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Abstract. We have used the Whole Atmosphere Community Climate Model (WACCM), with
an updated treatment of loss processes, tordigte the atmospheric lifetime of SHhe model
includesthe following SFs removal processephotolysis, &ctron attachment and reaction
with mesospheric metal aton®he Sodankyla lon Chemistry (SIC) model is incorporated into
the standard version of WACCM to produce a new versitdh a detailedD region ion
chemistrywith cluster ions and negative ions. This is used to deterniatittale and altitude
dependent scaling factéor the electron density in trstandard WACCMn order to carry out
multi-yearSFe simulationsThe model gives meanSFs lifetime over a 11year solar cyclér)

of 1278 years (with a range from 1120 to 14@&r3, which is much shorter thahe currently
widely used value of 3200 years, due to the larger contribution (97.4%he @hodelled
electron density to the total atmosphéddss. The loss of SEby reaction with mesospheric
metal atoms (Na and K) is far too slow to affect the lifetiiie investigate how this shorter
atmospheric lifetime impacts the use ofs $¢ derivestratospheric agef-air. The agef-air
derived from this shortefifetime SFs tracer islonge by 9% in polar latitudesat 20 km
compared to gassive SEtracer. We also presetaboratory measurements of the infrared
spectrum of Sgand findgood agreement with previous studies. We calculateehdting
radiative forcings and efficiencies to be, on average, very similar to those depat@usly.

Our values for the 20, 100 and 5§6ar global weming potentials ard 8,000, 23,800 and
31,30Q respectively
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33 1lIntroduction

34 Sulphur hexafludde (Sk) is an anthropogenic greenhouse gas which is mainly used as an
35 electrical insulator, with othepplications as a quasiert gas. Although its main sources are

36 in the Northern Hemispherés atmospheric abundance is increasing globally in response to
37 these emissions and its long atmospheric lifetime.iSEharacterised by large absorption

38 crosssections for terresial infrared radiation such that theesentlyincreasing Skabundance

39 will contributea positive radiativéorcing over many centuries. The important known removal
40 sources are electron attachment and photolysis. Recently, we haweeatsared bimolecular

41 rate constants for the reactiohSFs with mesospheric meta(otterdill et al, 2015).

42 Harnisch and Eisenhauer (1998) reported thatisSRaturally present in fluorites, and eut

43 gassing from these materials leads to a natumekground atmospheric abundance of 0.01
44 pptv. However, at present the anthropogenic emissions @egfeed the natural ones by a
45 factor of 1000 or more and are responsible for the rapid increase in its atmoaphadance.

46 Surface measurements showttB& increased by about 7%/year during the 1980s and 1990s
47 (Gelleret al, 1997; Maiss and Brenninkmeijer, 1998).

48 Sks provides a useful tracer of atmospheric transport in thettroposphere and stratosphere.
49 Rates for transport of pollutants into, within, and out of the stratospherenpmetant

50 parameters that regulate stratospheric composition. The basic chaiesteofs the

51 stratospheric Brewdbobson (BD) circulation are known from observations of trace gases
52 such as S§air enters the stratospte at the tropical tropopause, rises at tropical latitudes, and
53 descends at middle and high latitudes to return to the troposphere. Understanding the rate of
54 thistransport ora global scalés crucial in order to predict the response of stratospheriteozo
55 to climatic or chemical change. &6 essentially ineiih the troposphere to middle stratosphere
56 and is removed by electron attachmamiphotolysis in the uppetratospherand mesosphere

57 (Ravishankaraet al, 1993) This tracer therefor@rovidesan ideal probe of transporno

58 timescales of importance in the stratosphericulation and quantitative information amean

59 air mass agéor the lower ad middle stratosphere.

60 The mearage-ofair (AoA) is the interval between thiegne when the volume mixing ratio of

61 a linearly increasing atmospheric tracer reaches a certain value at a givemnlacatie

62 stratosphere and an earltene when this mixing ratio was reached at a reference location.
63 Mean AoAis expressed g#lall and Plumb, 1994; Waugh and Hall, 2002)
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AO0A =t(x, |, 2) - t(y, lo, 20) (E1)

wheret is time,y is the volume mixing ratid,andz are latitude and altitude, and the 0 subscripts
denote the referentatitudeand altitude which arehosen to be the upper tropical troposphere
(latitude = 2N, altitude = 13.9 km)In principle te tiend of AOA can be used to diagnose
changes in the strength of Brew2obson circulation (BDC); in practice, however, it is very
difficult to obtain unambiguous results on trends from this or any other trace gamghal,
2011) Ideally, AoA should be determined experimentally using a tracer withsreajl (or
zero) chemical sink in the stosphere or mesosphere. Otherwise, a correctiontmeusgplied

to account for this los#\ correction wouldalso benecessary for any ndimeartropospheric
growth. Howeverfor the period considered for diagnosing-adir in this papef2002-2007)
the growth of SEis approximathy linear, so we can reasonalsigglect such a correctidar
SFs-derived AoA (Hall and Plumb, 1994

