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Abstract. Fluorine-containing species can be extremely ef-ing of between 0.23-0.11 % per year and 0.450.11 % per
fective atmospheric greenhouse gases. We present fluoringear, due to the increase in fluorine-containing species dur-
budgets using organic and inorganic species retrieved byng this time. The decreasing trends in the mixing ratios of
the ACE-FTS satellite instrument supplemented with out-halons and chlorofluorocarbons (CFCs), due to their prohi-
put from the SLIMCAT 3-D chemical transport model. The bition under the Montreal Protocol, have suppressed an in-
budgets are calculated between 2004 and 2009 for a nuncrease in total fluorine caused by increasing mixing ratios of
ber of latitude bands: 70-30I, 30-00 N, 00° N-3C° S, hydrofluorocarbons (HFCs). This has reduced the impact of
and 30-70S. At lower altitudes total fluorine profiles are fluorine-containing species on global warming.

dominated by the contribution from CFC-12, up to an al-
titude of 20km in the extra-tropics and 29 km in the trop-
ics; above these altitudes the profiles are dominated by hy-

drogen fluoride (HF). Our data show that total fluorine pro- 1 Introduction

files at all locations have a negative slope with altitude,

providing evidence that overall fluorine emissions (mea-Many fluorine-containing chemicals are widely used in in-
sured by their F content) have been increasing with time.dustry and elsewhere because they are chemically inert, non-
Total stratospheric fluorine is increasing at a similar ratetoxic and odourless. A number of fluorine-containing species
in the tropics: 32.5:4.9pptyr?! (1.31£0.20% per year) are controlled under the Montreal Protocol (UNEP, 2009)
in the Northern Hemisphere (NH) and 29:&.3pptyr?® because they are ozone-depleting substances. Whilst fluo-
(1.214£0.22 % per year) in the Southern Hemisphere (SH).rine atoms do not play a direct part in ozone loss, many
Extra-tropical total stratospheric fluorine is also increasingof the species, such as chlorofluorocarbons (CFCs) and hy-
at a similar rate in both the NH and SH: 282.7 ppt per  drochlorofluorocarbons (HCFCs) also contain chlorine and
year (1.12:0.11 % per year) in the NH and 24£33.1ppt  therefore contribute to ozone loss. The C—F bonds in these
per year (0.96:0.12% per year) in the SH. The calcula- molecules typically absorb infrared radiation between 1000
tion of radiative efficiency-weighted total fluorine allows the and 1300 cm? (Lide, 1990); a “window” region in which
changes in radiative forcing between 2004 and 2009 to behe atmosphere is almost transparent. At wavenumbers below
calculated. These results show an increase in radiative forc000 cnt! incoming radiation is absorbed by G@nd HO,
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268 A. T. Brown et al.: Global stratospheric fluorine inventory for 2004—2009

Table 1. The global warming potential, on a 20 yr timescale (Solomon et al., 2007), the radiative efficiencies (Solomon et al., 2007) and the
lifetimes (Montzka et al., 2011) of some of the species used in this work.

Species Global warming  Radiative efficiency Stratospheric
potential (WnT2ppb1)  lifetime (years)
Cky 5210 0.10 >50000
CFC-11 (CC4F) 6730 0.25 45
CFC-12 (CChFyp) 11000 0.32 100
CFC-113 (GCl3F3) 6540 0.30 85
CFC-114 (GCloFy) 8040 0.31 190
CFC-115 (GCIFs) 5310 0.18 1020
Halon-1301 (CBrE) 8480 0.32 65
Halon-1211 (CBrClg) 4750 0.30 -
HCFC-22 (CHCIR) 5160 0.20 186
HCFC-141b (GH3Cl>F) 2250 0.14 64.9
HCFC-142b (GH3CIFy) 5490 0.20 160
HFC-23 (CHR) 12000 0.19 2347
HFC-134a (GHoFy) 3830 0.16 232
HFC-152a (GH4F2) 437 0.09 45.4
Sk 16 300 0.52 3200

