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1 Meteorology of the Polar Vortex

As described in the main text, we select meteorological itmmd of the year 2040 from Tilmes
et al. (2009) for simulations presented in this study. Cleahvzone loss in high latitudes is strongly
linked to temperatures in the polar vortex, since the atitimeof chlorine is strongly temperature
dependent (Drdla and Muller, 2012, and references ther&@ine activation of chlorine containing
reservoirs is dominated by reactions on cold binary aempadicles. A formulation to calculate the
threshold temperature for the activation of chlorifig ¢;,) was derived by Drdla and Mller (2012).
TacL is dependent on potential temperature, water vapor anditfeece area density (SAD). Vortex
temperatures are therefore not directly correlated toraidoactivation. Tilmes et al. (2007) have
introduced a measure for the potential for activated chio(PaCl). PaCl describes the fraction of
the vortex where temperatures are beldwc,. This measure can be directly linked to chlorine
activation and therefore ozone loss in the polar vortex (WK@LO).

In Figure S1, we compare the meteorology of the polar vorgexun this study based on WACCM
results to MERRA reanalysis (Rienecker et al., 2011) foergevinters (as shown in Figure S1, left
panel). For this, average temperatures of the Arctic an&®tit polar vortex are compared. The
polar vortex edge is calculated by using the criterion byiNetal. (1996). In addition, we compare
PACI derived using the WACCM meteorology and background SAiDditions to values derived
using MERRA reanalysis (Figure S1, right panel).

Polar vortex temperatures over Antarctica in WACCM are loe@mpared to MERRA reanalysis,
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resulting in a colder and longer-lasting winter. After reanxg T'sc1,, colder temperatures do not
trigger more chlorine activation. PACI is therefore in gamgteement with the values derived from
MERRA between July and October. PACI in WACCM is larger in Mmber compared to the
reanalysis dataset, since temperatures are bélgw, for a longer period. An overestimation of
chemical ozone depletion in November compared to obsenstian be expected in this study.

Arctic average polar vortex temperatures tend to be warneéwéen January and March than
recent cold Arctic winters. However, PACI is comparable&tues derived from MERRA reanalysis
for moderately cold Arctic winters. This is, because WACG&hiperatures describe a temperature
gradient in the polar vortex ranging from rather warm to veoyd temperatures towards the vortex
core. We therefore expect chlorine activation in the Aretictex to be comparable to a recently
observed moderately cold Arctic winters. As for Antarcfitlae Arctic vortex is more persistent
and long-lasting compared to observed cold winters. InlApdrtex temperatures are well below
observed temperatures and PACI values are larger than wiatxpect from recent observations.
However, the Arctic vortex is rather small compared to obatons (not shown) and the expected
overestimation in ozone loss only covers a small area ndrTBON.

2 Contributions of VSL organics (Br;/SL) to the stratospheric total bromine (Bry)

In the main paper, three cases for stratospﬁérif:SL are considered. Here we justify the enhance-
ment of Br, of 6 ppt as an average estimate derived from earlier studies the enhancement of
Bry of 10 ppt plus an increase 6fl, by 100 ppt, as an upper limit estimate considering stratesph
Br;’SL.

The past three WMO/UNEP Scientific Assessment of Ozone Bieplezports have quantified the
enhancement to stratospheric total inorganic bromihg)due to VSL organicer;/SL). Chapter 2
of WMO (2003) provides an overview of the chemical, biol@aj@and physical processes that govern
BrySt. The largest contributions are from dibromometha@#l{Br;) and bromoform CHBrs3),
which are produced by biological processes in the ocean:s&8léand halide-containing aerosols
supply bromine to the lower troposphere, but likely do naijd strong role in affecting stratospheric
Bry (Yang et al., 2005).