Ravishankaraet al. (1993) reportedhte atmospheric lifetimef Sk to be 3200 years by
consideringelectron attachment angicuum Utraviolet (VUV) photolysis. They also studied

the loss of SEby reaction with OYD) but found the rate too slow to be importafihey
deducedhat electron attachment was the dominant loss process and quantified thés proce
using a 2D model,wherein theyassumed that all gfolecules are destroyed after attachment
of an electron (with a rate constantl®® cm® molecule® s1). They therefore argued that their
lifetime of 3200 years could be a lower liptiut clearly this result depends thve accuracy of

the 2D electron density, which was calculated using only photochemiistnyis et al. (1995)
subsequentlgxtended the work of Ravishankastal. (1993) by including afon chemistry
module in the same-R model. They also made other assumptions to maximise the impact of
electron attachment on §loss and derived a lifetimas low as800 yearqwhich could be
further sporadically decreased by large solar proton evéigs)g a 3D middle atmosphere
model, Reddmanat al. (2001) estimated the lifetime to be 4%&ag when Sk is irreversibly
destroyed purely by direct electron attachment and to be ¥#9when SFkloss is assumed

to occur only via indirect loss (via the formation ofs$BEnd ionization via the reactions with
O;" and N*. They concluded that the estimated lifetime depends strongly on the electron
attachment mechanism, because the efficiency opthisess as a permanent removal process
of Sk depends on the competition between reaction of 8#h H and HCI, and
photodetachment and reaction with O and Bere we extend on the above studies and

investigate the SHifetime using a statef-the-art3-D chemstry climate model with a domain
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96 from the surfacéo 140 km. Our modelled electron density is based on results of a detailed ion
97 chemistry model and we usedetailed methodology for treating the atmospheric background

98 electrons, which is based droe’s formalisn(Troeet al, 2007a,b; Viggianet al, 2007).

99 In addition to determining the $Hfetime, in this study weaeport newmeasurments of the

100 infrared absorption crossections for Sfand inputtheseinto a lineby-line radiative transfer

101 model in order to obtain radiative forcingsdaefficiencies. These valueseathen used to

102 determinemoreaccurate values of global warming potentials (GWPs) based on their cloudy
103 sky adjusted radiative efficiencie&WP is the metric used by th@/orld Meteorological

104 Organisation\(VMO) andIntergovernmental Panel on Climate Cha@§&C) to compare the

105 potency of a greenhouse gas relative to an equivalent emissiorn ov€Ca set time period.

106 The definitions of theseadiative terms are discussed wfetail in our recent publication

107 Totterdill et al. (2016).

108 2 Methodology

109 2.1 WACCM 3D model

110 To simulate atmospheric §®we have used the Whole Atmosphere Community Climate Model
111 (WACCM). Here we use WACCM 4Marsh et al, 2013) which is part of the NCAR
112 Community Earth System Model (CESMamarqueet al, 2012) configured to have38
113 pressure levels from the surface to the lower thermosphere (5.98 Rald40 km) and a
114 horizontal resolution of 199x 2.5 (latitude x longitude). The model contains aailed
115 treatment of middle atmosphere chemistry including interactive treatmentsaoidN&Plane
116 et al, 2015).We use the specified dynamics (SD) versiothef model to allow comparison
117 with observationgsee Garciat al, (2014) for details). The SBurface emission flux and
118 initial global vertical profiles were taken from a CCMI (Chemistry Climate Mdau#ative)
119 simulation using the same version of -BOACCM with the same nudging analysés.

120 Kinnison, personal communication, 2013).

121 Lyman-a photolysis is the only SHossreactionin the standard version of WACCRhd n

122 thiswork we have added the additioqabcesses givein Table 1. The rate constanfer the

123 SFs + metal reactions have been measured in our laboratory for mesospherigonsndit
124 (Totterdill et al, 2015) herewe use the experimental values for the reactions with Na and K
125 For the photolysis of SEwe used the standaW!ACCM methodologybut with the updated
126 Lyman-o cross section from our laboratory of 1.37x10'® cm? molecule® (Totterdill et al,

127 2015). TheWACCM Lymana flux is taken from Chabrillat and Kockarts (1997).
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128 Electron attachment to SFplays a major role in itsatmospheric removal and so both
129 dissociative and nedissociative attachment are considered in thidysflihe detailed method
130 is describedn arecent paper (Totterdiét al, 2015) and here only a brief summary is given.
131 The removal process by the attachment of low energy electronsg tatsbe described using
132 Troe's theory (Troet al, 2007a,b; Viggianet al, 2007). In theniddle and lower mesosplegr
133 electrons are mostly attached to neutral species in the form of anions. Hoveeverg88 km
134 the concentration of free electrons increases and the direct electron attach&tebecomes
135 more likely. This can happen either by associative attachment forming ¢han&m which
136 canthenundergo chemical reactions with H, O3 &d HC] or by dissociative attachment
137 forming the SE anion fragment. Therobability 5 of dissociative attdumentwhen an electron
138 is captured by Sfis given by

139 B(p, T) = —dis (E2)

kat+kais

140 wherekgyis is the rate constant for dissociative attachment kan@é the rate constant for
141 associative attachmemtcan be expressed as

2
4.362—0.58210g10(p/Torr)—0.0203<l0g10( P )) /5.26><10_4]

Torr.

142 B(p,T) = exp(—4587T + 7.74) x 10
143 (E3)

144 whereT is the temperature in K anudis the pressure in To¢Totterdill et al, 2015).

145 We include both associative and dissociative electron attachment using W-#e@Nted
146 electron concentrations (s€able 1). Note that the Sfarion is not modelled directly. Instead
147 the Sk attachment losgateis calculated by multiplyinda: by theprobability of permanent
148 destruction of the resultirgfs (reactions of S§&with H and HC) to the sum ofhese reactions
149 and processes which recyclesSt6 Sk (reactionswith O and Os, and photodetachmeént
150 (Morris et al, 1995).