at wavenumbers above 1400chincoming radiation is ab- SFg at 30 N for 1985 (Zander et al., 1992). Further work
sorbed by CH and HO. Fluorine-containing species are was carried out using the Jet Propulsion Laboratory’s MkIV
therefore very powerful greenhouse gases and as such thdialloon-borne Fourier transform spectrometer retrievals of
emissions are limited under the Kyoto Protocol (SolomonCF4, CFC-11, CFC-12, CFC-113, CQRHCFC-22, HF and
et al., 2007). The global warming potentials (GWPs) (on aSFs (Sen et al., 1996). The most recent fluorine budget was
20 yr timeframe) of some of the species used in this work arecarried out using data from the Atmospheric Chemistry Ex-
shown in Table 1. Many fluorine-containing species such aperiment Fourier Transform Spectrometer (ACE-FTS) (Nas-
CFCs and hydrofluorocarbons (HFCs) are very stable and insar et al., 2006b). This budget used version 2.2 ACE-FTS re-
ert, thus they have extremely long atmospheric lifetimes. Fortrievals of Ch, CFC-11, CFC-12, CFC-113, COCIF, CQF
example, HFC-23 has a 20yr global warming potential of HCFC-22, HCFC-141b, HCFC-142b, HFC-134a, HF and
12 000 relative to that of C&(Solomon et al., 2007). Long- SFks. When considered together these works show increasing
term monitoring of these species is therefore important forstratospheric fluorine volume mixing ratios between 1985
climate prediction. Fluorine budgets are useful metrics forand 2004. Total column measurements of GGiAd HF
checking the atmospheric chemistry of fluorine-containingfrom ground-based Fourier Transform Infrared Spectrome-
species. Differences between observed and model budgetsrs (FTIR) showed stratospheric fluorine increased at a rate
would suggest that there are additional species contributef 0.4 % per year between 2005 and 2008 (WMO, 2011).
ing to the total fluorine budget which have not been con-Ground-based FTIR measurements from Kiruna, Sweden
sidered. Previously fluorine budgets have used changes ishow that the HF column increased at a rate o413 %
the VMR of total fluorine as a proxy for changes in VMR per year between 1996 and 2008 (Mikuteit, 2008). Addition-
of chlorine since many of these species contain both chloally, FTIR measurements of total column abundances from
rine and fluorine (Nassar et al., 2006b). In recent years, witithe Network for the Detection of Atmospheric Composition
the increased emissions of HFCs and decreases in purelghange (NDACC) have shown an increase in the HF column
chlorine-containing species such as g&hd CHCCls, this between 2000 and 2009 (Kohlhepp et al., 2012).
approach can no longer be used. However, coupled with This paper presents fluorine budgets calculated from
stratospheric chlorine budgets the total fluorine calculationACE-FTS measurements supplemented with output from
allows the effects of the Montreal Protocol to be quantified,the SLIMCAT 3-D chemical transport model (CTM). The
with chlorine-containing species being replaced by fluorine-budgets have been calculated using 18 fluorine-containing
containing species. species (lists of which are given in Sect. 3), and represents the
A number of fluorine budgets have been calculated prednost comprehensive fluorine budget in the upper atmosphere
viously. Measurements made by the Atmospheric Traceto date. These budgets were calculated in four latitude bands
Molecule Spectroscopy (ATMOS) instrument were used tobetween 70N and 70 S. The ACE-FTS instrument has been
calculate a stratospheric fluorine budget using VMR pro-active since 2004 and we are therefore able to chart the re-
files of CR, CFC-11, CFC-12, CORF HCFC-22, HF and cent changes in atmospheric volume mixing ratios (VMR) of
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fluorine-containing species during this time. As such an in-Table 2. The retrieval altitudes of the fluorine-containing species
dividual fluorine budget has been calculated for every yeawused in this study.

from 2004 to 2009. The large number of fluorine-containing
species used in this work allows the calculation of the total Species Altitude (km)
fluorine VMR. Previous studies from ACE data from this pe-
riod have shown that the rate of decrease in the VMRs of
CFC-11, CFC-12 and CFC-113 is significantly smaller than CFC-11 (CC#F) 5-23  6-28
the rate of increase in the VMRs of the three most common CFC-12 (CGhF) 528 5-36
HCFCs, HCFC-22, HCFC-141b and HCFC-142b (Brown et HCFC-22 (CHCIR)  5-30 730

Polar  Equatorial

al., 2011). The effect that these changes in the atmospheric ggg': fg::j 115__252
VMRs of particular species will have on the total fluorine SFe 8-32 12-32
budget will be dependent on the number of fluorine atoms CRy 15-55 15-55
contained by each species. In addition to this, the radiative HF 12-52 12-57

efficiency-weighted trend in total fluorine is calculated show-
ing the impact of the changing VMR of fluorine on radiative

forcing between 2004 and 2009. 141b (GH3CIF) (Brown et al., 2011) and HFC-23 (CHF
Section 2 gives a brief description of ACE and a discus-(Harrison et al., 2012), but the retrieved concentrations have
sion on the validation of fluorine-containing species retrievedgpstantial biases so it was decided to use model data instead.
by ACE. A brief description of the SLIMCAT 3-D chemical ACE data was supplemented with output from the SLIMCAT
transport model (CTM) (for a full description of the model 3.p chemical transport model for CFC-113, CFC-114, CFC-

readers are directed to Chipperfield, 2006) is given in Sect. 315 H-1211, H-1301, HCFC-141b, HCFC-142b, HFC-23,
and stratospheric fluorine chemistry is discussed in Sect. 44Fc-134a and HEC-152a.

Section 5 outlines our method for calculating the fluorine
budget. The results of this work are presented and discusse€luorine-containing species retrieved by the Atmospheric
in Sect. 6. Chemistry Experiment

Carbon tetrafluoride — CF4

2 The Atmospheric Chemistry Experiment i i
CF4 is a powerful greenhouse gas (see Table 1) which has a

Designed to study “the chemical and dynamical processedfetime of over 50000 yr (Montzka et al., 2010), the emis-
that control the distribution of ozone in the stratosphereSions of which are primarily from aluminium production.
and upper troposphere” (Bernath, 2006), the Atmospherid 'St retrieved from ACE-FTS data for the stratospheric flu-
Chemistry Experiment (ACE) Fourier Transform Spectrom- Ofine budget (Nassar et al., 2006b), the ACE-FTS retrieval
eter (FTS) was launched on board the satellite SCISAT-1 invas validated by comparison with non-coincident MkIV bal-
August 2003. SCISAT-1's orbit, a low circular orbit with an 100n profiles. This study found that profiles from MkIV and
inclination of 74 (Bernath et al., 2005), gives ACE-FTS ACE were within+109% (Velazco etal., 2011).

almost global coverage from the Antarctic to the Arctic. :

ACE'’s primary instrument is a high-resolution (0.02ch Sulfur hexafluoride — SFs
FTS which operates between 750 and 4400&nThe sun g i ysed as an electrical insulating gas in power distri-
acts as a source of infrared radiation allowing ACE-FTS toy iion equipment and as an inert chemical tracer. The long

record transmission spectra of the limb of the atmosphergioiime of 3200 yr and strong infrared absorption cross sec-
at a series of tangent heights during sunrise and sunset. Uy 1< in an atmospheric window region near 950¢dnare
ing the retrieval methods outlined by Boone et al. (2005), o5nonsible for making this molecule a potent greenhouse

S e e e L L i o
p P PeC-ison with non-coincident MkIV balloon profiles. This study

trg (http://www.ace:uwat'erloo.;aThe ACE.'FTS i_s in its found an agreement within-15% between 12 and 19 km
ninth year of operation with routine data being available from (Velazco et al., 2011).