Table 1-9 of WMO (2010) gives a range fBry>" of 1 to 8 ppt based on tropospheric focused
studies. Table 1-14 of WMO (2010) gives an ensemble meamatiof 6 ppt forBr;/SL based on
stratospheric focused studies. The tropospheric focustti@e is based on observed abundances
of VSL bromocarbons near the cold point tropopause combivigtdmodel estimates of efficiency
of transport, to the stratosphere, of product gases formeshw/SL bromocarbons decompose in
the troposphere. The stratospheric studies are all basethsarvations of BrOBr;’SL is inferred
from the difference betweelr, calculated from observed BrO (typically in the middle anghep
stratosphere) and the amountI®f, that is supplied by long-lived methyl bromin€;Br) and
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Fig. 1: Left panels: WACCM averaged polar vortex tempembatween 400-550 K for the Antarc-
tic (top) and Arctic (bottom) compared to MERRA reanalysis different years (different colors).
For the Arctic, three cold winters (1997, 2000, and 2011) and very warm winter (1997) are
selected. Right panels: potential for activated chlorid&Gl) (Tilmes et al., 2009) derived using
WACCM results and MERRA reanalysis for background SAD ctinds. See text for more details.

halons.

In the main text we consider three casesB@}’SL: 0, 6, and 10 ppt. The 6 ppt value is based on the
ensemble mean from Table 1-14 of WMO (2010). The upper limit®ppt is chosen because 7 of
the 12 studies represented in Table 1-14 have upper limit® gpt or higher. The plausibility of the
10 ppt upper limit is further supported by an analysis of cstescy between satellite observations
of total column BrO versus the sum of tropospheric partidico BrO (based on in situ aircraft
data) and stratospheric partial column BrO (based on a mqol@blished after WMO (2010), that
reported best agreement fBry" of 9 ppt (Choi et al., 2012).

Chapterl and 2 of (WMO, 2007) and Chapter 1 of (WMO, 2010) tifiad the enhancement
to stratospheric total inorganic chlorin€l;) due to VSL chlorocarbonsql;’SL). Two lines of
evidence were pursued. Time series of HCI measured in thergbatosphere by three instruments,
ATMOS, MLS, and ACE, are most consistent with expectatiéif0 ppt is added to the burden of
stratospheri€’l, supplied by long lived sources. In contrast, upper stratesp HCIl from HALOE
suggestsC1yS" is close to zero (Froidevaux, et al., 2006, Fig. 1-2 of WMQ)etpretation of
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tropospheric data is complicated because: a) various V8harocs decompose to form phosgene
(COCly) that is likely transported into the stratosphere, but gleo is also a byproduct of the
decomposition of long-lived chlorocarbons (which undestight loss in the troposphere) (WMO,
2007, Section 2.5.1.2); b) HCl has been observed in thersyical upper troposphere but the source
could be either local decomposition of VSL chlorocarbonisreversible stratosphere to troposphere
mixing of air (Marcy et al., 2004). In this study, we consideo cases foC1y": 0 and 100 ppt.
The 100 ppt value is consistent with upper stratosphericfit®h ATMOS, MLS, and ACE as well
as the range fo€'1y 5" of 25 to 170 ppt given in Table 1-9 of WMO (2010).

2.1 Changesin ozone loss rates: Baseline — Geo-engineering

The impact of volcanic aerosols on ozone destroying cycls discussed in various studies (e.g.,
Brasseur et al., 1990; Solomon, 1999), as well as the séhsith 0zone loss cycles on increases in
bromine (e.g., Salawitch et al., 1994; Solomon et al., 188omon, 1999). Here, we investigate
the impact of geo-engineering on ozone loss rates for piege2040 chemical conditions and further
guantify the impact of additional stratospheric bromiranfrVSL.

The increase of aerosol particles and therefore heteragsneactions was shown to lead to a
reducedNO,/NO, ratio between 15-25 km (e.g., Fahey et al., 1993). This tesuldecreasing
ozone loss rates in mid- and low latitudes around 20 km. Tdeaaton of NO, further induces
changes in the gas phase chemistry (Solomon et al., 1996) migblatitudes,NO,. ozone loss
rates are strongly reduced for the geo-engineering simonl@ompared to the baseline simulation,
whereasHO,, ClO,, andBrOy loss rates are increased at the same altitudes (Figure 15208t
6th row), second column. ChangesBny" andC1Y5" do not influenceNO, ozone loss rates, as
expected, see Figure S2, 3th and 4th column.