151 In order to use a realistic electrooncentrationthe role of negative ioris theD regionmust

152 be considered. Therefore, a scaling factor was introduced that converts thedsStdACEM

153 electron concentrationghich are calculated from charge balamdgéh the five major positive

154 E regionions (N, N2*, O*, O;" and NO), to more realistic electron concentrationée have

155 recently incorporated thBodankyla lon Chemistry (SIC) model into the standard version of
156  WACCM to produce a new version (WACGCBIC) containinga detailedD region ion
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157 chemistry with cluster ions anagative iongKovacset al, 2016) The mesospheric positive
158 and negative ions in WACCHMBIC are listed inTable 2. The electronscaling factolin each
159 grid box of WACCMwasthendefined as the annually averaged ratio ofifetm-sic/[€]lwacem
160 for the year R13 where[elwaccum-sic is the electron density calculated from WACESIC
161 and [eJvaccm from the standard WACCM.

162 The scaling factor, which varies with altitude and latitude, is showigure 1 (bottom panel)

163 together with the electron densities from the standard WACCM (top panel) ancCW/SIC

164 (middle panel) models. The annually averaged electron concentration in the MASCGT

165 model is significantly smaller in the lower and middle mesosphexe ih the standard

166  WACCM, which is expected because of negative ion formation. Note that in the upper
167 mesospher€70 - 80 km) the electron density in WACGCBIC is larger than WACCMThis

168 results from the inclusion ehedium energy electrons (MEBIlectrors with energy between

169 30 keV and 2MeV)in WACCM-SIC. Figure 2 shows the effect of MEE by comparing
170 WACCM-SIC runs with and without this source of ionization in the upper mesosphere
171 included.To describe the effect of ionization, WACG$IC uses ionizatiomates () as a

172 function of time and pressure which were calculated from the spectra based pottime

173 energyrange measuremeritsstandard air as described dgrronenet al. (2005). According

174 to Figure 3 oMeredithet al. (2015),the annually averagededium energy electron flux for

175 2013 approximately corresponds to the ldeigm, 20year averageThis allows us to assume

176 that the annually averaged electadensity of 2013rom WACCM-SIC can be usetb scale

177 the longterm simulationaising the standard WACCIldimed atdetermining the atmospheric

178 lifetime of Sk.

179 TheWACCM simulation included five different SEracers in order to quantify the importance
180 of different loss processes. All of these tracers used the same emissionfebed dif their

181 treatment of S§loss reactions. One §Fracer included no atmospheric loss (i.e. a passive
182 tracer). Three tracers included one of the following loss prosdes&Sk: (i) reaction with

183 mesospheric metals (Na, K), (ii) electron attachmemt (#@npUV photolysis. Finally, one ‘total

184 reactive’ Sk tracer included all three loss processes. This total reactive tracéd leothe

185 most realistic and was used in the radiative fagyatalculations. WACCM was run for the
186 period 19962007, and therfst five years were treated as spip. For the analysis the monghl

187 meanmodel outputs were saved and later globally averaged for thenkfetlculations.

188
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189 2.2 Infrared absorption spectrum and radiative forcing

190 Previous quantitative infrared absorpt&pectra of Sfhave been compared odnebroget

191 al. (2013)(their Table 12)There are differencesf ~10% between existing integrated cross

192 section estimatesand the measurements cover different spectral randyeserefore

193 performeda more complete set of measurements over a wider spectragliraogier toreduce

194 uncertainty in the absorption spectrum aedce theadiative efficiencyf Sk. Measurements

195 were taken using an experimental configuration consisting of a Bfukarier transform

196 spectometer (Model IFS/ 66which was fitted with a midnfrared (MIR) source used to

197 generate radiation which passed througlewacuable gas cellith optical path lengti5.9

198 cm. The cell was fitted with KBr windowsvhich allow excellent transmission between 400

199 and 40,000 cm The choice of source and window were selected so as to admit radiation across
200 the mid IR range where bands of inter@stknown to occur. Room temperature (296 + 2 K)

201 measurements were caliout between 400 and 2000 tat a spectral resolution of 0.1 ém

202 and compiled from the averaged total of 128 scans to 32 background scans at a scanner velocity
203 of 1.6 kHz. Gas mixtures were made using between 8 and 675 Torg dfl®Ed up to an

204 atmosphere using N according to the methatéscribedn Totterdill et al. (2016).

205 Radiative forcing calculations were made using the Reference Forward Mode) (B&dihia,

206 2013)which is a lineby-line radiative transfer model based on the previous GENLbB@ein

207 (Edwards, 1987). Results obtained from this model were validated against the DISOR
208 radiative transfer solvefStamneset al, 2000)included within the libRadtran (Library for

209 Radiative Transfer) packag®ayer and Kylling, 2005)A full description of these models and
210 parameters used alongside discussion of treatment of clouds and model compatsmn is a
211 given inTotterdill et al. (2016).

