Modelling of atmospheric chlorine and
its effect on volatile organic

compounds

Peter lvatt
MSc by Research
University of York

Chemistry

January2017



Abstract

This study uses iecently developed halogen scheme (Sherwen,&(dl6) for the
GEOSChem chemical transport model to perform arakepth investigation into
tropospheric atomic chlorine. In the study fivel a global atomic Cl average
concentratiorof 495 cm?®with thehighest concentratiorsf 11 5.5 x 1d cm™ being
located inthetropicalmarine boundary layer in tropical regions with a prefezenc
towards thenorth hemispheréslobally the reaction between HOBr and HCI on
sulfate aerosol dominates the productio€bf77 %)precursors through its
production of BrCl but in the boundary layer st sources through reaction with
N2Os or iodine species can dominggarticularly in polluted coastal regiot$Cl is
globally the dominant Glspecieg80.9 %)but in theboundary layer other
compounds (notablgZINO.) can play a significant rol&he rate of heterogeneous
processing determingise ratio of HCI to more active {gtomponentsThe model
agrees with previous studies that Cammallsink compared tthe OH sink (0.9 %)
However the ClI sink relative to the OH sink for ethane and propam@ensore
significant15%and6.5% respectivelyThere is a high dege of regional variability
in theCl removal of ethane, with the removal risioner the northerhemisphere
oceans to ~50 % of OH removal at sea level arti%3averaged over whole
column.Between 1998 and 20@8 concentratins ircrease globally due to
developing regions experiencing increased Cl production due to increased
concentration opollutans NOx and S@* and developed regions experiencing
reduced loss due to decreases in NMVé&ssionsWith the exception being

Africa which as seen an increase in loss with minimal increase in production.
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1. Introduction

The chemistry of thecoposphere plays a central role in determining many societal
problems soh as climate changand air quality. The chemistry in the troposphere is
one of oxidation where primary pollutants are emitted into the atmosphere and are
then oxidized to the pointhere they can be deposited back to the surface. The
oxidizing agent in the atmosphere have historically been through to be dominated by
OH with O3, NOz and HO2 playing roles in some specific environme@Askinson

2000).

The OH radicals effect on the posphere has been study extensively over previous
decades, however another radical which has been largely ignored which could
potentially be having profound effects on the troposphere is atonfk&rChyson

Pitts 1989)The lack of investigatiors down tothe difficulty of directly masuring
atomic Cl due to its incredibly short concentration. Current predictions for the
atomic Cl concentration are wildly different from?xn based on analysis of VOC
ratios Vingenter1999) to 16 cm® based on Cl family detection (Keene et al.,
2007).

This chapter describes what is thought to be the dominant chemical processes by
which reactive chlorine is released into the atmosphere, it is processed in the
atmosphere in to various inorganic chloramnpounds and is finally deposited back
to the surface.

1.1 Cl release

Reactive chlorine (inorganic chlorine which is capable of being in the gas phase,
notably excluding aerosol phase chloride) is released into the troposphere in multiple
mechanismsThe dominant is the conversion of predominantlysaachloride into

Cly (Graedel and Keene 1996) but also from organic precursor gases and from the

stratosphere.

1.1.1 Sessalt

Sea salt aerosotleasedrom ocearis the predominant source of inorganic
tropospheric chlorinéGraedel and Keene 1996%ea salt aerosol is produced by air
bubbles bursting in the ocean as a result of wind stress (Jaeg|@@1 a)this

releases vast amounts of material into the atmosphere. Large droplets have a very

shortlifetime in the atmosphere as they rapidly return to the ocean. However,
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smaller droplets may have a long enough lifetime (phiosirs) to allow it
transported through the boundary layer and so form part of the atmospheric system.

Seawater and so sesal aerosol made upf acomplex mixture of inorganic and
organic componenis O 6 D o w d200#) withaHloride being a significant fraction

of the overall mass.

Releasing this chloride from the aerosol phase into the gas phase is difficult but can
be achieved through a range of reactions where gas phase species ab/adsorb onto the
aerosol and undertake a set of chemical reactions releasing gas phase inorganic

chlorine species.

The ability of NOs to uptake onto aerosol to subsequently release nitrile chloride
(CINO2) has been known for sortiene (FinlaysonPitts 1989) However, it has only
been in the last decade as instruments have advanced that the sigrthianeofe

to produce reactive chlorine has been evident both in polluted marine regions which
concentrations of sesalt and NOx are high and it continental regions where NOXx is
high but the source of chloride is less cert@sthoff et al. 2008, Thornbn et al,
2010andSarwar et aJ.2014).Atomic Cl is produced from CINg&via the

mechanism:

(Rla) 6 0 © 00 O

(RIbo 06 00 P 0O

(R1co 0O 09 06alduv

(R0 aO00® 0O

Other mechanisms exist for releasing reactive chlorine compounds into the gas
phase. The next most significant is thought to be throughfategen reactions. For
examplescavengingof the iodine species HOI, INO2, and IONO2 by sea salt
aerosol particle results in agueotghase chemical reactions tlwain produce the
compound ICWwhich will be released back intodlgas phase due to itav

solubility (Vogt et al, 1999) Thethree production mechanism fi@?l are

(Rla) OO O6a O © 00 a00

(R OO LvVoa O ©00a00

(RX)O0 00U 66 O © 00 a00

A similar activation mechanism on sea salt aerosol may also occur whereby HOBr

which is scavenged by sea salt aerosol can rapidly régcOW to produce BrCl.
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BrCl is only slightly soluble and escapes to the gas phase where they rapidly
undergo photolysis (Vogt et al., 1996).

(R3a) OULO6I O« O ©046i 0400

(R3b)6i 00 006 & O 961 0400

RX)81 6OG6a O O81 6§00

1.1.2 Organic ecursors

A range of chlorine compoundseaemitted into the atmospheré WM0O2014).

Some of these compounds (e.g. CFCs) are effectively inéw indposphere as

they cannotdecompose ¢her by a chemical oxidant or by photolysis. However,
some of these can be oxidized in the atmosphere to release Cl either by reaction
with OH or photolysis. The most abundant organic chlorine sources in the
troposphere are Ci#€l, CRHCk and CHGI(Ordofiezet al, 2012). There is currently
some debate about what fraction of this organic chlorine become reactive chlorine

due to deposition of intermediate compoundsdssain et al., 2016).