In high polar latitudes in winter and spring, increased regeneous reactions due to geo-engineering
lead to a doubling o€104 + BrOy loss rates in the lower stratosphere. At this time of the ytbar
HO, cycle is less important and geo-engineering induces oniyalsncrease itHO, ozone loss
rates. For the NH, enhanced bromine (VSL = 6) results in arease ofC10, + BrO, 0zone loss
rates by another 50%. FéiryS™ = 10 ppt,C1y" = 100 ppt,Cl1O, + BrOy loss rates double com-
pared to the VSL = 0 case and reach 3 times the amount derivettfre baseline simulation.

In the Austral spring and summer in the SH, Figure S2, thiwg, the increase of’10, + BrOx
rates due to geo-engineering is of similar magnitude agi®iNH, but is relatively less important.
Additional Br, andCl, in the stratosphere results in a decrease ofGh@, + BrOy rates in a
geo-engineered environment for some altitudes (Figurdl8R row). In contrast to the VSL = 0
case, ozone reaches very small values at the end of sprintharm@éduction of loss rates for the
geo-engineering simulation is limited.

During polar summer (MJJ for the NH and NDJ for the SH), terapges are warming up and
heterogeneous reaction are less important. Only a smakase of theClO, 4+ BrO cycle is
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simulated around 12 km due to geo-engineering. On the otted,itheHO, cycle is much more
important at this time of the year, especially for the NH. Tddditional bromine appoximately
doubles théd10O, cycle and strongly increases thgO, + BrO, ozone loss rates in the lowermost
stratosphere (around 12 km).

For summer mid-latitudes in the NH, increased heterogemesactions in spring and summer
result in reducedN O, ozone loss rates and increagelD.. + BrO, andHO,, rates around 25 km.
The consideration of additiondlr, from VSL halogen compounds results in a large increase in the
ClO 4 BrOy rates, which doubles the impact of geoengineering on coloname (from about 2%
to 4% for MJJ, as discussed in the main text).



115

120

125

130

135

140

145

150

References

Brasseur, G., Granier, C., and Walters, S.: Future chamgstsdatospheric ozone and the role of heterogeneous
chemistry, Nature, 348, 626—628, 1990.

Choi, S., Wang, Y., Salawitch, R. J., Canty, T., Joiner, &n@, T., Kurosu, T. P., Chance, K., Richter, A.,
Huey, L. G., Liao, J., Neuman, J. A., Nowak, J. B., Dibb, J. ®einheimer, A. J., Diskin, G., Ry-
erson, T. B., da Silva, A., Curry, J., Kinnison, D., Tilmes, &nd Levelt, P. F.: Analysis of satellite-
derived Arctic tropospheric BrO columns in conjunction hviaircraft measurements during ARCTAS
and ARCPAC, Atmospheric Chemistry and Physics, 12, 12585,1@0i:10.5194/acp-12-1255-2012, http:
[lwww.atmos-chem-phys.net/12/1255/2012/, 2012.

Drdla, K. and Mulller, R.: Temperature thresholds for chileractivation and ozone loss in the polar stratosphere,
Annales Geophysicae, 30, 1055-1073, doi:10.5194/an@etd35-2012, http://www.ann-geophys.net/30/
1055/2012/, 2012.

Fahey, D. W., Kawa, S. R., Woodbridge, E. L., Tin, P., WilsdrC., Jonsson, H. H., Dye, J. E., Baumgardner,
D., Borrmann, S., and Toohey, D. W.: In situ measurementstcaining the role of sulphate aerosols in
mid-latitude ozone depletion, Nature, 363, 509-514, 1993.

Froidevaux, et al., L.: Temporal decrease in upper atmagpleglorine, Geophys. Res. Lett., 33, L23812,
doi:10.1029/2006GL027600, 2006.