212 3 Results

213 3.1 Global distributions of SF6 from WACCM simulations

214 Figure 3 showstypical zonalmean profiles othe WACCM Sks tracers in the north and south

215 polar regiongor different seasongompared to MIPAS observaticfus the year 200{Haenel

216 et al, 2015. Although the MIPAS S§data provides much more coverage horizontally and
217 vertically compared to isitu aircraft and balloon data, it has only been validapetb 35km

218 (Stiller et al, 2008) At higher altitudewvalidationis not possible due to the lack sifitable

219 reference dateDetails of thevalidation of the MIPASdataversion used her@/5h_SF6 20

220 for the full resolution product from 2004 and earlier; V5r_SF6_222 and V5r_SF6_223 for the



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-671, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 18 August 2016 and Physics

(© Author(s) 2016. CC-BY 3.0 License.

221
222
223
224
225
226
227
228
229
230
231
232
233

234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253

Discussions

reduced resolution period of 2005 and later) can be found in Heeakl(2015) including
Figure S2 of their supplementgmaterial The WACCMpassive S§tracerhas a mixing ratio
profile thatis fairly constant withaltitude until around 70 km, after whidh decreases.
Comparisorof the tracers thanclude loss processes show that removal gfiSBominated
by electron attachmentvith a small contributiondirect from photolysis.The mesospheric
metals make a negligible contributidoecause the Na and K layesscur in the upper
mesospherebmve 80 km(with peals aroundd0 km), and the cwertrations of these metal
atoms areoo low. As is clea from Figure 3, themodelsimulation and satellite obseons
agree withinthe atmospheriovariability, which becomes relatively largabove 30 km
especially at highatitudes although the model is systematically larger than the observations
above 20km. The time variation oimodelled SFs shownin Figure 4 corresponds to an
emission ate (slope) 06.5x10° Tg/year, i.e. ®.29 pptwyearincrease in global mean volume

mixing ratio,and a volume mixing ratio of 6.4 pptv by the end of 2007.

Figure 5 shows the zonal mean annual meas @§tribution from the five WACCM tracers
and MIPAS observations for 200Figure 5a (and Figure 3) showsthat there is a rapid
decreasén SFs above 75km even for the inert traceiThis can k explained bydiffusive
separation, which becomesonouncedn the upper rasospherdecause SHs arelatively
heavy moleculeompared to the @an molecular mass of aileculeqcf. Garciaet al (2014),
where similar behaviour is seen for &@notherelativelyheavy molecule)Panels(a)-(c) of

the figure all show Sfdecreasing above ~80 km, apdnes (a) and (clare almostdentical,
while in panel(b) the decrease begins a little lower. This is all consistent with the rtbbn
metals dona affect SFs and photolysis contribute®nly slightly. The fat that diffusive
separation prevengrs from reaching altitudes where photolysis is faster must be contributing
to the very long liétime found when photolysis is the only loss considered. By contrast, in
Figure 5d Sk decreasempidly above 70 km, which is related to the fact that loss via electron
attachment is important gteselower altitudes. Thus, in this @, Sk loss occurs below the
altitudes where diffusive separation is important (and wéiedensity is higher), which makes

it a mud more effective loss mechanisiihe WACCM Sk tracer thatincludes & loss
processesHigure 5€) hasa very similar distribution tdhat which only treatsloss due to
electron attachmenEigure 5d), whichemphasisebow this process dominatess36ss in the
model. This model tracer can be compared toMIRRAS observations ifrigure 5f, which
shows that WACCMagreeseasonably wellith the measurements in the lower stratosphere

(note the smaller altitudenge in panels (e) and (f) Bfgure 5). Finally, it is also clear that
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WACCM Sk, even with all losses considered, decreases with altitude much more al@ily
latitudes than MIPAS SEThis could indicate a problewith themodels meridional transport
However, aoofast BDC would tend to produce low levels ok@Fmiddle and high latitudes
in the descending branch, which does not seem to be the case. Thatelfasitwo other
possible scenariosould be responsible for th#iscrepancy Sk loss in WACCM is still
somewhat underestimated despite the inclusion of the electron attachmieiiPAS Sk is

biased low above ~20 km.

3.2 Atmospheric lifetime

The atmospheric lifetime is defined as the ratio of the atmosphedeib b the atmospheric
loss rate. This definition was used to calculate annual mean lifetime valmeth WACCM
output containing the individual rates for the different loss processes. During thatgmul
the total atmospheric burden of¢ificreased linearly as expected (5égure4) from 3.4x162
molecules with an annual increment of 2.3%4folecules/yearFigure 6 shows the variation
in Sk lifetime from 1995 to 2007, corresponding to a full solar cycle (the solar minima
occurred in May 1996 and January 2008). The figeraonstras thathe lifetime has a strong
dependence on solar activityeing anticorrelated wittthe solar radio flux at 10.7 cm (2800
MHz) (Tapping, 2013yhichranges over (72 183) xL0??W m? Hz%, with an average value
of 90.3x1022W m? Hz'1. The mean SHifetime and range over the same solar cycle period
= 1278years with a range from 1120 to 1475 years. The anauvatagd electromumber
densityin the polarregionsis also plotted inFigure 6; as expected, it is correlated withe

10.7 cm radio emission (Tapping, 2013).