1.1.3 Stratgpheric ©urce

Although compounds such as CFC cannatdmmposed in the troposphere they
may decompose in tstratosphere where UV light is more inter(3MO, 2014).
The reactive chlorine released in this way must ultimately return to the surface.
Thus a flux of reactive chlorine from the stratosphere irite troposphere must
exist (Sherwen et al., 2016). The magnitude of this source and the speciation

though is highly uncertainty

1.2 Tropospheric chloringpscies

Once released into a reactive form chlorine compounds may undertake a complex
chemistry. Untiultimately being converted into a form (typically HCI) where it can
be deposited to the surface. Compounds in this class incledd@| BrCl, CIO,

HOCI, CING; and CINQ. Figure 1.1 Shows this chemistry diagrammatically
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Figure 1.1 Generic representation of halogen chemistry in the atmosphere. In this

case X=Cl and Y=other halogens (I, Br). Based on Wayne et al., 1995

Interconversior{cycling reactionspetween these ¢§pecies in the troposphere can
occur via the following reaans (with the key reactiorthat flux in excess of 1 Tg
yrt of Cl per year irbold):

Photolysis(Sander et al2011):

(RA) 6 & <6 &
(RA)S & 66 & ©
(Rac) F ru'Frm b
(RIS & 6 a60
(RA)S 4l 6 0
(RAQ) 6 &6 8 a 00
(RANS &l 6 & 0
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R4 Frern

(R4 6 a U VO & U
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Bimolecular(Sander et al2011)
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Multiphasereactions

R7a) pmfl © g frm 54
R7D) S all 61 GAO 616 & 06 §

Much ofthis chemistry is well known due extensive previous work on

understanding the chemistry of the stratosphere.

1.3 VOC xidation

Ultimately reactive chlorine species are removed from the troposphere through
deposition. The most water soluble inorganic chlorine species is HCI. HCl is
produced predominantly through the reaction of atomic chlorine with VOCs.

The relative rate constants for oxidation of differing classes of VOCs by OH and ClI
varies sigificantly with carbon number (§ure 1.2). In general reaction with Cl is
faster thaneaction with OH. This is especially true for alkanes where some species
(notably ethane) react significantly (228) faster with Cl than with OH. However, this
ratio is not consistent they do not increase linearly or at the same rate. Oxygenated
VOCs do nothave the same large difference as with alkanes with methanol having
the largest difference at 61:1. As the OH concentration is of the ordet aff0
(Lawrence 2001) and Cl concentrations are predicted to be 1 to 3 orders of
magnitude lowerWingent 1999Keene et al., 2007), Cl may offer a significant

alternative oxidabn mechanism for some species.

250 .
Alkane

Aldehyde

Alkene

Alcohol

Carboxylic Acid

Organic Hydroperoxide |
Keytone

N
(=3
=)
eNme+OXp

= =
1= 5]
=) =)

Cl Rate Constant / OH Rate Constant
»

>
NpxXe®  +

=P
L.

3
Carbon Number

Figure 1.2 shows, for a range of hydrocarbons, their rate constant for reaction with
Cl divided by their rate constant for reaction with OH (at STBPAC).
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Some investigations have focused on the effect of Cl anoRidation (Lary 2004),

however with Cl having a rate constant 15 times that of OH with respectio CH

results in atomic Cl only contributing between ~1% (Sherwen et al., 2016) and ~2.5
Hussain et al., 2016) to total met hane o
lifetime to OH (~10% Voulgarakis et a2013) it seems unlikely that CI plays a

significant role in the oxidation of methardowever, it may play a more important

role determining the isotopic fractionation of methane in some regeausegressigt

al. 20049.

1.5 Aim of ths study

The role of chlorine (and the other halogens) in the troposphere has been discussed
over the last 3 decad@sinlaysonPitts et al.,1989). However, neither measurement
techniques not modelling approaches have been sufficiently developed to be able to
offer a methodology to assess its role. Over the last decade though this has changed.
Observational approachasofably for CINO2) have allowed new chlorine species to

be measured and so new constraints put on this source. However, global models of
atmospheric composition are now able to simulate (to some extent) the distribution

of chlorine species around the world

Ordonez et al., 2012 implemented an iodine, bromine, cld@hemistry scheme

into the GEOSChem model and discussed the impact of iodine and bromine
chemistry on the composition of the troposphere. Although, this model contains
significant chlorine cemistry the authors surprisingly make no reference to the
concentrations calculated or the impact that this has. A bromine, chlorine scheme
was implemented into the @S-Chem model by Schmidt et a2016 but again here
little discussion was made of thepact of chlorine on the composition of the
atmosphere. It was not until a Sherwen et2dl16a that the impact of chlorine
chemistry from a global model was first described. However, this description was
rather short as the focus of this paper was thebgmation of the Schmidt et al., 2016
(Br, Cl) workwith the Sherwen et al., 2016Br, I) to give a coupled Br, ClI
simulation rather than an emphasis on CIl
publication of Sherwen et al., 2016, Hussaini et28l1,6 has shown similar results
and conclusions within the TOMCAT modelling framework.

The objective of this study is to significantly extend the analysis of the chlorine
chemistry simulation in the GEGShem model describdatiefly by Sherwen et al.,

2016 It will provide more extensive insights into the distribution of the different
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reactive chlorine species, the processes controlling their distribution, and their
impact on atmospheric oxidation. Finally, it will investigate the change inicélor
distribution over the last@years, a period when phepollutant emissions have

moved from the northern hemisphere esttapics to the tropic&Zhang et al.2016).
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2. Model Description

The GEOSChem global chemical transport model versior{Ht://www.geos
chem.org) run at 4 © x 5 © spatial resolution with 47 vertical levels was used for this
study. GEOSChem is an extensively used, ogurce, atmospheric chemistry
transport model which can be run in a variety of global (Bey et al., 2001l)

regional configurations (Wang et al., 2004). The meteorological and surface fields
(GEOSS5 in this instance) are provided by NASA's Global Modelling and
Assimilation Office (GMAQ). The model contains the standagdHDy, NOyxand

VOC chemistry (Mao edl., 2013) with the addition of Cl, Br and | chemistry
described by Sherwen et,dR016).

The model used here is the same as that described by Sherwen et al., (2106) but with
differences made to the emissions. Rather than describe the model extahsively

reader is pointed towards Sherwen et al., 2016. However, the necessity to run the
model to investigate changes in chlorine chemistry (1888) over the recent past

have led to changes in the emissions used compared to those described in Sherwen et

al., (2016) and so they are described in more detail here.

2.1 Anthropogenicmissions

For standard GEOS&hem configuration, emissions of anthropogenic pollutants

(NO, CO, SQ, SO and NH)) come from the EDGAR global inventories
(http://edgar.jrc.ec.eurapeu), with regional emissions (EMEP, NAI, MIX)

databases replacing global where available. However, these regional databased do
not extend over the period necessary of this study (1988 and 2008 (Chapter 7)) so for
here, the EDGAR emissions are used ag #ne globally. The seasonal, and diurnal
variability of EDGAR emissions are dealt with by the HarviliSA emissions
component (HEICO) methodology (Keller et al2014) see Table 2.1.

