1. Column ozone decrease due to VSLS and radiative effect. f@nual mean

(2011) percentage (%) change in stratospheric column ozone due to best estimated
stratospheric loading of bromine, chlorine and iodine from V$hBL.atitude-dependence of
column ozone change. Solid line denotes best estimate, shaded region represents the range
due to uncertainty in VSLS loadin@) Net (longwave + shortwave) radiative effect (RE,

Wm2) due to VSLS-driven ozone loss calculated at the tropopéid)seatitude-dependence

of RE. Solid line denotes best estimate, shaded region represents the range due to uncertainty

in VSLS loading.

Figure 2. Altitude-resolved ozone decrease due to VSLS and long-lived ODS. Aanual

global mean (2011) change in stratospheric 0Z@aevolume mixing ratio (ppb) due to

VSLS (bottom x axis). The grated area shows the range due to uncertainty in VSLS loading.
The shaded regions represent the contribution of each halogen to the;lotd Que to

VSLS, expressed as percent (%) (top x aXig)as (a) but with the 2011:@hange due to
long-lived anthropogenic ODS also shown to highlight the difference in altitude okthe O

changes.

Figure 3. Trend in VSLS-driven ozone loss and CECl2growth. (a) Annual global mean
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337 ozone change (%) due to bromine, chlorine and iodine VSLS in the lower stratosphere (1979-
338 2013). Solid lines denote best estimate, shading indicates range due to uncen&sis

339 loading. 2003-2013 means®hange is annotated. Radiative effect (REy?) of VSLS-

340 driven ozone loss and range due to uncertam¥SLS loadings shown with error bars

341 (purple). Dashed line (green) denotes ozone change due@i:Gitbne.(b) Observed

342 monthly mean surfac€H2Cl> mixing ratio (ppt) and trend. Annotated are 2000-2012

343 hemispheric growth rates (Yt).

344
0f
g I
o —2f .
o’ L
C
(0]
K
[&] -4+ |
(@)
E — == Best estimate
5 -6¢ Range due to 1
[ r uncertaint
O , VSLS loadi ng
_87 I I I | |
: ‘ - -90-60-30 0 30 60 90
-6.00 -5.25 -4.50 -3.75 -3.00 -2.25 -1.50 -0.75 Latitude [°]
AQ, column [%]
0.0}
E_
= 0.1
3
% -0.2
o
=
%—0.3* Global mean RE -0.08 -
I (-0.04 to -0.11) Wm"
14 :
_04: I I I
: ‘ ] -90-60-30 0 30 60 90
-0.30 -025 -020 -0.15 -0.10 -0.05 =-0.00 Latitude [°]
345 Radiative effect [Wm?]

15



346

347

348

349

Altitude [km]

Altitude [km]

-1500 -1200
60 ¢ '

30

10

Relative contribution [%]
0 40 60 80

. Bromine

[ | Chlorine

lodine

-150 -100 =50
AO, VSLS [ppb]

AQ, long—lived ODS b
-900 -600 [pp—LOO

5o§

40F

20t

F------- | Lower stratosphere |- - -~

-150 -100 -50
AQO, VSLS [ppb]

16



350

351

352

353

Ozone change due to VSLS 1979-2013

OF Eichichen Mt Pinatubo
-10
w AO, -9 (-5 to -12)%
g - @ Best estimate
_20 e ?
s R
_:)k é é //\ ]
: v \ ]
20 ) \
| . A0,~1(-0810-18% _ -
—4|¢ch on%LS 7
—01r % % B
Qo

AO, [%]

o

° OZ OOO ZQOOOO 0000 © 5) o%
% / b ° © oO
oslomts |
> =
0 / / g
~-10 7 / :
_zz . is/( Q// AO, —10 (-5 to —14)%
igi  Observed CH.CI, increase

CH.CI, [ppt]

= W
o O

o
TTT

" NH 8.3 % yr

- SH 6.3 % yr~ AR
~ Global 7.7% Yr' st oo
1 980 1 990 2600 261 0

|
o
»

|
o
o

|
o
o

AQ, due to
CH.CI, only [%]

10.00
1-0.055
] £

-0.103,

1-0.15¢2
1-0.20

17



354

355

356

357

358
359
360

361
362
363

364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392

Supporting Information to:
Efficiency of short-lived halogens at influencing climate
through depletion of stratospheric ozone