Marcy, T. P., Fahey, D. W., Gau, R. S., Popp, P. J., Richar@, EThompson, T. L., Rosenlof, K. H., Ray, E. A,,
Salawitch, R. J., Atherton, C. S., Bergmann, D. J., RidleyABWinheimer, A. J., Weinstock, M. L. E. M.,
and Mahoney, M. J.: Quantifying Stratospheric Ozone in uppgosphere with in situ measurements of
HCI, Science, 2004.

Nash, E. R., Newman, P. A., Rosenfield, J. E., and SchoebeiR.MAN objective determination of the polar
vortex using Ertel’'s potential vorticity, J. Geophys. Rd€1, 9471-9478, 1996.

Rienecker, M., Suarez, M., Gelaro, R., Todling, R., Bacteeis)., Liu, E., Bosilovich, M., Schubert, S.,
Takacs, L., Kim, G.-K., Bloom, S., Chen, J., Collins, D., @gn A., and A. da Silva, e. a.. MERRA
- NASAs Modern-Era Retrospective Analysis for Research applications, J. Climate, 24, 3624—-3648,
doi:10.1175/JCLI-D-11-00015, 2011.

Salawitch, R. J., Wofsy, S. C., Wennberg, P. O., Cohen, RA@lerson, J. G., Fahey, D. W., Gao, R. S., Keim,
E. R., Woodbridge, E. L., Stimpfle, R. M., Koplow, P., Kohn,\l., Webster, C. R., May, R. D., Pfister, L.,
Gottlieb, E. W., Michelsen, H. A., Yue, G. K., Prather, M. \Jlson, J. C., Brock, C. A., Jonsson, H. H.,
Dye, J. E., Baumgardner, D., Proffitt, M. H., Loewenstein, Rbdolske, J. R., Elkins, J. W., Dutton, G. S.,
Hintsa, E. J., Dessler, A. E., Weinstock, E. M., Kelly, K. Bgering, K. A., Daube, B. C., Chan, K. R.,
and Bowen, S. W.: The diurnal variation of hydrogen, nitmogend chlorine radicals: implications for the
heterogeneous production of HNGGeophys. Res. Lett., 21, 2551-2554, do0i:10.1029/94G8027994.

Solomon, S.: Stratospheric ozone depletion: A review ofcepits and history, Rev. Geophys., 37, 275-316,
doi:10.1029/1999RG900008, 1999.

Solomon, S., Portmann, R., Garcia, R. R., Thomason, L.,eRdolR., and McCormick, M. P.: The role of
aerosol variations in anthropogenic ozone depletion ahean midlatitudes, J. Geophys. Res., 101, 6713—
6727, 1996.

Tilmes, S., Kinnison, D., Miller, R., Sassi, F., Marsh, Baqville, B., and Garcia, R.: Evaluation of hetero-



geneous processes in the polar lower stratosphere in thdeWttimosphere Community Climate Model,
155 J. Geophys. Res., 112, D24301, doi:10.1029/2006JD0O0ZRRXY,.
Tilmes, S., Garcia, R. R., Kinnison, D. E., Gettelman, Ad &asch, P. J.. Impact of geoengineered aerosols
on the troposphere and stratosphere, J. Geophys. ResD12305, doi:10.1029/2008JD011420, 2009.
WMO: Scientific assessment of ozone depletion: 2002, Glolzahe Research and Monitoring Project-Report
No. 47, Geneva, Switzerland, 2003.
160 WMO: Scientific assessment of ozone depletion: 2006, Glolzahe Research and Monitoring Project-Report
No. 50, Geneva, Switzerland, 2007.
WMO: Scientific assessment of ozone depletion: 2010, Glolzahe Research and Monitoring Project-Report
No. 51, Geneva, Switzerland, 2010.
Yang, X., Cox, R. A., Warnwick, N. J., Pyle, J. A, Carver, G, @'Connor, F. M., , and Savage, N. H.:
165 Tropospheric bromine chemistry and its impacts on ozone:o8lehstudy, J. Geophys. Res., 110, D23311,
doi:10.1029/2005JD006244, 2005.