As noted in the Introduction, th8Fs lifetime has been reported to be 3200 years by
Ravishankarat al, (1993). For this they used a total electron attachment rate conskaat of
= 10°% cn?® st In Morris et al. (1995) the calculatedifetime decreasedo 800 years by
consideringon chemistryandassuming that the associative attachment formingdsies not
regenerate the parent molecule, therebtaininga lower limit for the lifetime Reddmanret

al. (2001)estimated the lifetiméo be 472 ywhen Sk is irreversibly destroyed purely by
direct electron attachment and to%859 yr when SEHossis assumed to occonly via indirect
loss (via the formation of 3 and ionization via the reactions with*@nd N*. In the present
study wehavedirectly appied Troe's theoryTroe et al, 2007a,b; Viggianet al, 2007)to

determine the efficiency of electron attachment as a function of temperatureeasgrer and
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285 the branching ratio for dissociative attachment (equation E2), which we extegpota
286 mesospheric condition§Totterdill et al, 2015.

287 Our estimatedartial lifetime of Sk due tophotolysisfor the Sk tracer which includes all
288 loss processeas 48,000 yr, which is considerablpnger than that the 13,000 yr determitgd
289 Ravishankaratal. (1993)despite our Lymadu. cross section (1.37 x 1028 cn?, Table 1) being
290 only ~22% smaller than the value trafue measured by Ravishankatal.(1.76 x 108 cnr).

291 One reason why our photolysislated partial lifetime is longer is that WACCM indes
292 diffusive separation, which was not described in the earlier 2-D model study. Tusdnabf
293 diffusive separation reduces sharply the abundance ghtStgh altitudes, where photolysis
294 is most effectiveAnothercontributing factor could bthatthe VUV photolysis is important
295 only above 8 km, while in our model runSFs is mostly destroyed by electron attachment,
296 which results in less being transported into this upper mesospheric region. Whealyge a
297 our WACCM Sk tracer which is subject tphotolysis loss only, the resulting stesstgte
298 overall lifetime for the st model year (20073 17,200 yr which is only 32% larger than the
299 value of Ravishankart al (1993) and thus monsistent with the difference in the Lyman
300 o cross sectionsFinally, if wedo not include the electron scaling factor to reduce the electron
301 density below 80 km due to negative ion formation, theistaédifetime decreases to 776 years

302 (not shown)which is similar ¢ the value obtained by Morrét al (1995).

303 3.3 Impact of SFel0sson mean age of stratospheric air

304 As Sksis a chemically stable molecule in the stratosphediroposphere, and hag almost
305 linearly increasing tropospheric abundance, tteaspheric mixing ratio is oftensed to
306 determine the man age of stratospheric air. Tigsn important metric in atmospheric science
307 as the distribution of ozone and other greenhouse gases depends significantly oispbet tra
308 of air into, within, and out of the stratosphere. WACCM contains an idealizeshrli¢
309 increasingageof-air tracer (AOA) that providesmodelage values for model experiments
310 (Garciaet al, 2011).

311 Age-of-air has generally been derived from observationgréstingSFs as a passive (nen
312 reactive) tracerThe assumption is that the global loss rat®dasslow to significantly affect
313 the lifetime. This was confirmed by Gar@gaal. (2011)when only photolysis was included.
314 However, when loss via electron attachment is also considered, the lifedipieeoame short
315 enough that this assumption is no longer validwhich casehe stratospheric mixing ratio

316 would appear to correspond to an earlier tropospheric mixing ratiarthaality. We have
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compared the passive WACCM &Facer with tlat subject to alloss processewhich yields
the newlifetime of 1278yr. The difference between these two tracers indicates the error in the
derived ageof-air that would arise in the real atmosphere if &Fassumedo be a passive

tracer. The error caused by chemieahoval can be expressed as:
A(A0A) = AoA(reactive tracery AoA(passive tracer) (E4)

whereA(AoA) is the difference ithe ageof-air value caused by chemical loss, AoA(reactive
tracer) is the calculated agé-air considering the chemical removal, awA(passive tracer)

is the value obtained from a nosactive tracer. Thexpression for the age-afr at any point

in the stratosphere can be obtained from a simplified version1)ftii|at is derived froma

Taylor serieexpansion, retaining only thméar term; then its expressed as
A0A = [(xo(SFs) — 1(SFe))/ r(SFe)] (E5)

wherey(SFs) andyo(SFs) are the SEvolume mixing ratios at the actual and the reference
(tropical tropopause) points, respectively, whil8Fe) is the rate of increase trbpospheric
Sks. In our simulations(SFe) is 0.29 pptv/yearHigure 4), whichis an approximatioras the
growth rate is not constant in realitiller et al (2012) report a value of 0.24 pptv/yéased

on observations. These tvgmplificationswill lead to deviations between WACCM and
MIPAS age datdf (E5) is substituted into (E4) then the error in agexiofwill be:

A(AOA) = (x(SFs, passiv} — x(SFs, reactivd)/ I (SFe) (E6)

This error, along with the mean age itself, was calculated ¥W6h€CCM output for 2007.
Figure 7 shows the annual mean ages determined from the WACCM simuliairar2002-
2007using the total reactive and the inerg8Bcers and the idealiz&dA1 age tracerThere

is a clear difference between the age values derived from the passarel$ke idealized AcA
tracer If equation (E5)s used to determine the age values there is no guarantee that the age
valuesderivedfrom the two tracers will be identical; the rate was determined from the increase
of the Sk burden (029 pptv¥ear) and this was praed by the linear fi{Figure 4), which

can misrepreselthe growth rate at any timeigure 7 also shows the difference between the
age values obtained from the reactive and inegti@Eersit can be seen that considéoa of

the reactive S§tracerdoes indeed affect the determined mean age values, mostly where
electron attachmerdominates The age estimates at high latitudes are most sensitive to

chemical loss because the air that reactesethcations hadescendefrom thehigh altitudes