February 2004.

The ACE-FTS currently measures 8 fluorine-containing CFC-11 — CCkF
species, CF, CFC-12 (CCjFp), CFC-11 (CC4F), COR,
COCIF, HCFC-22 (CHECI), HF and Sk with version 3.0 CFC-11 is banned under the Montreal Protocol and is the
retrievals and 9 yr of data (2004—-2012; version 3.0 has somsecond most abundant CFC in the atmosphere. Validation
problems after September 2010). The retrieval limits of theseof ACE-FTS retrievals were carried out using the FIRS-
species are shown in Table 2. Version 3.0 also has retrieval? instrument. These comparisons showed an agreement to
for CFC-113 (GCl3F3), HCFC-142b (GH3CIF,), HCFC- within 10 % below 16 km (Mahieu et al., 2008). Comparisons
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between ACE and MkIV profiles show agreement to 10 % (below 16 km where the VMR of HF is at its lowest) to 20 %
above 12km and 20 % below 12 km (Mahieu et al., 2008).(Mahieu et al., 2008). This study also compared MkIV and
Non-coincident MKIV balloon profiles were also used for ground-based FTIR to ACE HF. These results showed a dif-
validation, producing differences of less tha20% be-  ference oft10 % between ACE and MKIV above 19 km and
tween 17 km and 24 km (Velazco et al., 2011). an average difference af7.4 % for the average partial col-

umn averages from ground-based FTIRs.
CFC-12 — CChF,

CFC-12 is the most abundant CFC in the atmosphere and SLIMCAT 3-D chemical transport model
is banned under the Montreal Protocol. ACE-FTS retrievals ) )
were compared to FIRS-2 measurements showing an agreé(ye have supplemented ACE observations with output from

ment to 10 % above 12 km and 20 % below 12 km (Mahieuthe SLIMCAT off-line three-dimensional (3-D) chemical
et al., 2008). Non-coincident retrievals from ACE-FTS were transport model (CTM). SLIMCAT contains a detailed treat-

compared to measurements from MKIV instrument. ThisMent of stratospheric chemistry incIudjng the _major species
study also found differences of arousel0 % (Velazco et N the G, NOy, HOy, Cly and By, chemical families (Chip-

al., 2011). perfield, 1999; Feng et al., 2007). The model uses winds from
meteorological analyses to specify horizontal transport while
HCFC-22 — CHCIF, vertical motion in the stratosphere is calculated from diag-

nosed heating rates. This approach gives a realistic strato-
HCFCs are transitional replacement compounds for CFCspheric circulation (Chipperfield, 2006; Monge-Sanz et al.,
under the Montreal Protocol. HCFC-22 is the most abundanf007).
HCFC in the atmosphere as it has been widely used since For this study SLIMCAT was integrated from 1977 to
the 1950s. The HCFC-22 retrieval used in this paper is newthe present day at a horizontal resolution of5«%.6> and
a paper is currently under preparation which discusses thi82 levels from the surface to about 60 km. The model uses

new retrieval. a o — 6 vertical coordinate (Chipperfield, 2006) and was
forced by European Centre for Medium Range Weather Fore-
Carbonyl chlorofluoride — COCIF casts (ECMWF) reanalyses (ERA-Interim from 1989 on-

wards). The volume mixing ratio of source gases at the sur-
COCIF is produced from the decomposition of moleculesface level were specified using data files compiled for WMO
which contain single fluorine atoms, such as CFC-11. The(2007) (WMO/UNEP, 2007). These global mean surface val-
first global observations of atmospheric COCIF from ACE- ues define the long-term tropospheric source gas trends in the
FTS were made using data from between 2004 and 2007 (Finodel. The model zonal mean monthly output was averaged
et al., 2009). The ACE-FTS retrieval of COCIF was used into create annual means for four latitude bins (7048030—
both the stratospheric chlorine and fluorine budgets (Nassap(® N, 00° N-30° S and 30-79S) on a 1 km altitude grid.

etal., 20064, b). Results from SLIMCAT have been included in many pre-
. vious studies which have looked at the trends of stratospheric
Carbonyl fluoride — COF; gases or have compared model profiles which depend on

_ . stratospheric loss rates or transport timescales. Monge-Sanz
COFR, is produced from the decomposition of molecules ¢ 51 (2007) showed that the model produced a realistic
which contain two fluorine atoms. Comparisons with mea- giratospheric Brewer—Dobson circulation and therefore could
surements from MkIV show an agreement to witdi@0%  odel the transport of tropospheric source gases through the
(Velazco etal., 2011). stratosphere. Brown et al. (2011) showed that the model re-
produced the observed profiles of fluorine-containing species
in that stratosphere. Kohlhepp et al. (2012) showed that when
forced with ERA-Interim analyses the model performed well

HF is the main fluorine reservoir in the stratosphere. Re-, . )
. : in reproducing the ground-based observations on column HF,
trievals of ACE-FTS HF have been compared to retrievals "% . .
which is a measure of total fluorine in the atmosphere.

from the HALOE instrument. The results of a first analysis
showed that the VMR of retrievals from ACE were around
10-20% larger than HALOE (McHugh et al., 2005; Mahieu 4  Fluorine chemistry

et al., 2008). ACE-FTS retrievals were again compared once

more to HALOE, these results showed that ACE-FTS re-There are two principal reaction paths for the breakdown of
trievals were larger by between 5-20 % (Mahieu et al., 2008) fluorine-containing species in the atmosphere. The reaction
HF from ACE-FTS has also been compared to measurementgath for a particular compound is determined by the number
from FIRS-2. These results showed significant differencesof fluorine atoms in the molecule.