North Pole Geoeng. — Baseline Geoeng. VSI|=6 — VSL=0 Geoeng. VSL=10_100 - VSL=0
B e e s e A RARs se e e e
/ FMA _VSL=0 FMA FMA FMA — (T)ml
%F / - + + 1= b,
_ L | CIO,/BrO,
E mjl o 3 + + E o,
%) S
S 20f) L I R E
< b
15(: Lot o + + B
e Baseline (solid)
I I L oo0eng. (dashed I I + I / I 1. I \/ 3
R et R EREEE e e e BT Ea e RR s S R Biaan
MJJ  fvsL=0 MJJ MJJ MJJ — Total
% - + + 1= b,
_ / CIO,/BrO,
g : I 0 + + 4 | — No,
Py R
ERE ) o + + E
o
15 M4 . + + B
Baseline (solid)
oF L L (‘Eeoeng, (das‘hed)” L L R L L I L o L J
0 1-10° 2-10° 3-10° 4+10° 5-10° 6+10° -1-10° 0 1-10° -1-10° 0 1-10° -1-10° 0 1-10°
South Geoeng. — Baseline Geoeng. VSI|=6 — VSL=0 Geoeng. VSL=10_100 - VSL=0
35 e T T e e
VSL=0 ASO ASO ASO — (T)mal
30r o T T 7 HO,
_ CIO,/BrO,
E = - + + 4 | — NO
8
2 20| R S - -+ _ B B
< e -~
s - - -+ ¢ + ( B
-------------- Baseline (solid) N -
10f=" Geoeng, (dashed) 1~ P T T ) =
| | | | | | | | | | |
B T T T s Y R R R R e TR R RN R R T R R R TR LR e R T R R R R R LR TR — A ARaaaE R
VSL=0 NDJ NDJ NDJ - (T)ml
+ i 1= no,
_ % CIO,/BrO,
3 T+ T ] 0,
&
[}
8
3 S T b
<
s Baseline (solid) v
opf L L L (‘Beoeng, (das‘hed)” L A L kR L L R L L K
0 1-10° 2:10° 3-10° 4+10° 5-10° 6+10° -1-10° 0 1-10° -1-10° 0 1-10° -1-10° 0 1-10°
North Mid Lat. Geoeng. — Baseline Geoeng. VSL=6 — VSL=0 Geoeng. VSL=10_100 - VSL=0
36 [T I e — e -
7 FMA TvsL=0 FMA FMA FMA — goml
% R - T ¥ 1 | — HO,
_ Y CIO,/BrO,
L - + + 1 |— NO,
[} A7 >
ERE s o Es 1 E
<
15 - + + B
Baseline (solid) J
TOF N Geo(‘e‘r‘\g‘.”(‘(‘i‘ashed P S D | D e
35 - - — — - —
MJJ MJJ — (T)mal
30 i - + 1= ho,
. enmomees CIO,/BrO,
E o5y e s + 4 | No,
3 A ere
2 200/ - + B
E ¢
15 - + B
3 Baseline (solid)
10 L (%eoeng, (das‘hed)” L L R L L T L L L L K

1 1
0 1-10° 2-10° 3-10° 4+10° 5-10° 6+10° -1-10° 0 1-10° -4-10* -2-10* 0 2:10* 4-10° -4-10* -2:10* 0  2:10* 4-10°

Fig. 2: First column: ozone loss rates for different ozonstiasing cycles (different colors) and
total ozone loss rates (black); baseline simulationsd$alhd geo-engineering simulation (dashed)
in 2040 for VSL = 0 (see main text for definition) consideririfjetent seasons and regions. Second
column: differences between geo-engineering and basslimalations as shown on the left. Third
column: differences between VSL = 6 and VSL = 0 case for theayggineering simulations only.
Fourth column: differences between VSL = 10 + 100 and VSL = $edar the geo-engineering

simulation only.
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