EDGAR provide an emission of a single lumped VOCs. This needs to be allocated to
the different primary VOCs considered in GEQGBem (ethane, propane,

formaldehyde, acetone, PRPE (amalgamated C3+ alkenes), ALK4 (amalgamated
C4+ alkanes). The EDGAR VOC:s thgluare provided by sector (transport, solvents
etc). Thus, speciation of the EDGAR NMVOC emissions follows that used by the
European EMEP regional database at a sector level. The EDGAR emissions sectors
are matched to their nearest equivalent EMEP emissiectors (Table 2.2). A

significant downside to this approach is that the EMEP speciation are calculated
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based on UK emissions and speciation may well vary regionally rather significantly.
There is also some slight variation between what constitute<S=MdER sector

relative to its equivalent EDGAR sector.

Table 21 How EDGAR emission used in the simulation are handled bytreard-
NASA emissions component (HEMCO)

Species Time Seasona Diurnal Speciation Notes
Step  Scale Scale  Scaling

Factor Factor

NO Yearly X X

CO Yearly X

SO Yearly X

SOu Yearly X Scaled from S@emissions
NHs Yearly X

VOC Yearly X X

Table 2.2EMEP sector assigned to each EDGAR sector for speciation.

EDGAR Sector EMEP Sector

Energy industry Combustion in energgnd

transformation industries
Energy for buildings Norrindustrial combustion plants

Combustion in manufacturing industry Combustion in manufacturing industry

Non-metallic paper chemical food Production processes

industry

Transformation fossil fugtroduction  Extraction and distribution of fossil
refineries steel fuels and geothermal energy
Solvents Solvents and other product use
Road transportation Road transport

Non-road transportation Other mobile sources and machinery
Solid waste disposal Waste treatment and disposal

2.2Halogen and sesalt aerosol missions

Sea salt aerosol emissions are based on grid box wind speed and sea surface

20



temperature following Jaeglé et,§P011) with sessalt aerosol being distributed
between two modes, one fine (@Bmm) and one coarse (LB nm)

Short lived organic halogens speciessCI@H:l. CH.Br.and CHBEg are emitted

into the model based on spatially varying emissions datasetéfi€r et a).2012,

Liang et al, 2010) with the methods described in Table 2.3. The remaining longer
lived organic halogens (GBr, CHsCl, CH.Cl; and CHC}) are have fixed surface

layer concentration with CG3€l, CHCl> and CHC} being fixed at 550, 20 an7 ppt
respectively as described by Schmidt et al., 2016. Inorganic emissions of HQI and |
are based onfuptake onto the ocean followed by reaction wi(Carpenter et al.
2013).

Table 2.3How the halogen emissions used in the simulation are handled by the
Harvard-NASA emissions component (HEMCO)

Species Time Seasona
Step Scale
Factor
CHal Monthly
CHzl2  Monthly
CH2Br> Fixed
CHBrs Fixed X

-2 S—l le-14

kg m
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75 6.0
-2 S—l le-14

kg m

Figure 2.1a (top) 21b (bottom). Emissions of CEBr2 (top) and CHBg (bottom).

2.3 Chlorinechemistryscheme

The chlorine update to the standard model we are using for this study has been
developed by (Sherwen et,&016) which consists addine chemistry described by
Sherwen et 312016, withabromineand chlorine scheme developed by Schmidt et
al., 2016 and Eastham et,#2014.Eastham added tropospheric chemical and
physical processes into the system via the unified chemistry extension (UCX).
Schmidt et al.2016updatedhe trgpospheric bromine mechanism originally
described byParrellaetal., (2012, to includea moreextensiv multiphase

chemistry mechanismnda simulation of tropospheric chlorine radical chemistry.

Much of the chemistry in the model is described in the introductory chapter. There
are many potential limitations of the model chlorine chemistry schEngemodel
consists of organochlorine emissions forsCH CHCl, and CHC$ which then
assumes unit release of all Cl atoms in the molecule. Howekldassaini et al.

(2016) shows that the deposition of chlorinated compounds which form part of the
oxidation chain of these compounds can be significant and lead to a significantly
lower conversion factor organic chlorine to reactive chlorine. The model also missed
direct anthropogenic sources of inorganic chlorine from coal burning, swimming
pools, salt lakestc which may explain some observations of high CINO2 etc in
continental regions (Thornton et 2010. The model also only represents chloride in
the fine and coarse ssalt aerosol modes. Thus, there is no chloride in the very fine
sulfate mode. Onegpential explanation for the continental chloride observations is
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the release of reactive chlorine from the-salt which then becomes HCI and can be
absorbed into sulfate aerosol which it can be transported long distances (Thornton et
al., 2010.

Sherwen et al(2016) describes some limited comparison between observations and
model for Cl| species. Notable is the mod:
CINO2 concentrations, likely due to the reasons outlined above. As such, the model

probably povides for a lower limit for the tropospheric at reactive ClI

2.4 Transportatioranddeposition

Transport between grid boxes occurs in 30 minute time steps and is calculated from
the 3D wind fields, convective mass fluxes and vertical diffusion constagjs (K
provided from the meteorological data. The transport configuration of GEH@8

is well described by Wu et aR007.

Deposition to the surface offers the end step for many atmospheric chemistry
processes. GEGShem describes this processes in teath livet and dry processes.
Wet process involve clouds and id described in terms of washout, rainout and
scavenging in convection updrafts (Wu et 2007). Dry process deposition is based
on t he @ We s-neaegriés schamenplenterstad byeWang el. (1998).

2.5 Simulationsperformed

In this study, the code of described in Sherwen et al., 2016 is used with the changes

to the anthropogenic emissions described
year 2008, running the simulation frorfi January2007 to # of January 2009The

reason for this year being used as our predapperiod is due to this being timeost

recent year that we have global EDGAR data, beyond this period regional databases
take over which will cause inconsistenci€bke first year (2007) of data being

consi der e dydarpeeveris any influange from the initiatonditions

affectingresuls) and is thus being discarded.

Where a historical (1988) simulation is run, the same (2008) meteorology is used but
with changes to the anthropogenic emissions. This allows a much shorter simulation
(2 years) to be run to assess significant changes than if simulations with the time

specific meteorology was used (~10 years).
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3. Global Dstributionof Atomic Chlorine

In this chapter the spatial and temporal distribution of atomic chlorine calculated by
the model for the present day (nominally 2008) is discussed. We initially start by
discussing the concentrations at-tmgel and then within the lowest 500hPa of the
atmasphere. We then look at the distribution through the column and in the zonal

mean.