between ACE and FIRS-2 with differences between 60 %

Hydrogen fluoride — HF
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4.1 CFCsand HCFCs which contain two fluorine atoms

(COF, formation) F+H2O — HF+ OH (R8)

The source gas molecule will first be broken down into F+H,— HF+H (R9)

CRCI and will then follow the following path (Tressaud, ) ) )

2006): Photolysis of HF does not readily occur in the stratosphere,
making HF an almost permanent reservoir of stratospheric

CKRCl+0,4+M — CKCIO;+M fluorine (Tressaud, 2006). This means that the atmospheric
concentrations of F and FO are very small, preventing fluo-

CRCIO2+NO — CRCIO+ NO> rine from causing significant ozone loss. HF is ultimately re-

moved from the stratosphere by slow transport to, and rainout
in, the troposphere or by upward transport to the mesosphere
COR+hv — FCO+F. where its mixing ratio remains constant up to high altitudes.

CR,CIO+ 02— COR+CIO;

Above around 30 km the concentration of COdfecreases
as photolysis becomes more effective. The primary source 06 Fluorine budget method
COFR, in the atmosphere is the decomposition of HCFC-22
and CFC-12. Contributions from HFCs, whilst smaller, are In total 16 186 ACE-FTS occultations were used in this
significant ensuring that the concentration of stratosphericstudy. For this analysis the globe was divided into 4 latitude
COFR, has been increasing in recent years (Duchatelet et albands (79N to 30 N — Northern Hemisphere extra-tropics,
2009; Brown et al., 2011). 30° N to &° N — Northern Hemisphere tropics; N to 30° S
— Southern Hemisphere tropics — and 3o 70 S — South-
4.2 CFCs which contain a single fluorine atom (COCIF  ern Hemisphere extra tropics). Occultations were divided by
formation) latitude and year; the number of data in each band is shown
o _in Table 3. Data in each band were filtered using the median
The source gas molecule will first t_)e broken down into 5pso|ute distribution (MAD) of the data. The MAD is a ro-
CFChL and will then follow the following path (Tressaud, ps; statistic which allows the variability of a data set to be
2006): calculated without giving large significance to outliers. For
this reason it is ideal for filtering profiles retrieved from ACE
which may contain a small number of large outliers due to
problems with retrievals (such as problems with retrievals in
CFCLO2+NO — CFChO+ NO> (R2) occultations with high lying clouds or aerosols). Any value
which was greater than 2.5 times the MAD from the median
of the raw data was discarded. The 2.5 MAD filter was used
since this includes between 80 and 98 %, depending on the
distribution of the data around the median, of the ACE-FTS
CFCIO+ hv — FCO+CI. (R4) data ensuring that only outliers were removed. Once the out-
liers had been removed a mean profile of each species was
Carbonyl chlorofluoride (COCIF) is less stable than GOF produced by calculating the mean mixing ratio at each alti-
and can be photolyzed more easily. It is therefore present ifude. The error on this profile is calculated using the standard
far smaller concentrations and peaks at lower altitudes thagjeviation of the data used to calculate each mean mixing ra-
COR. The primary source for atmospheric COCIF is CFC- tjo. This produces a profile with errors which vary with alti-
11. tude, dependent on the variation of the data at each altitude.
The production of FCO from the decomposition of COCIF profiles were extended by using the SLIMCAT profiles of the
and COF; leads to the formation of fluorine atoms, along the corresponding species scaled to match the ACE-FTS data at
following reaction path: its highest and lowest retrieved altitude point¢3fd Ch
did not have corresponding SLIMCAT data and so were ex-
tended vertically upwards at a constant VMR from the final
retrieved altitude. All profiles were extended up to 54.5 km
FO+O<1D> — F+0,. (R6) corresponding to the maximum altitude to which HF is re-
trieved by ACE-FTS.
The fluorine produced in both series of reactions will re- The total fluorine volume mixing ratio was calculated at 54
act with methane (CkJ, water (HO) or molecular hydrogen  levels between 0.5 km and 53.5 km corresponding to the ACE

CFCh+024+M —> CFChO2+M (R1)

CFCLO+0,— COCIF+ CIO, (R3)

FCO+ 0, — FC(0) Oy— FO+CO, (R5)

(H>) to form HF. retrieval altitude grid. The equations used for this calcula-
tion are given below, where square brackets indicate volume
F+CHs — HF+CH3 (R7) mixing ratio (VMR). Following the convention of previous
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Table 3. The number of ACE-FTS occultations used for each lati- these changes on climate forcing using a weighted total flu-

tude band and year. orine budget. The radiative impact of the total fluorine was
evaluated by weighting the total fluorine VMR by the radia-

Year 70-30N 30-0CN 00-30S 30-70S Total tive efficiency of each species.
2004 788 171 153 960 2072 . .
2005 1631 278 301 1592 302 6:1 \Vertical profiles
2006 1166 164 178 1038 2546 . . .
2007 887 116 129 804 193¢  The results of the total fluorine calculations are shown in
2008 1449 134 197 1427 3207 Figs. 1 and 2. As described in Section 6 each point on the
2009 1162 168 202 1091 2623 mean vertical profile of a species retrieved by ACE has an

error attached to it, which represents the standard deviation
of the data at that altitude. The error bars shown on the
fluorine budgets (Zander et al., 1992; Nassar et al., 2006b)plots represent the linear combination of the standard devi-
the total fluorine volume mixing ratio can be expressed asations of the contributing species for that particular altitude.
the sum of the total inorganic fluorine and the total organic!t should be noted that the systematic retrieval errors asso-
fluorine. The terms inorganic and organic are not used in theciated with each ACE-FTS species are not known at this
conventional sense in this work (and the fluorine budgets pretime and as such are not included in the error values pre-
vious to this one). Instead the term organic fluorine can besented in this work. The SLIMCAT profiles have been given
interpreted as those fluorine species which are emitted fron@ 5% error on their VMR. This value was chosen as it is
the surface. Inorganic fluorine species are fluorine-containingn overestimation of the error on the surface measurements
molecules which are produced from the decomposition of theused to force SLIMCAT, and allows for some error in model