11
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347 whereSFs losspredominantlyoccurs According to he MIPAS satellite observatioriStiller
348 etal.,, 2012;Haenelet al, 2015.), thederived age value over th®pical lower stratosphew
349 25 kmis slightly more than $ears while theWACCM simulations withthe reactive Sftracer
350 predics 3yeas. Comparind-igures 7a and7b, the effect of chemical removal in this region
351 is minor(0.01year or 0.5%hangepndtherefore it does not have much impact on the inferred
352 atmosphed transport. At the poles the effect is much more signifithatjifference a5 km
353 between the reactive and inerteSFacersis up t00.55 yeas (9%). This means that in the
354 tropospherestratosphere low latitude regions the effect of chelmiemoval is not very
355 significant and the error on the estimated mean age caused by the assumptiobedisa
356 passive tracer is mamportant. Howeverthe effect & chemical removal becomesore
357 significant at high latitudes.

358 We can also compare molbel and observethean age valuds the lower stratosphere (20
359 km). Figure 8 shows the mean age profiles from WACCM tracBi’-2 observationgHall et

360 al., 2009)andour analysis oMIPAS Sks satellitedataat 20 kmFrom this it can be seen that
361 in thetropical regiorthe mean age values aienilar between the idéakdage traceand the

362 inert and reactive SRracers. This is consistent with no loss o 8&ving occurred in air

363 parcels in the deep tropics. At high latitudes there is up to 0.5 yéredte in themodelled

364 mean agg with the reactive Sftracer producing the oldest apparent age. The differences in
365 mean age between the tracers is larger in the SH polar region than in the Né¢ltkeaqolar

366 region is less well mixedrhe tendency igery similar when we compare the WACCM mean
367 ages to the MIPAS observations. Note that the satellite observatiomgsmore seasonal

368 variability in the middle and high fiaudes than in the tropics.

369 3.4 Radiative Efficiency and Forcing

370 To determine theadiative efficiency and global warming potential ofsSRtegrated cross
371 sections were taken from the GEISA: 2011 Spectroscopic DatdWasmnasi, 2011)the
372 HITRAN 2012 Molecular Spectroscopic Databg&othmanet al, 2012) and were also
373 measured in this study. The literature values are presentathli@4 for comparison with our
374 experimentally determined values artfull Sk spectrum obtained in this study is given in
375 Figure9. In our studythe spectrometer error is £ for all experimentsandthe uncertainty
376 in the sample concentrations ofeSfas calculated to be 0.7%p&:tral noise was averaged at
377 +5x10%cr? molecule! per 1 cmt band. However, at wavenumbers <550%cowards the

378 edge of the mid infrared where opacity of the KiBiicsincreass, this value was 1x1% cn?

12
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molecule! per 1 cmtband. The error from determining the scaling cisesstion was 5%. This

results in an average overall error &4 in the crossections

The intensities of the main S&bsorption bands (92865 cm') measuredn this studyare 7%
greater than those reported(biurley, 2003, 1% greater than GEIS®aranasi, 201)and 1%
lower than those given in HITRARothmaret al, 2012)(Table4). Comparison of our results
againstvaranasi (201) between 650 and 2000 &ngives an agreement within 9%ote that

thesedifferences are within the combined error of both experiments.

The instantaneous and stratospheric adjusteda8iative efficiencies in clear and cloudy sky
conditions are given ifable 5. Thee are also presented as prestay radiative forcings
employing a currensurfaceconcentration of 9.3 pptNOAA, 2016) (seeFigure 4). The
radiative efficiency was calculated the RFM for each month betwe&@°Sand 90N at
latitudinal resolutios (on which thedata was averaged to obtain the zonal mean vertical
profile) of 1.5 and 9.0. The tropopause usdle standardVMO lapse rate defition (see
Totterdill et al, 2016) Figure 10 shavs the seasondhtitudinal variation of the instantaneous
clear sky radiative forcing for S®nthe high (1.5°) and lowd) resolutiongrids. Employing
profiles averaged over the lower resolution grid gives an average fordinig %6 of the
higher resolution grid. Using only a single annually averaged global mean pedfitea 10%
error in radiative forcing when compared to our monthly resolved high resolution profile,
supporting the findings dfreckletonet al. (1998)and Totterdillet al. (2016.

A selection of experiments were carried out over a range of months anddatitinvestigate
the sensitivity of the forcing calculations to the bands used. The average contribotiottsfr
main bands were compared against the calculation with the full measuredrsp@tte results
showed that the 580640 and 925-955 cm' bands ontribute almost 99% to the instantaneous
radiative forcing. Our forcing caldations suggest th#the SFs minor bands contribute only a
small amountto the final value. This means that deviatidretween our experimentally
determined spectra and thaseheliterature only result in a significant change to previously

published radiative forcingandefficiencieswhen that deviation occurs over a major band.

The Sk adjusted udy sky radiative efficiencpublished by théPCC AR5 report and used
to detemine its GWP values is 0.57 Whppbv* (Myhre et al, 2013) This compares to the
adjusted cloudy sky radiative efficiency determined in this study of 0.54 pgiv™. A review

on radiative efficiencies and global warming potential$ibgnebroget al. (2013)provides a

13
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410 comprehensive list of all published values for these parameters for mang $pelciding SE.