3.1 Sea levethlorine

At sea level the mean Cl concentration for 2008 is 1083 Cl atorfyswittm highs of
17 5.5 x 10 the sane found by Hossaini et a{2016

At sealevel, atomic Clis located mainly in the sub tropics almost exclusively over
marine regior(Figure 3.1a)Cl has anorthern hemispheiaas, with 57.5% located
in the Northern Hemisphereen in figure 3.18he ®a levelatomicCl is regionally
specific,with regions such as the north Indian ocean and the west African coast
experiencing concentrations approximately twice thatloérareas of similar

latitude.
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1800 2400 3000 3600 4200
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Figure 3.1a (top) 3.b (bottom). 3.1a showsCl concentration averaged over 2008
in molecules cm from ground level to 589m altitude (the first 5 levels of GEOS

Chem). 3.1b shows CI atomsitegrated across each latitude.

3.2 Ground to 500 hPa

On average between the surface and 500 hPa the mean atomic Cl concentration is
644 Cl atoms cailower than that at the surface. The spatial distribution shows
similar patterns as the atomic chlorine at the surface. The delineation between
marine and noimarine areas becomes less strong with high atomic Cl
concentrations found over the Africa désegions (Figure 3.2a). The northern
hemisphere dominance of Cl increases (Figure 3.2) with 62% of the total atomic

chlorine being found in the North Hemisphere.
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Figure 3.2a (top) 3.® (bottom). 3.2ashowsClI concentration averaged over 2008
in Cl atoms crif from ground level to the 500 hPa pressure levelf{tee23 levels

of GEOSChem). 3. shows Cl atoms averaged across each latitude.

3.3Ground totropopause

Throughout the whole column the average atomic Cl concentration is 495 Cl atoms
cn®, less than have the mean value of 1.3 %ct0® found by Hossaini (2016 he

atomic Cl is concentrated heavily in the northern hemisphere between @5

latitude with the highest concentians over marine regionsigtre 3.3a), although

with much hgher levels ohtomicCl over land than seen at the other two column
heights. 60.5% of global tropospheric Cl is lezhin the northern hemisphere

(Figure 3.3b). As with the northern hemisphere the southern hemisphere also shows
predominance in the subpical and tempeta regions. In the zonal plotiftire

3.3c), it can be seen that the highest concentrations of atomic Cl are present (> 2000
Cl cmi®) are at low altitude (< 1000 m) in the northern tropical and subtropical

regions.
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atoms averaged across each latit®d& is a zonal plot of Cl masked beyond the
tropopause in Cl atoms ¢m

3.4Summary
For the present day the mass weighted mean atomic Cl concentr&@inasi3.

This compares to 1.3 x 16m modelled recently by Hossaini (2016)

We find that the highest concentrations are located with the marine boundary layer in
tropical regions with a preferemt¢owards the north hemisphere. With levels of 1

5.5 x 10 cm® the same valiefound by Hossaini et a(2016

In the next chapter the sources of atomic chlorine in the model are discussed.
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4. AtomicChlorine $urces

As discusse in the introductiorthere are a range of routes to product atomic
chlorine in the model. In this section, we examine the sources of atomic chlorine

(Section 4.1) and then examine the sources of theseesspecies. (Section 4425).

4.1 Clproduction routes

At sea level, photolysis of BrCl produces the vast majority of Cl with 78% of
production coming via this route. ICI photolysis, chloromethane reacting with OH
produces, CIN@photolysis and HCI reacting with OH contributing 9, 6.7, 5.& &n

respectivey.

uuuuu

@l CINO, + Photon -> CI
@ CH,Cly + OH->Cl
HCl + OH -> CI

|E=3 Brcl + Photon -> CI
’- ICI + Photon -> CI

ooooo

Latiéude

Figure 4.1shows the zonal sdavel production of atomi€l.

When considered for the whole tropospheric column the story remains the same.
Photolysis of BrCl still dominates production (77%), but with an increased
importance for the oanic sources of chlorine from OH reaction (11.75%). The
importance of HCI reacting OH becomes increases (5.75%) but the ICl and CINO

photolysis become much less important (3.5% and 2% respectively).

Thus over the whole column photolysis of BrCl is tleenghant source of atomic
chlorine. However, the importance of minor channels changes between essentially
sources which have a surface (notably short liveesatacomponent (ICI, CINO2)

and those which have a longer lived sources (organic chlorine spacieHCl). This

can be seen clearly inigure 4.3. It is also clear the atomic Cl production is largest in
the boundary layer and drops off with altitude.
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Figure 4.2 Average 208 production of Cl atoms intergraded over wiwle column

averagedicrossach latitue.
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Figure 4.3 Average 2008 production of Cl atormsr® s* averaged for each vertical

level.

From this analysis, it is obvious that to understand the distribution of Cl described in
Chapter 3 it is necessary to understandstiieces of its preursors. Thus isection
4.2 we investigate the sources of BrCl, section 4.3 CINO2, section 4.4

decomposition of organic chlorine compouraasl ICI section 4.5.

4.2BrCl
Within the model BrCl has a tropospheric lifetime of approximately 1 hour. It is
madethrough a number of heterageous reactions in the model @&) and its sole

sink in the model is photolysis into atomic Br and ClI:
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Within the chlorine representation of GE@&em, R1a and R1b are combined, and

R1c is broken down into reaction on fine sea salt and course sea salt. Reactions R1d
and e only produces-2% of BrCl.

At sea level (Kure 4.4a), reaction of HOBr and HCI sea salt aerosol is the

dominant source of BrCl nking up 53% of BrCl productiorReaction of HOBr on
sulphate aerosol and cloud droplet makes up 44.5% with the remaining 2.5% coming
from the CINQ cycling reaction. The sesalt aerosol source has a semiflux in

both hemispheres, however, the reaction due to sulphate/cloud aerosol produces 3.1
x 10® BrCl cmi? st in the northern hemisphere compared to 1.288tCI cnm? stin

the southern hemisphere. Given that both hemispheree almost equal cloadver
(Figure 4.4b) this imbalance must be due to thepmmederous of sulfate aerosol

surface area in the northern hemisphere.
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=3 HOBr + HCl(on Sulphate/Cloud Aerosol) -> BrCl
3 HOBr + HCl(on Fine Sea Salt Aerosol) -> BrCl
IS HOBr + HCl(on Coarse Sea Salt Aerosol) -> BrcCl

15000 @@l HBr + CINO;(on Sulphate/Cloud Aerosol) -> BrC|
N BrCl + Photon -> Cl
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Figure 4.4a(top) and 4.4b(bottom). The average 2008 production of BrCl

molecules in molecules ¢s? for sea level (4.4a) averaged across each latiftiuz.

average 2008 cloud fraction (4.4b) at sea level.

As at sea level, globally the northern hemisphere source of BrCl is 2.5 times higher
than the southern hemisphere. Cloud fractions betwearothigern and southern
hemisgere are split fairly equally {§ure 4.5c¢), again suggesting that reaction R1a
on sulphate aerosol is the dominant route for BrCl production. As R1a produces
75.5% of atmospheric BrCl over the whole column, and BrCl photgtysiduces

77% of Cl, reaction R1 is responsible for approximately 58% of global Cl production

in the model.