organic fluorine species (with the exception okSF transport. The total fluorine profiles seem to follow a straight
line with the majority of the deviations from this line com-
[TotalFluoring = [TotallnorganicFluoring ing from the HF retrieval. The mean total stratospheric flu-

orine and the slope of the total fluorine profile can be seen
in Table 4. There does not appear to be any statistically sig-
nificant difference between extra-tropical and tropical total
fluorine VMR. The mean stratospheric fluorine in the extra-
[TotallnorganicFluoring= [HF] + 2[COR;] + [COCIF tropical region is generally larger than in the tropics. The dif-
ferences between corresponding tropical and extra-tropical
+6[Ske] stratospheric means are generally smaller than the error on
the values. This suggests that these differences are likely due

. ) to fluctuations in the retrieval of HF (the main source of at-
[TotalOrganicFluoring= 4[CF4]+2[CFC-12]+[CFC-11]  mgspheric fluorine at higher altitudes) as opposed to a true

feature. The slopes of the total fluorine profiles are smaller
+2[HCFC—22] 4 3[CFC— 113 + 4[CFC— 114 in the tropical stratosphere than in the extra-tropical strato-

+[TotalOrganicFluoring

+5[CFC— 115 + 2[HCFC— 142K + [HCFC— 141h sphere. Since the age-of-air increases with altitude (Waugh

43[HEC— 23] + 4[HFC— 1344 + 2[HFC— 1524 and Hall, 2002), the ;Iope of the 'total quonng profile rep-
resents the changes in the emissions of fluorine-containing

+2[H —1217 + 3[H — 1301 species over time. The negative slopes of the total fluorine

profiles show that the mixing ratios of fluorine-containing
species have been increasing. Additionally, the slopes sug-
gest that the rate of increase is faster in the tropics than in the
This section is divided into 5 subsections. Section 6.1€X{ra-tropics. Figure 3 shows the mean percentage contribu-
presents the vertical profiles of the total fluorine calculations,ion of ACE-FTS and SLIMCAT VMR to the total fluorine
with a focus on the gradient on the profile and its implica- profile for all years in the extra-tropical northern latitudes.
tions for the total fluorine VMR in the atmosphere. Subse- 1 N€ €rror bars represent the largest and smallest percentage
quently the slopes of the correlation plots between sourc&ontributions. All latitude baljds'show very similar altitude-
fluorine species and reservoir fluorine species are presentdifPendent percentage contributions. ACE-FTS data accounts
and discussed in Sect. 6.2. The impacts of the individualf_or between around 77 % of the_total quorlne, in the lower al-
species included in the total fluorine calculations on the to-titudes, to around 96 % at the highest altitudes.

tal fluorine VMR are presented in Sect. 6.3. The final two

sections present the changes in total fluorine between 2004

and 2009. Section 6.4 presents the changes in total strato-

spheric fluorine while Sect. 6.5 discusses the implication of

6 Results and discussion

Atmos. Chem. Phys., 14, 267282 2014 www.atmos-chem-phys.net/14/267/2014/



A. T. Brown et al.: Global stratospheric fluorine inventory for 2004—2009 273

Table 4. The slopes of the total fluorine profile and the mean stratospheric volume mixing ratio of the fluorine budgets for different latitude
bands. The error quoted here is the &rror of the fit. Systematic errors in the ACE-FTS retrieval of these species are not known at this time
and are not included in these errors.

Year 70-30N \ 30-00 N
Slope of total fluorine  Mean StratosphericSlope of total fluorine  Mean Stratospheric
profile [pptknT1] Fluorine [ppt] profile [pptknT1] Fluorine [ppt]
2004 —-1.76+0.38 2478+ 33 —6.944+0.45 2429115
2005 —2.21+0.36 250133 —4.294+0.31 2508+ 68
2006 —2.68+0.34 2529+ 43 —5.41+0.28 2513+ 82
2007 —1.46+0.27 2573+ 25 —3.84+0.39 255165
2008 —1.78+0.41 2603+ 38 —4.51+0.53 257H-82
2009 —2.03+0.35 2604 32 —4.37+£0.47 2604+ 78
Year 00 N-3C° S \ 30-70 S
Slope of total fluorine  Mean StratospherjcSlope of total fluorine ~ Mean Stratospheric
profile [ppt ki 1] Fluorine [ppt] profile [ppt kni 1] Fluorine [ppt]
2004 —4.54+0.39 2455+ 62 —1.284+0.22 2494+ 24
2005 —5.17+0.62 245489 —1.42+0.23 2510+ 25
2006 —6.23+0.51 2488+ 76 —0.95+0.38 252133
2007 —5.49+0.46 2508t 71 —0.29+0.39 2559+ 38
2008 —5.90+0.40 2569 69 —1.424+0.38 2569+ 31
2009 —4.53+0.42 2592+ 64 —1.21+0.26 262128