411 They establisbedthe range of published radiative efficiencies fos &®be 0.59-0.68 Wnv

412 ppbv?, with a mean value of 0.56 Whppbv'. They also made their own revised estimate
413 using an average of the HITRARothmaret al, 2012)and GEISA(Hurley, 2003; Varanasi,
414 2011) spectral databasend found a best estimate of (0.565 + 0.025)3@gpbv?. Their mean
415 vaue for radiative efficiencyis very close to that determined in this study using similar
416 conditions (0.59 Wré ppbv?).

417 3.5 Global Warming Potential

418 Table 6 gives our estimates of the 20, 100 and-$88r GWPs based on cloudy sky adjusted
419 radiative efficiencies of Sfeomparedvith IPCC AR5 valuegIPCC,2013) Our 20, 100 and
420 500+year global warming potentials for &&re 18,000, 23,800 and 31,300 respectively. The
421 20-yea and 106yea values are3% greater and% greater repectively, than their IPCC
422 counterpartsand the 508/ear GWP is 4% smaller than its AR4 counterpart (Foettel.,

423 2007). Forcing efficiencies determined in this study are somewhat higher theioysly
424 published values, which imply a higher value for GWP. However, our shorter atmaspheri
425 lifetimes wouldlead to a smaller GWP estimate. The traffdetween these competing effects
426 is apparent iff able 6, where Skexhibits a 26year GWRhat is slightly larger thathe IPCC

427 value while the500year GWP is slightly smallefThe radiative efficiency effeds most
428 obvious for the case of the 3@ar GWPwhere, becase the atmospheric lifetimd Sk is

429 1278years, the species does not have timalifyr significanioss to occur.

430 4 Conclusions

431 The 3D Whole Atmosphere Community Climate Model was usedinulate the S&
432 atmospheric distribution over the period of 12®7. From the concentrations and the
433 knowledge of the electron attachment, photolysis and metal reaction rates wardmtehe
434 atmospheric lifetime whickhowsa significant depedenceon the solar cyclelue to varying
435 electron density. The me&ts atmospheric lifetimeand I variation over a solar cycleere
436 determined to be 12%&ars(ranging from 1120 to 1475 yearahich is different tqpreviously
437 reported literature valueend muchshorter than thevidely quoted value of 3200 yearsThe
438 reason is our more detailed treatmenglettron attachmemisinga newformdism to describe
439 both associative and dissociative attachmandithe use of a detailed model Bfregion ion

440 chemistry to evaluate the partitioning of electrons and negative ions below 80 km.
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Based on this new estimate of theeSifetime, we find that thederived mean age of
stratospheric air from observations carshghtly affected by the atmospfieremoval of SE.

In the polar region the ag#-air values differ by up to 9% when the values from inert and
reactivemodeltracers are copared suggeshg that Sk loss does not hawe largeinfluence

on the age valudsut that it should be included in detailed analyses.

We also reinvestigated the radiative efficiency and global warming potential ef G&r
radiative efficiency valueeported hered.59 + 0.045 Wi ppbv?, is slightly higher thathe
IPCC ARS estimae of 0.57 Wn¥ ppbv’. The global warming potentials of Sfer 20, 100
and 500 years have been determined to b@0823,800 and31,300,respectively We find
that our revised fetime and efficiencyalues somewhat cancel each other out so ovelall

not play asignificant role in modifying the GWP estimates
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577 Tablel. Sk loss reactions included in WACCM.
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Chemistry
and Physics

Discussions

Loss process

Rateconstant

Reference and comments

Na + Sk

k = 1.80x10exp(-590.5/T)

From Totterdill et al,
(2015)
Refitted for mesospheri

temperatures 21800K.

K+ Sk

k = 13.4x10exp(860.6/T)

From Totterdill et al,
(2015)
Refitted for mesospheri

temperatures 21300K.

Electron

attachment

Associative attachment:

keaass = Kat x (Ksre + m[H] + ksre +
nen[HCI]) / (ep + Ksrs + m[H] + Kske +
Hen[HCI] + Ksre + 03]O3] + ksrs + 0[O])

Dissociative attachment:
kea,diss = Kat X 3,

where g is the fraction of S§ that

dissociates into SE

Totterdill et al, (2015.

Photolysis

Lymana: ¢(121.6 nm) = 1.37x1& cn?

Parameterised expressioner the range Totterdill et al, (2015).

of 115180 nm, based onprevious

measurements.
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579 Table 2. Positive and negative ions included in WACG\E.

02", Os*, NO", NO*(H20), &:*(H20),H"(H20), H*(H20)2, H*(H20)3,
H*(H20)s, H*(H20)5, H*(H20)s, HzO*(H20)(CO), H:zO"(OH),
02*(COp), Hz:O'(OH)(COy), HO*(OH)(H:0), O (H20)(COy),
02" (H20)2, O2"(N2), NO(H20), H'(H20)(CC), Of, N, N,
NO*(H20)s, Os*, H"(H20)2(COy), H"(H20)2(N2)

Positive ions

Oz, O, Oy, OH, Oy (H20), O’(H20)2, Os, CQOs, COs(H20), COy,
Negative ions HCOs, NOz, NG5, NGs, (H20), NG (H20)2, NOs(HNOs), NOs
(HNO3)2, CI, CIO, NOy(H20), CF(H20), CIH(CQy), CI(HCI)

580

581 Table3. Partial (reactions with electrons, photolysis, and metals (K, Na)) and totater
582 lifetimes (years) of S§from different studies. Numbers in parentheses show relative

583 percentage contribution of loss due to the different processes.