Over the whole column, reaction of HOBr with HCI on sulphate and cloud aerosol
(R1a/b) is the dominant (75%) route for BrCl producapproximately. Reaction on
sea salt contribute 11.5% and 10.5% on fine and csalseespectively. As seen in
Figure 4.5b these sea salt aerosol reactions drop off rapidly with altitude, producing
only a very small proportion of BrCl by 2000 m. The rdércin the seaalt surface
area with altitude is the reason for the steep reduction in CI production over the
lowermost 2000m of the atmosphere (Figure 4A3)SQ distribution is largely a

result of anthropogenic activity this alludes to the largaserto Cl production

globally having a strong human influence and explains the northern hemisphere
dominance witnessed in Cl concentration.
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Figure 4.5a (top) ,4.5b(middle) and 4.5c(bottom) The average 2008 production
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of BrCl molealesin molecules cris? for whole column(4.59 averagedicross
each latitudeBrClI production averaged over each vertical level of the m@deb)
The average 2008 cloud fracti¢htc) at sea level.

A previous study by Walker et al., in 2012 found sulphate predictiotiei

simulation to be in reasonably good agreement with observation data.

4.3 Sources of CIN®@

After BrCl photolysis, CIN@ photolysis is the next largest anthropogenic atomic Cl
source (see Figure 4.1).

CINO: production requires high N@oncentrations due to the requirement of2NO
and NQto produce MOs. Coupled with its reliance on sea salt aerosol, GINO

only really important over polluted coastal regions. In Figure 4.8 the model was run
without CING; production from the N20O5 reagh on sessalt. At sea level over
polluted coastal regions CINGs a very important route to atomic Cl production
making up around 50% of production over significant areas. Over Europe it can be
responsible for over 60% of Cl. Due to the reactionsmeéian sea salt aerosol, the
importance CINQ@as a Cl source falls with altitude, accounting for 10% of Cl
produced over the whole column in Eurdpegure 4.8b)
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Figure 4.8a (Top) and 4.8Bottom). Cl concentration due to the inclusion of
CINOz in thesimulation,sea leve(4.8a) andwhole column(4.8b).

Figure 4.9 shows the variation in Cl sources as a function of latitudes for a band over
the European longitudeshib shows the profound impact the CInNghotolysis can

have on Cl production in regions with high Némnissions. Due to the steep drop off

in seasalt with altitude, this route creates a shallow (approximately 1500 m)
Abubbl ed of hi ghregDrs. This may play & potertidllygudrtanN O
role in determining the chemistry of the air in these polluted regions.
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Figure 4.9 Average 2008 production ofl @oms for sea level averagadross each

latitude betweer5 and 20 degreesd6 |l ongitude
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Due to the reliance of this route on Nédncentration, it can be assumed this
production route is sensitive to the changes i Bi@issions that have happened

over the last 20 years and will be investigated in section 7.

A previous study by Wang et al., in 2011 found thatNQhe simulatiorwas over
predicted by about 8 %, while Lamesal et al., 2015 and Oetjen et al., 2013 found the
agreement to be within around 20% of ground based and aircraft observations

respectively.

4.4 Source from the decompositioof organic chlorine compounds
Almostall of the organic chlorine decomposition in the troposphere occurs via
reaction with OH. Photolytic sources are small due to the lack of photdhe
appropriate wavelength. At sea level (Figure 4.10a) the reaction between OH and
these species producaund 6% of the atomic chlorine with that sourced 73.75 %,
17.5% and 8.75 % €I, CH.Cl> and CHC} produce of the Qlespectively at sea

level (Fgure 4.10a). At sea level much of the spatial distribution of this source
matches the OH concentration (frgut.10b). The OH concentration in the northern
hemisphere (driven by greater pollution) results in a higher the northern hemisphere

source for CI.
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3 CH, O+ OH->Cl

9 CH.Cl, + OH -> Cl
BN CH,Cl, + OH -> Cl

Cl production (atomscm %5 1)
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OH (radicalsem®)

0.0 0
Latitude

Figure 4.1(a (top) and 4.1M (bottom). The average 2008 production of Cl atoms
cmi? s from organic chloring4.109 and OH concentratiof#.1() at sea level

averaged across each latitude.

Globally, decomposition of organic chlorine is the second largest global source of Cl
(12%) with the split between the different organic species corlgai@that at sea

level (CHCI, CHCl> and CHC4 producing 73 %, 18.25 % and 8.75 % respectively)
(figure 4.11a). Over the whole column OH concentrations are more equal and so

production of Cl via this route is close to equal between hemispheres (see Figu

4.11b).
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Figure 4.11a (top) and 4.1Db(bottom). The average 2008 production of Cl atoms
cmi? s from organic chloring4.11a) and OH concentratiq@.11b) for whole

column averaged across each latitude.

CHsCl and CHCI> can also act as a source of Cl through photolysis and reaction
with Cl however these routes provide an insignificant source of ClI (less than 0.1%

overall).

4.5 Source from ICI otolysis
ICI has multiple sources. There is a small source (15% globally) from the reaction of

I O with CI O. This isno6t a net source of

The majority (76%) of thifieterogeneoukC| production comes via reaction with
HOI (R1a),reaction with IONO2 contributes the rest (16%ge kgure 4.12). The
IONO reaction (R1c) produces less than 0.1%. As all Cl production routes via ICI
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involve sea salt aerosol, these reactions happen solely in marine regions, and so

occur only within thenarine boundary layer (Figure 4.13c).
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Figure 4.12a (top), 4.18 (middle) and 4.12c (top)The average 2008 production of
ICI molecules for sea levél. 129 and whole column (4.13kaveragedicross each

latitude.4.12cis the production of IClI molecules averaged over each vertical level.

4.6 Summary

Globally the reaction between HOBr and HCI on sulfate aerosol dominates the
production of Cl precursors through its production of BrCl but in the boundary layer
seasalt souces through reaction with28s or iodine species can dominate. HCI

plays a complex role here. Its role as a direct source of Cl through the reaction of
HCI with OH is small however, as parameterized in the model, heterogeneous

reactions which convert H@to more photdabile species plays and important role.
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5. Chlorine Species andy€ling

In the previous chapters the focus has been on the distribution and sources of atomic
ClI. In this chapter the concentration of other Cl species calculated by the model is

described and then the cycling of chlorine species within the model is investigated.