6.2 Fluorine source and reservoir species correlations the northern tropics the mean slope of the correlation is
—0.914+0.02, and in the southern tropics the mean slope
The fluorine-containing species used in this analysis can bés —0.90+0.01. These values suggest that the most impor-
divided into source and reservoir species, reservoir specietant fluorine-containing species have indeed been included
being produced from the decomposition of source speciesin this budget. Whilst many short-lived species are not in-
In this work HF, COFRL and COCIF are considered to be cluded their overall contribution to stratospheric fluorine is
reservoir species; all other species CEFC-12, CFC-11, small, and so their addition to the budget calculations would
HCFC-22, Sk, CFC-113, CFC-114, CFC-115, H-1211, H- not significantly affect the final fluorine budget. The slopes
1301, HCFC-141b, HCFC-142b, HFC-23, HFC-134a andfrom the tropical latitudes are smaller than those from extra-
HFC-152a) are source species. Correlating the source anglopical latitudes. This is likely an artefact from the smaller
reservoir species gives an indication as to whether the maaumber of occultations which are available at tropical lati-
jor fluorine-containing species have been considered; a slopgides.
close to one would show that most of the major fluorine-
containing species were included in the budget. It should6.3 The contributions of species to the total fluorine
be noted that this method cannot be used to check if all budget
very long-lived fluorine species (such asgphave been in-
cluded in the study. Instead this method is a test whether th&he contributions of individual species to the total fluorine
major source species which decompose in the stratosphetaudget were calculated by producing a mean fluorine budget
and reservoir species have been included in the budget. Cofer each latitude band from annual data. Once these budgets
relations were calculated by summing the relevant specietiad been produced the impact of each species on the fluorine
(see above) to produce source and reservoir species profilesudget could be calculated. The contribution of individual
This produced a profile with a value for the VMR of reser- species to the total fluorine budgets can be found in the ap-
voir and source species every 1 km between the tropopauseendix. The species which contribute the largest VMR to the
and 53.5km. These VMRs were plotted against one anothetotal fluorine budget (&) for different altitudes and latitude
for each altitude in order that a correlation could be cal-bands are shown in Table 6. At the lower altitudes of this
culated. The results of these plots can be seen in Table Study, between 11 and 20km in the extra-tropics (ET) and
All calculated slopes are greater than 0.9 with the low-11 and 29 km in the tropics (T), the total fluorine VMR is
est values occurring in the tropical regions. The mean ofdominated by CFC-12. At its peak CFC-12 accounts for al-
the slope in the extra-tropics is0.97+ 0.01 in the North-  most 40 % of atmospheric fluorine. This occurs despite a de-
ern Hemisphere and0.98+ 0.01 Southern Hemisphere. In crease in the VMR of atmospheric CFC-12 during this time.
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Table 5. The slopes of the correlation between fluorine source specieg HC-12, CFC-11, HCFC-22, §FCFC-113, CFC-114, CFC-
115, H-1211, H-1301, HCFC-141b, HCFC-142b, HFC-23, HFC-134a and HFC-152a) and fluorine reservoir species $aRATTIBCIF).
Once more, the error given here is the Error of a least-squares fit.

Year 70-30N 30-0CN  00°N-3C¢°S 30-70 S

2004 -0.97+0.01 -0.88+0.01 -0.92+0.01 -0.97+0.01
2005 —-0.96+0.01 -0.92+0.01 -0.90+0.01 -0.97£0.01
2006 —-0.96+0.01 -0.91+0.01 -0.89+0.01 -0.97+£0.01
2007 -0.97£0.01 -0.93+£0.01 -0.90+0.01 -0.99+0.01
2008 —-0.97+0.01 -0.92+0.01 -0.90+0.01 -0.97£0.01
2009 -0.96+0.01 -0.92+0.01 -0.92+0.01 —-0.98+0.01
Mean —-0.97+0.01 -0.91+0.02 -0.90+£0.01 -0.98+0.01
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Fig. 1. The fluorine budgets from 2004 to 2009 in latitude band 30N@nd 0-30 N (black). The inorganic (blue) and organic (red)
fluorine profiles are also shown. The error bars are the result of combinations of standard deviations of the mean profiles of the relevant
fluorine-containing species. Systematic retrieval errors are not known at this time and therefore are not included in these errors.

At altitudes of up to 34 km in the tropics (29 km in ET), the tween 9.8 % (ET) and 10.1% (T). These values are signifi-
VMR of total fluorine from CFCs and halons is larger than cantly smaller than the combined contribution of the CFCs
that from HFCs and HCFCs. The contribution of HCFCs and halons (excluding CFC-12) which peak between 22 %
and HFCs to atmospheric fluorine is dominated by HCFC-(ET) and 23 % (T). Above 20 km in the ET and 29 km in the
22 which, at its peak at 10.5 km, accounts for between 14 %Tl, HF dominates reaching between 74% (ET) and 77 % (T)
and 15 % of the total atmospheric fluorine depending on theof total fluorine at 53.5 km.

latitude band. The combined contribution of the HCFCs (ex-

cluding HCFC-22) and HFCs used in this study peaks be-
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Table 6. The species which contribute the largest VMR to the total fluorine budgg} (Br different altitudes and latitude bands alongside
its mean percentage contribution.

Species  Altitude range %t range \ Species  Altitude range %t range
70-30 N \ 30-CN

CFC-12 10.5-20.5km  38.9-25.8| CFC-12 10.5-28.5km  39.5-23.8

HF 21.5-53.5km  24.9-77.3 | HF 29.5-53.5km  22.2-74.5
0°N-30° S \ 30-70'S

CFC-12 10.5-27.5km  39.3-23.4| CFC-12 10.5-19.5km  38.5-24.0

HF 28.5-53.5km  22.3-74.5| HF 20.5-53.5km  26.3-76.6
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Fig. 2. As Fig. 1 but for latitude bands 0-3% and 30-79S.