R. Hossainli", M. P. Chipperfield, S. A. Montzk3a, A. Rag, S. Dhomsg and W. Fent®

1. School of Earth and Environment, University of Leeds, Leeds, UK
2. National Oceanic and Atmospheric Administration, Boulder, USA
3. National Centre for Atmospheric Science, University of Leeds, Leeds, UK

* Corresponding authdr.fossaini@leeds.ac pk

Supplementary Information

This supplement contains 4 tables and 3 figures. Table S1 gives a summary of model
experiments and their design to examine the impact of halogens from VSLS in the
stratosphere. Table S2 gives the calculated global mean radiative effect caused by VSLS-
driven ozone perturbations. Table S3 gives a summary of additional model experiments that
were performed to examine the impact of VSLS on ozone in the troposphere. Table S4
presents observed GEl> mixing ratios at 13 surface locations from the ongoing monitoring
program of the National Oceanic and Atmospheric Administration (NOAA) Earth System
Research Laboratory (ESRL). Table S4 also contains the site-wiggl:Giowth rate over

the 2010-2013 period along with hemispheric and global averages. Figure S1 shows the 2011
mean simulated ozone change due to VSLS in the troposphere. Figure S2 shows a
comparison between long-term ozone anomalies from the TOMCAT model and
TOMS/SBUV satellite data between 1985 and 2013. Finally, Figure S3 shows cowmn O
changes due to bromine VSLS in 2011 and also in an atmosphere with a pre-industrial
stratospheric halogen load.
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Table S1. Summary of stratospheric model experiments and halogen load from VSLS.
Experiments were designed to examine the individual and combined impact of halogens from
VSLS on ozone.

Experiment* VSLS Loading [ppt] ** Comment
Bromine (Br) Chlorine (CI) lodine (1)

STRATL 0 0 0 No VSLS,
control run

STRAT2* 6 0 0 Br - best
STRAT3* 3 0 0 Br - lower
STRAT4* 8 0 0 Br - upper

STRATS 6 40 0 Br - best
Cl - lower

Br - best

STRAT6 6 80 0 Cl - best

STRAT? 6 130 0 Br - best
ClI - upper

Br - best

STRATS 6 80 0.15 Cl - best
| - upper

STRAT9" 3 40 0 All - lower
STRAT10 8 130 0.15 All - upper

Notes:

* The model was run for the 1979-2013 period at a resolution of ~5.6° longitude by ~5.6°
latitude and with 32 levels from the surface to ~60 km. Meteorological forcing data was taken
from the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim (6-
hourly) reanalysis.

** Range and best estimates based on the World Meteorological Organization Scientific
Assessment of Ozone Depletion 2010. Upper limit of Cl encompasses the rec€ii CH
trend.

+ In addition, also performed with a fixed pre-industrial stratospheric halogen load
comprising background GBr and CHCI only.

A Extreme ranges used to determine the uncertaintys@h@&hges and RE due to VSLS.
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Table S2. Radiative effect (RE) due to VSLS-driven ©perturbations. Net RE (longwave
+ shortwave) reported as global mean area-weighted averages for 20%). ®@émge shown
in brackets is due to uncertainty in VSLS loading.

VSLS halogen Global Mean RE [Wm?|

) Bromine -0.07 (-0.035 to -0.096)
2 Chlorine -0.007 (-0.004 to -0.011
é lodine <-0.003
N Combined stratosphere -0.08 (-0.04t0-0.11)

o Chlorine Negligible

%_ Bromine & lodine 0.12

é Bromine & lodine [ref 23] ~-0.1

E Combined troposphere -0.12

Whole atmosphere -0.20 (-0.16 t0 -0.23)

Table S3. Summary of tropospheric model experiment€Experiments were designed to
examine the individual and combined impact of halogens from VSLS on ozone.

Experiment*

Inclusion of VSLS**

Bromine (Br) Chlorine (CI) lodine (1) Comment
TROP1 No No No No VSLS
TROP2 Yes No No Br only
TROP3 Yes Yes No Br and ClI
TROP4 Yes Yes Yes Br, Cland |
Notes:

* The model was run for the 2009 to 2013 period at a resolution of ~2.8° longitude by ~2.8°
latitude and with 31 levels from the surface to ~30 km. Meteorological forcing data was taken
from the ECMWF ERA-Interim (6-hourly) reanalysis.