5.1 Distribution ofchlorine species

We first define three CI families. TheyGamily contains all gas phase inorganic
species in the simulatiqitiCl, ICI, BrClI, CINO,, HOCI, CING;, CIO, OCIO, Cj,

Cl202, Cl and CIOO)Cleyciing family which contains all gas phase inorganic species
involved in cycling reactionfCleycing= HOCI, CING3, CIO, OCIO, C}, Cl.0, Cl

and CIOO) Finally define a CIQ family which represents the fast cycling between
Cl and ozone (Cl©= ClI, CIOO, CIO, @IO and Ci0Oy). Figure 5.1 shows the
distribution of the Glfamily and the most important domponentsHCI, BrCl,

CINOz and ICI)
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Figure 5.1 Concentrations of (from top to bottom),CGHCI, BrCl, CING and ICI.

Sea level concentration are on the left with whole column averages on the right.

At the surface, the highesty@loncentration are found over polluted marine

locations such as the North Sea, the east and west seaboards of North America and
coastal Asia. On average over the column concentrations are lower with generally
zonal distribution of Gl The highest concettions are seen in the tropics around
30°N. This represents a region of downward transport of air in the Hadley
circulation which brings high chlorine air (predominantly HCI) from the stratosphere

down into the troposphere (see later section).

Surprisingdy, surface HCI is highest over continental regions this is especially so
over dry regions such as the deserts. Thisflectingtwo different processes. The

first is that the HCI lifetime is longest in regions without rainfall. Thus, HCI has a
much lon@r lifetime over dry, rainless regions than regions with high rain fall.
Secondly in the current model parameterizations HCI is lost onto the surface of sea
salt aerosol alone. So over the ocean there is a sink for €fasolhich does not
exist overthe land. Through the column the HCI distribution is dominated by the

stratospheric signature of HCI descending from the stratosphere.

BrCl and ICI are produced mainly though the uptake of HOBr, BffMOI and
IONO- onto sea salt (as discussed in Chapter 4). This heterogeneous mechanism
accounts for 85% of the BrCl and 97% of the ICI at sea level. Gas phase production

(from XO+YOA XY+0O3>) accounting for the remaining source. Thus atleeal
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BrCl and ICI thus have dreng dependence on sea salt aerosol concentration as

shows in their distribution over marine regions (Figure 5.1). When averaged over the
whole column the ICI maintains this marine character. However, BrCl becomes more
evenly spread over the northern hepfiere. This is due to its production in the

model on SG aerosol which is fairly well distributed over the Northern

Hemi sphere. The model doesnédét contain thi

exhibit markedly different distributions in the columreeage.

The high concentrations of 3een in polluted marine environments is due to high
concentrations of CIN® CINOG, accumulates over marine regions with highy\NO
emissions due to its dependence onQOs) and sea salt concentration (reactions
Rla-c ), as such fhepresent thecateasof highest @l N O
concentration at sea levéligure 5.1) CINQ does not participate directly in Cl

cycling being formed via pOs in the production route discussed in Chapter 4.

Attention is now drawn tthe Clyciing family. This represents the moderately fast
cycling between species and essentially is th¢adily with the HCI removed as
cycling of HCI back into other more reactive forms of Cl is sIBwClI, ICIl and
CINO:. are also dropped as they aregominantly formed through primary
production rather than cyclingigure 5.2 shows the annual mean surface and

column average concentration otyihg and other components of this family.
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Figure 5.2 Concentrations offrom top tobottom)Clcyciing, HOCI, CINGs, and CIQ.

With sea level on the left and whole column average on the right.

At sealevel Clyciingis made up predominantly of HOCI. This reflects its longer
photolytic lifetime compared to other Cl species and its slowsigpo rate. In the
high seasalt aerosol condition, CIN®emoval by sea salt aerosol is relatively rapid

resulting in low concentrations of this compound.

Averaged over the whole column the spacial distribubioBlcyciing iS @ combination

of HOCI and CINQ with similar 10 cm?® concentrations in the northelnemisphere
(Figure 5.1) CINGs is high in areas witlmigh O; andNO, thus the northern
hemisphere dominanceOCI accumulates in higher concentrations in the northern
arctic, this is likely due to the high CI content in the northern hemisphere coupled

with the low rate of removal via photolysis and OH in the arctic.

Figure 5.2 also shows the distribution of the Ci&@nily (CIOO, CIO, OCIO and
Cl20y). This familyinvolves fast cycling of Cl with @and thus a northern
hemisphere dominance is expected as with HOCI the high concentrations in the

arctic are likely due to slow removal rates.
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Figure 5.3a (top) and 5.8 (bottom) Figure 5.3 shows the speciation of Césjes

in a zonal form at the surfa¢a) and averaged through the coluiin.

At sealevel there Glis relatively equally spread between HCI (31%) and HOCI
(29%) with the remaining ClI distributed between CINT6%), BrCl (13%), ICI

(7%), CINO3 (4%) withthe remaining Cl distributed through the family (CIO,

Cl etc). However, there are distinct differences between the Northern and Southern
hemisphere. CIN®plays an almost insignificant role in the Southern Hemisphere
but is very significant in the Nthern Hemisphere where it is the dominant Cly
species. This reflects the significantly higher NOx emissions in the Northern
Hemisphere compared to the Southern Hemisphere which can form the N205

needed to generate the CIpfrough heterogeneous reaction on-sala
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Globally averaged the distribution of,@ significantly different tha@at sea level
(5.3b). Globally, Glis composed of 80.9 % HCI, 7.9 % HOCI, 4.7 % BrCl, 4.2 %
CING3, 1.6 % CIQ, 1.2 % CINQ and 0.5 % ClI. Thus, nearly all of the ¢is in the
form of HCI and is thus chemically very inert. This reflects the much lower aerosol
surface area in the column compared to the surface meaning that heterogeneous
reactions that can produce chlorine or can recy€eikto more active forms are

much slower averaged over the column than they are at the surface.

These interconversion reactions are key to understanding the chemistry controlling
the concentration of Cl in the atmosphere. Attention now turns to thisgycl

5.2 Cycling between species

In the introduction chapter the chemistry of chlorine used in the model is described
with the most prominent pathways in bolthis describes the interconversion routes
which are possible between species. Here we inasttge routes for conversion
between different families of chlorine species and the routes for conversion within
families. One mechanism to understand this interconversion is to explore the lifetime
of different components of the Cl system. These lifesimn® shown in Figure 5.4

again at the surface but also averaged through the column.
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Figure 5.4 Lifetime of (from top to bottom) Cl, Gland CIQ. With sea level on the
left and whole column average on the rigftte fast cycling between Cl and ©

form CIOO has been excluded from the Cl the lifetimes calculated here.

The total Clycing lifetime is the amount of time Cl remains active in the troposphere
before Cl is removed into the HCI reservoir. Cl cycling hdifetime of around 2.5
hours averaged over the whole column, at sea level the lifetime drops to just over 1
hour. Due to the short lifetime of CI cycling,cfelng Will experience only minimal
transportation thus Cl removal will be regionally speacifith areas experiencing
greater production experiencing greater removal, as such regions with inflated ClI
would be expected to have increased VOC removal via Cl and this will be looked

into in section 7.