not have a significant effect on the trends as they are con-
sistent annually for each species used in this budget. In ad-
Since the fluorine budget has been calculated for the yeardition, altitude-dependent systematic errors will be identical
between 2004 and 2009 it is possible to calculate trends irannually, thus as long as the same altitudes are used to cal-
the annual changes of the mean total stratospheric fluorineculate an average they will cancel for the annual trends. The
Figure 4 shows the trend plots for each of the four latitudeVMR of total stratospheric fluorine is increasing at a simi-
bands and the results of the analysis can be seen in Table Tar rate at all latitudes. The VMR of total stratospheric fluo-
The errors quoted here are ther1fitting error of a linear  rine is increasing at a rate of 1.420.11 % yr 1 in the north-
least squares fit to the MAD filtered data. Systematic errorsern extra-tropical stratosphere, and 0496.12 % yr 1 in the

are not considered in this work as they have not been calsouthern extra-tropical stratosphere. The rate of increase in
culated for ACE-FTS at this time. Systematic errors should

6.4 Trends in stratospheric fluorine
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Table 7. The trends in the mean stratospheric total fluorine volume

Northern Hemisphere  3082.7 1.214+0.11
Southern Hemisphere  26483.7 1.0740.15

PR NSRS N L
o otal Flucee Table 8.The radiative efficiency — (RE) weighted trends in the total
fluorine volume mixing ratio between 2004 and 2009. The weighted
Fig. 3. The mean percentage contribution of ACE-FTS (black) and total fluorine budgets were also calculated without including CFCs
SLIMCAT (red) to the total fluorine VMR for all years between and halons so that the impact of the Montreal Protocol on radiative
70-3C N. The error bars are the maximum or minimum single con- efficiency-weighted fluorine could be quantified. Once more the er-
tribution to the total fluorine percentage from these years. ror presented here is theolerror of a least squares fit.

i E
soF E mixing ratio between 2004 and 2009 for different latitude bands and
F 3 the NH and SH. The error presented here is thedrror of a least
E ] squares fit.
40 =
: ] pptyr-1 %yr-1
Eaf = 70-30' N 28.3+2.7 1.12£0.11
ER: ] 300N 32.5+4.9 1.31+0.20
< 3 0°N-3C° S 29.8£53 1.21+0.22
2E E 30-70'S 24.3:3.1 0.96+0.12
i
0

slnnn
o

Latitude band RE-weighted  RE-weighted total fluorine

stratospheric fluorine is also similar in the northern trop- total fluorine trend without CFCs and
ical stratosphere (1.3#0.20%yr 1), and in the southern trend (%yr*)  halons included (%yr')
tropical (1.2140.22 %yr1). Northern and southern hemi- 70-30 N 0.23+0.11 4.45-0.05
spheric trends were calculated using the averages of the flu- 30-¢° N 0.45+0.11 4.33:0.2
orine budgets of the relevant latitude bands. This method 0°N-30°S 0.45+0.09 3.94+-0.15
was preferred to calculating a budget from all the individ- 30-70'S 0.29+0.2 3.84+0.02

ual occultations within each hemisphere so that the budget
is more representative of the whole hemisphere. As can be

seen from Table 3 there are significantly more measurements

at higher latitudes than in the tropics. A budget calculatedlate the change in radiative forcing due to changes in fluorine
from all the occultations in a particular hemisphere would VMR during this time. These changes in radiative forcing
therefore produce an average budget which was biased towere calculated by removing VMR above the tropopause and
wards the higher latitudes. Total fluorine in the Northern multiplying the VMR (in ppb) of each species by its radia-
Hemisphere and Southern Hemisphere is increasing at a sintive efficiency giving the radiative forcing for each species.
ilar rate, 1.2H0.14 % yr 1 in the Northern Hemisphere, and These values were summed together and the mean was cal-
1.07+£0.21 % yr ! in the Southern Hemisphere. Once more culated for each year. A least squares fit to the means then al-
the errors quoted here are the statistical fitting error of a  lowed the changes in radiative forcing to be calculated. The
linear least squared fit to the MAD filtered data. Globally the results of this analysis can be seen in Table 8 and Fig. 5.
VMR of fluorine in the stratosphere is increasing at a rate ofBoth hemispheres exhibit a similar increase in radiative forc-
1.144 0.06 % yr 1. Despite the lower altitudes of the budget ing due to fluorine species. In the Northern Hemisphere
being dominated by CFC-12, a strong increase in the VMRthe rate are 0.2& 0.11 % per year in the extra-tropics and

of total fluorine is still seen. This is due to increases in the0.45+ 0.11 % per year in the tropics. Similarly in the South-
VMR of HCFCs and HFCs being significantly larger than ern Hemisphere radiative forcing due to fluorine-containing

the decreases in CFCs and halons during this time. species appeared to increase by GZR20 % per year in the
tropics and 0.45- 0.09 % per year in the extra-tropics. Once
6.5 Radiative efficiency-weighted fluorine budget more the same calculations were carried out without includ-
trends ing CFCs and halons. These results are shown for compar-

ison in Table 8. Without CFCs and halons the increase in
The main environmental impact of the increased atmosphericadiative forcing would be significantly higher ranging be-
fluorine will be on warming in the troposphere and lower tween 3.84: 0.02 % per year in the extra-tropical Southern
stratosphere region. In order to evaluate this effect the toHemisphere and 4.450.02 % per year in the extra-tropical
tal fluorine was weighted using the radiative efficiencies Northern Hemisphere. Thus at the present time the climate
(Solomon et al., 2007) of the individual species to calcu-impact of fluorine is increasing.
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Weighting the total VMR does not allow the long termim-  Total tropospheric fluorine trends have been produced
pact of these species to be evaluated as radiative efficienciaghich have been weighted by radiative efficiencies of the in-
do not take the lifetime of species into account. It is likely dividual species used in this study. This allows the climato-
that the replacement of CFCs and Halons with HFCs andogical implication of the increase in fluorine during this time
HCFCs, which have significantly shorter tropospheric life- to be quantified. Changes in climate forcing due to changes
times, reduces the climatological effect of these species inn the VMR of fluorine-containing species have also been
the long term. calculated. These results show small increases of between