** The tropospheric configuration of the TOMCAT model considers explicit emis¥ioug

the following VSLS: CHB$, CH:Br2, CHBRCI, CH:BrCl, CHBrCk, CHsl, CHzl2, CHCI,
CHzIBr, CoHsl and GH7Il. A latitude-dependent mixing ratio boundary condition, derived
from available global surface observations, was used to constrain the abundance Hf CHCI
CH2Cl2, CHCICHCI, C;HClz and CGCls in the model. TOMCAT has been used extensively
for previous studies of tropospheric halogen cheniistignd studies examining the
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433 emissioR? transport and chemistry of VSBES The above model configuration has been
434 shown previously to perform well in reproducing atmospheric observations of a range of
435 VSLS in the tropospheté®.

436  Table S4. Observed surface mixing ratio (ppt) and growth rate of CkCl2. Observations

437  made as part of the ongoihigtional Oceanic and Atmospheric Administration Earth System
438 Research Laboratory (NOAA/ESRL) monitoring progr#&weragegrowth rates at all sites

439 calculated between 2010-2013.

440
o : Annual Mean Mixing Ratio [ppt] Growth Rate

Monitoring Site 2010 2011 2012 2013 | pptyr® %yrl
Alert, NW Territories, Canada* 46.0 47.0 48.1 59.6 4.5 8.6
Summit, Greenland 46.8 45.7 47.5 60.2 4.5 8.4
Pt. Barrow, Alaska, USA* 46.5 46.3 48.2 59.8 4.4 8.4
Mace Head, Ireland 46.7 45.7 48.1 58.9 4.1 7.8
Wisconsin, USA 48.8 48.4 52.0 62.0 4.4 8.0
Trinidad Head, USA 48.6 48.6 49.7 61.5 4.3 7.9
Niwot Ridge, Colorado, USA* 44.0 45.7 50.7 60.3 54 10.5
Cape Kumukahi, Hawaii, USA* 42.9 42.3 45.0 53.9 3.7 7.6
Mauna Loa, Hawaii, USA* 39.2 37.4 41.9 52.0 4.3 9.4
Cape Matatula, American Samoa* | 14.9 15.6 16.4 19.3 1.4 8.5
Cape Grim, Tasmania, Australia* 13.1 13.7 14.3 15.6 0.9 6.0
Palmer Station, Antarctica 12.7 13.4 13.4 15.3 0.9 6.3
South Pole* 12.1 13.3 13.3 14.2 0.7 5.4
Northern Hemisphere 43.7 43.7 46.8 57.1 4.5 8.9
Southern Hemisphere 13.4 14.2 14.7 16.4 1.0 6.8
All site average 35.5 35.6 37.6 45.6 3.3 8.3

441

442  Notes:

443  * Sites used in estimating hemispheric mean mixing ratios in Table S3 and in Figure 3.
444
445
446
447

448
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451 Figure S1. Impact of VSLS on tropospheric ozoneSimulated @ reduction (%) due to

452  combined influence of bromine, chorine and iodine from VSLS in 2011 (relative to a control
453  run with no VSLS). The impact of chlorine VSLS on tropospheric ozone is here negligible
454  (<0.5%).

455
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458 Figure S2. Long-term ozone anomalies from observations and mode&l.omparison of
459 total ozone anomalies (Dobson Units) f@) northern hemisphere mid-latitudes {BbB
460 60°N), (b) tropics (20S-2C°N) and (c) southern hemisphere mid-latitudes SHCS).
461 Anomalies are calculated by subtracting climatological monthly mean column ozone values
462  (1990-2005) from monthly mean values.
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Figure S3. Present day and pre-industrial impact of bromine VSLS on column one.
Simulated column ozone change (%) due to a best estimate of 6 parts per trillion (ppt) of
bromine VSLS in the stratosphere relative to a run with no VSLS in (a) 2011 and (b) the pre-
industrial stratosphere (background 4BH and CHCI only). Globally averaged, the
influence of bromine VSLS on column ozone is ~30% smaller in the pre-industria
stratosphere. The shaded regions denote the range due to uncertainty in the stratospheric
loading of bromine VSLS; simulations were also performed with 3 ppt and 8 ppt.
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