HOCI represents 81.5 % of &ding Species at sdavel with a life time of over 4
hours with respect to cycling reactions, over the whole column the life time drops to

under 4 hours and®ICl represents 60.5 % of thecfalng Species.

CINOs represents 11.5 % of &ding Species at sea level with a lifetime of just over
an hour with respect to cycling reactions, however when averaged over the whole
column the lifetime increases to nearlii@dursand represents 33.5 % of the&ihg
species in the troposphefihis incrase in lifetime is due to CINddemoval via sea
salt aerosol dying of rapidly with altitude3.5 % of CINQ is recycled back into Cl
via BrCl, however in this study BrCl component of cycling as only 3% of

tropospheric BrCl is produced via CINO

The ClOxlifetime is much longe€ClOx lifetime is < 5 mins due to cycling ending
via reaction with OHIO or NQ.. The exception iarctic where it increases td.5
minutes in the north and 45 minsthis is likely due to the higher N@oncentration

in the northern hemisphere.
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5.3 Cly sinks

HCl is the main removal route for lue to its high rate of wet deposition. Once CI
has entered the HCI reservoir it is essentially no longer chemically active, unless
reactivated via either OH ¢t1OBr onaerosokurfaces. OH reaction with HCI has a
relatively low rate of reaction, with HCI having a lifetime of 11 days with respect to
OH. With respect to HOBr, HCI has a tropospheric lifetime of 22.5 hours with this
lifetime falling to 15.5 hoursiithe northern hemisphere. As such HCI can been seen
to have a sink vs reservoir nature with it acting more like a reservoir when the rate of
the HOBr reacting with HCI on aerosol increase and acting as a sink away from

significant HOBr concentrations.

Wet and dry deposition compete effectively with the recycling of HCI into more
active Cl species. Thus 85% of the ultimate Cly loss occurs through the wet and dry
deposition of HCI. Wet and dry deposition of HOCI and CiN@n also act to

remove Cly from théroposphere but these are small sinks compared to HCI

deposition accounting for 11 % and 3.2 % of Cly removal respectively.

5.4 Chapter Summary

The distribution of reactive chlorine species in the model is complex. Globally the
dominant CJ species is HCI but in the boundary layer and the northern hemisphere
other compounds (notabfINO») can play a significant role in the composition of
Cly. The distribution is controlled, to a large extent, by the emissions of other
compounds (NOx, VOC4g@® but it is the ultimately the heterogeneous processing
which determining the ratio of HCI to more activg @mponents. And it is
ultimately the degree of these active chlorine compounds@lkich determines

the amount of atomic chlorine in the atspbere. Central to this is the rate of
removal of Cl to form HCI which essentially determines the lifetime of active
chlorine in the atmosphere. In the next chapter we will look into the routes,far Cl
enter the HCI reservoir. We will then look into thetential size of the Cl sink for a

variety of VOCs
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6. Atomic Chlorine Sinks and Atmospherixi@ation

As discussed in Chapterttse predominant removal route reactive chlorine in the
troposphere is via wet deposition of HCI. The dominant route for the production of
HCl is through the reaction with atomic chlorine with VOCs. In this chapter, we
examine the different VOCs that atan@| reacts with to form HCI (Section 6.1) and
then how the route compares to that of the hydroxyl radical for the removal of VOCs
(Section 6.2 and 6.3).

6.1 Cl removal routes

Methane is the most prominent species to remove atomic Cl with 44.1 % being
removed via this species. Oxygenated volatile organic compounds remove a large
portion of atomic ClI, with the largest being alcohols (methanol and ethanol)
removing 14.8 %, followed by methyl hydro peroxide, formaldehyde, acetone,
carboxylic acids (formic andthanoic) at 12.3, 7.7, 7.0 and 6.2% respectively.
Ethanepropane and amalgamated longer alkanes (ALK4) account for 6.5, 2.1 and
4.5 % respectively. VOCs which consists of amalgamated alkenes (PRPE), and

isoprene making up approximately 1 % each.

3 CH, + Cl-> HCl

BN CHO, + Cl-> HCl
B (CH;),CO + Cl-> HCI
3 R-C(O)OH + Cl -> HCI
B CH,;00H + Cl -> HCI
3 R-OH + CI -> HCI
@ C;H; + Cl-> HCl
@8 C;Hy + Cl-> HCl
[ ALK4 + Cl-> HCI
B Other VOCs + CI -> HCI

Cl loss (atomscm %s 1)

LatiEude
Figure 6.1shows the zonal mean rate of loss of atomic Cl by reaction with VOCs at

sealevel.

When considered for the whole troposphentumnthe story remains the same
(Figure 6.2). Metham remains the largest sink at (4462 with the role of the
alkanes igreasing due to their longer lifetime with respecthte other more reactive
VOCs (GHs 8.4 %, GHs 2.2 % and ALK4 3.7 %).
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As discussed in thgrevious chapter this removal results iny&ihg having a lifetime
of 1 hour at sea level increasing to 2.5 hours averaged over the whole column.

Much like OH atomic Cl is removed via its reaction with a range of different VOCs,

however this process alsemoves the VOCs in question. As such we will now
investigate how removal via reaction with CI compares to removal via OH (the most

important atmospheric VOC removal process) for all of the alkanes in section 6.2,

and then specifically for ethane and OV&IG 6.3.
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6.2 Removal of alkanes
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Figure 6.3 (top) and 6.3b (bottom) the zonal averag€l and OH concentrations
and the ratioboth at the surfac@) and through the colum(i).

The removal of alkanes from tlémosphere is initiated by their oxidation from OH
andCl. It is clear from kgure 63 that OH is present ithe order of 3 magnitudes

higher concentration than Cl. However, moving across latitudes the ratio between the
two varies substantiallyover thecolumn average@I/OH ratio being 8 times higher

over the higher latites, this reflects OH production being reliantson light

intensity compard to Cl which has a strong seat component (as discussed in

chapter 4).
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Figure 6.4a-b (top), c-d (middle) and ef (bottom) shows thezonally averaged
removalsealevel (left) and whole column (right) methane (top), ethane (middle) and

propane (bottom).

At sea level the Cl methane sink is ~1.4 % the size of the OH sink with this falling to
0.9 % over the whole column (FiguretB). Cl is a small sink for methane in the
model. This reflects that much lower average Cl concentration in the rd@&eC(

atoms cm) compared to OH1(27 x16 cnm®) despite the substantially (15 times)
fasterreaction rate between methane with Cl compared to OH. The total size of the
Cl methane sink was calculated to be74Tg yr-1 this is comparabl® the ~1 % of
removal found bysherwen et gl(2016) and about half the value found by Hossaini

et al, (2016 (~2.5%)).