Lifetime / years

Study
~ Electron Model
Photolysis Total ] .
attachment dimensions
Ravishankarz 13,000 4210
3200 2D
etal.(1993) (24%) (76%)
Morris et al.
N/A 800 2D
(1995)
) 48,000 1339
This work 1278 3D

(2.6%) (97.4%)

584
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585 Table4. Integrated absorption cross-sections fog ®Easured in this work and ratios with
586 Vvalues obtained by Hurley (2003), Varanasi (2001) and HITRAN (Rotketnaln 2012).
Ratio of integrated crossections in

this work to previous studies

Integrated
Band limits crosssection Hurley Varanasi
HITRAN
(cm}) (10 cn? (2003) (2001)
molect cmt)
925-955 2.02 1.07 1.01 0.99
650 - 2000 2.40 - 1.09 -

587

588 Table 5. Calculated instantaneous and stratospheric adjusted radiative forcings atideradia

589 efficiencies of Skin clear and alsky condition$.

Instantaneous Stratospheric adjusted

Clear All-sky Clear All-sky
Radiative  forcing

76.43 48.91 81.81 56.01
(mMWni?)
Radiative efficiency

0.50 0.85 0.59

(Wm2 ppbv?)

590 a. Basedn present day atmosphericeSlarfaceconcentration of 9.3 pptv.

591 Table6. Comparison of 20, 100 and 5§8ar globalvarming potentials for SFrom this work
592 with values from IPCC (2013).

Global Warming Potential
GWPy GWPwoo GWPseo
This worlé 18000 23700 31300
IPCC (2013) 17500 23500 32600
Difference (%)
(This work —IPCC)

593 2Based on ouatmospheric lifetime of 127%s and RE of 0.5%Vm? ppbv?.

594 P Based on an atmospheric lifetime of 3200 yrs and RE ofWis7 ppbv? .

595 °Based on an atmospheric lifetime of 3200amsl RE of 0.52Vm2 ppbv? from IPCC AR4
596 (Forsteret al, 2007).

+3% +1% -4%
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602
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Figures

Altitude

Altitude

Altitude

Ed
Latitude

Figure 1. Top: annual average electron concentration for 20@f the standard WACCM
model (in 18 electronscm®). Middle: annual averagelectron concentration for 2018m
WACCM-SIC model (in 1®electronsm®). Bottom:amually averagedlectronscaling factor
for 2013.
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605 Figure2. Time series of volume mixing ratio profilgsptv) of NO* (left panels) and © (right

606 panels) above Halley (78) from two WACCM-SIC simulations. Top panels show the values
607 obtained from the model rimithoutmedium energy electronthemiddle panels shothe run

608 with medium energy electronand the bottom panels show the absolute differences between
609 the two model runs.
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612 Figure 3. Annual volume mixing ratiogptv) of the different Sktracers for the glar regions
613 (60°N — 90N and 60S — 90°S latitudes) in 2007 as a function of altitude for MIPAS satellite
614 observed SE(black symbols with standard deviations for +1c) (Stiller et al, 20139, the total
615 WACCM-SFKs (blue solid line), the photolysis WATM-SFs tracer (green solid line) and the
616 inert WACCM Sk tracer (red dashed line)
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619 Figure 4. Variationof the total annual atmospheric burden of 8&ring the simulation from
620 1995 to 2007. According tthis the emission rate (slope) was determined to be 65x10
621 Tglyear, corresponding to 0.29 pptar.
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623 Figure 5. Annual zonal meaatitudeheight volume mixing ratios (ppt of the different
624 WACCM Skstracers in 2007(a) inert Sk tracer (b) Sk tracer removed by photolysis only
625 (c) Sk tracer removed by mesospheric metals ptl) Sk tracer removed by electron
626 attachment onlyand(e) totalreactiveSFs. Panel(f) shows theSFs volume mixing raticfor
627 2007 from MIPAS observationslote the diffeent altitude rangefor panels (x(d) and(e)
628 ().
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630
631 Figure6. (a) Variation in atmospheric lifetime of §olid line)and 10.7 cm solar radio flux

632 (dashed line)during the WACCM simulation. (b) Variation of the WACCM electron
633 concentratioricni®) at 80 km averageaver poladatitudes(60°N — 90°N and 608 — 90%).
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Figure 7. Annual mean age of stratospheric(gears)or the period of 20022007 determined
from a WACCM simulation usinga) the inert S§tracer (b) the total reactive SHracer (c)

the idealized ®AL tracer. Rnel(d) shows the age values derivied the same period from

ouranalysis oMIPAS Sk observations.
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Figure 8. Mean age values at 20 km altituderived fromMIPAS satllite (dashed magenta
line) and ER2 aircraftobservations (Sfred open circles, Cblack crossesjHall et al,
1999).The error bars apply to the age derived from the2Ei®servations. Also showntise
mean age derived from WACCM tracers: reactive @ashedlue line), passive S&(light
blue ine) and AOA tracer (solid gredine).
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654 Figure 10. Latitudetime plots for instantaneous radiative forcing (Vény Sk as a function
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