Cl removes a more significant fraction of the ethane (see Figlowabthan for
methane. At sea level, Cl removes 16.3 % ethane with this dropping to, 15€¥ % o
the whole column (Figure 6d). This large removal of ethane by Cl is dueasaate
constant with Cl. Figure 1dhows, for a range of hydrocarbons, their rate constant
for reaction with Cl divided by their rate constant for reaction with OH (at STP).
Ethane has the greatest ratio between Cl and OH rate constants, with the Cl rate
being 228 times greater. As such etharthe VOC most effected by tropospheric
atomic CI. Due to the regional variability in taomic Cl concentrations (see
Chapter 3), the ethamemoval also varies spatiallyiffare 6.4) with higher
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removal rates seen in marine and polluted regidhsea level over marine regions

where the Cl concentration is substantially higher due to the concentration of sea salt

aerosol the removal rate is approximately 30% rising to ne&s B0the polluted

northern hemisphere. In ti&outhern Ocean although insignificant amountSxfs
are removed, Cl becomes the dominant removal sp@ei@d % of OH), this is due

to the latitude being entirely marimath a high wind speed (sea salt aerosol

concentration isoupled to wind speed as discussed in Chaptéh@3pike in Cl is

clearly seen inigure 6.1aAveraged over the whole colunfiigure 6.%) removal

in the northern hemisphere marine regions tall20 % of the OHemoval, however

unlike at sea levehts percentage is seen over much of land mass asAvétie

high latitudes removal increases to up to 80 % this is reflective of th¢TligloH]

seen in these regions. Ttotal size of the Cl ethane sink is 1.78 Yr?.
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Figure 6.5a (top) and b (bottom) CoHe removalvia Cl as % of OH at sea level (a)

and averaged over the column (b)

As suggested byigure 1.1ratecontentsys VOC) at sedevel Cl plays a smaller
role in the oxidation of propane sink (7.6 %tatal) (Figure 6.2e), and 6.5% ovire
whole column (Fgyure 64f) with atotal size of the Cl propane sink being calculated

as0.64 Tg Yr.

Both ethane and propane rerabrates are comparable to the E®%described by
Shewen et al, (2016).

Overall GEOSCherhas been found to perform liva replicating the special
distribution of Ethane and Propane, except for an over estimation of betwe&® 20
% in Europe (Xiao et al. 2008), the high Cl resulting from production via €INO

may help to explain this, would benefit from further study.

Table 6.1Summary of removal of the C1 to C3 alkanes.

Removed Via OH (Tg yf) Removed Via Cl (Tg yt)
Methane 462 4.67
Ethane 9.80 1.73
Propane 9.21 0.64
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Figure 6.6 Comparison of VOC removal via OH and ClI, averaged over sea level

(left column) and whole column (right column).

These species whileportantassinks for atomic Cl, atomic Cl isiot an important

sink for them As with methane this is due a small ratio between the Cl and OH rate
constantsrelative to the concentratiatifference The exception is acetone, as it has
a smaller CI/OH ratio (11.5 times) than &lnd yet Cl accounts for 12.7 % of

acetone removal over the whole column.
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Figure 6.7 Spatial distribution of acetone over whole column.

55



In this simulatior(Figure 6.7 acetonénas a different special distribution to the
predominantly anthropogenic alkanes apgpeas tobe mainlyfocused in
foresfjungleregions(as was seen in a study in 2015 by Khan etwahigh are
regions with low atomic CIAs such tle causef the inflated removal via G$ not

obvious and will require further study.

6.4 Summary

Most previous studied.ary 2004 Allan et al., 2007 and Thornton et al., 2Dh@ve
focused on the effect of Cl on the budget of methHoever,in these studies and
in recent studie€Sherwen et gl2016)this appears to besmall to insignificant sink
at compared to that of O(@.9 %) However for other VOCs the story is more
complicated Within themodel, Clprovides a significant sink fathaneconstituting

15%, and it provides a reasonably large sink for propane (6.5%).

There is a high degree of regional variability with Cl removadtbfne, with the
removal rising over the northern hemisphere oceans to ~50 % of OH removal at sea

level and ~30 % averaged over whole column.

Outside of the tropics the relative role of atomic chlorine as an oxidant increases as
the OH concentration decreases. Thus in the polar regions ethane oxiglatimost

equal between Oldnd ClI in the annual mean. Tlwev OH concentrations, and small
surface areas of the polar region means that from the perspective of the global ethane
burden this is not significant but from a regional perspective it is notable that

chlorine can play such an important role.

As CI oxidation represents a significant sink for ethane and propane in regions of
high NG, it is likely this will influence the production of:@ue to the reduction in
VOC precursor. As such it would be useful to include CI + ethane and CI + propane

reaction in nedels/simulations used to predict tropospheric ozone.

It is evident that, within the modedtomicchlorine can play a role in the oxidizing
capacity of the atmosphere. In the next section, the change in atomic CI
concentrations as anthropogenic emissirenged between 1988 and 2008 is

explored.
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7. Chlorine Distribution Change 1988 to 2008

Over the last three decades the emission of primary pollutants has moved from the
developed to developing regio(@hang et al.2016)and so from the northern mid
latitudes towards the tropics. This has been shown to lead to an increase in the
tropospheric O3 burdgZhang et al.2016) In this chapter the impact on atomic
chlorine concentrations is investigated. The modalinsnomindly for 2008 with

1988 emissionandfor 2008with 2008 emissions, spinning up with 1987 and 2007
respectively and discarding this datatevent any influence from the initial

conditions To remove the variability due to meteorology in these years the sa
meteorology is used (2008) for boimsilations. The EDGARMissions
(http://edgar.jrc.ec.europa.gulescribehe emissions over this period and these
emissions are used in this study to describe the changes in anthropogenic emissions.
Other norhalogenated emissions (biomass burning,[86}, isoprene, lightning

etc) remain the samédlalogen emissions have aonualvariability and thus will

not change between simulatiotrs Section 7.1 the changes in the emissions used in
the model over this period are described. In Section 7.2 the resulting changes to the
concentration of nochlorine compounds are outlineddafinally in Section 7.3 the
change in the concentration of chlorine compounds in the simulation is described.

7.1 Emissions changes

Thev4.2 EDGAR emissions attempt to describe the chanigeemissions over the
period 0f1970 to 2008We exploreghechange between 1988 and 2@J8issions
CHas concentrations in the simulation are fixed to the appropriate observational
values for 1988 and 20@®lugokenckyet al, 2016).Figures 7.17.7 show the
emissions used in 1988 and 2008 and the fractional se@zer this period for NO,
CO, S0O2, C2H6, C3H8 and other VOCs.

Latitude
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Figure 7.1NO emissions in 1988 (toj
left) 2008 (top right) and the change
percentage (left).
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Figure 7.2CO emissions in 1988 (to|
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