0.23+0.11 % per year and 0.450.11 % per year. It appears
i that in the short term the climate forcing effects atmospheric
7 Conclusions fluorine are increasing. However, the decrease in the VMR of

. . . CFCs and halons due to their phasing out under the Montreal
This paper presents the stratospheric fluorine budget CalI_Drotocol has limited this increase, thus reducing the climato-
culated for the years 2004 to 2009 for a number of lati- ' 9

tude bands representing the extra-tropical and tropical Iati-Ioglcal effects of fluorine-containing species.

tudes. The fluorine budgets were calculated using species re-
trieved by ACE-FTS. ACE-FTS measurements were suppleAppendix A
mented with data from the SLIMCAT 3-D chemical transport
model. The fluorine budgets, therefore, include all the ma-The mean contribution of individual species to the total fluo-
jor fluorine-containing species currently in the atmosphererine VMR in the different latitude bands.
In the lower altitudes these budgets are dominated by the
large mixing ratio of CFC-12. At its peak CFC-12 contributes
around 39 % of total fluorine. Other species are much less
important. HCFC-22 contributes 15 % at its maximum and
combined contribution of the other HCFCs and HFCs used
in this study peaks around 10 %. The remaining CFCs and
halons used in this study contribute a maximum of about
23 %. As altitude increases HF overtakes CFC-12, between
21 kmin the extra-tropics and 28 km in the tropics as the most
dominant species in the total fluorine budget.
The gradients of the total fluorine profiles offer an indica-
tion of the long-term changes in total fluorine. All budgets
exhibit a negative slope with altitude. Since air at higher al-
titudes in the stratosphere is older than air at lower altitudes,
higher concentrations observed at lower altitudes suggest that
fluorine emissions have been increasing with time. Strato-
spheric fluorine is increasing in all the latitude bands used in
this study.
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Table Al. The percentage contribution of each species to the total fluorine budget in the latitude bands betWweand78C N.

Altitude ACE-FTS ‘ SLIMCAT

HF CFR CFC-12 CFC-11 COf COCIF HCFC-22 Sp Total ‘ CFC-113 CFC-114 CFC-115 HCFC-142b HCFC-141b HFC-23 HFC-134a HFC-152a H-1211 H-1301 Total
10.5 1.2 113 389 8.9 0.7 0.2 14.4 1.3 749 8.5 25 1.7 1.2 0.7 2.1 5.4 0.3 0.3 04 231
11.5 22 113 385 8.6 1.3 0.4 14.2 13 718 8.2 2.4 1.7 1.1 0.6 2.1 5.1 0.3 0.3 04 222
12.5 31 114 38.1 8.3 1.8 0.5 14.1 13 786 79 2.4 1.7 1.1 0.6 2.1 49 0.3 0.2 04 216
13.5 39 114 375 8.1 2.1 0.6 14.3 13 792 7.7 2.3 1.7 1.1 0.6 2 4.8 0.2 0.2 0.4 21
14.5 49 114 36.9 7.8 2.4 0.6 14.3 1.3 796 7.4 2.3 1.7 1 0.6 2 4.6 0.2 0.2 03 203
15.5 6.2 114 36.1 7.3 3.1 0.7 14.1 1.3 80.2 7.2 2.2 1.7 1 0.5 2 4.5 0.2 0.2 0.3 19.8
16.5 83 115 349 6.6 4.1 0.9 13.4 1.3 1 6.8 2.2 1.6 1 0.5 2 4.3 0.2 0.2 0.3 19.1
17.5 11.1 116 33 5.8 5.6 1.1 125 1.3 2 6.3 21 1.6 0.9 0.4 1.9 4 0.2 0.1 03 17.8
18.5 145 11.7 30.8 4.8 7.3 1.4 11.8 1.3 836 5.6 2 1.6 0.9 0.4 1.9 3.6 0.2 0.1 0.2 165
19.5 18 117 28.3 3.7 9 16 11.3 1.3 849 5 1.8 16 0.8 0.3 19 33 0.1 0.1 02 151
20.5 216 118 25.8 2.6 10.6 1.7 10.7 1.2 B6 4.4 1.7 1.5 0.8 0.3 1.8 3.1 0.1 0 0.2 139
215 249 117 232 17 123 1.8 102 1.2 B7 3.9 16 15 0.7 0.2 18 29 0.1 0 01 128
225 279 117 20.7 1.1 13.7 1.7 9.8 1.2 878 3.4 1.5 1.5 0.7 0.2 1.8 2.8 0.1 0 0.1 121
235 30.8 11.6 18.4 0.7 15.1 1.5 9.5 12 888 29 1.5 1.4 0.7 0.2 1.8 2.7 0.1 0 01 114
245 336 116 16 0.4 16.3 1.3 9.1 1.2 895 2.4 1.4 1.4 0.6 0.1 1.7 2.6 0.1 0 0.1 104
255 36.6 115 13.7 0.2 17.2 1 88 12 902 2 13 1.4 0.6 0.1 1.7 25 0.1 0 0 9.7
26.5 39.6 115 11.4 0.1 18 0.8 8.4 1.2 91 1.6 1.2 1.4 0.6 0.1 1.7 2.4 0.1 0 0 9.1
275 428 115 9.2 0.1 18.4 0.6 8 12 918 1.2 11 13 0.5 0.1 1.7 23 0 0 0 8.2
285 459 114 7.2 0 18.5 0.4 7.7 1.2 923 0.9 1 1.3 0.5 0 1.7 2.2 0 0 0 76
29.5 49 114 5.7 0 18.1 0.3 7.3 1.2 3 0.7 0.9 1.3 0.4 0 1.6 21 0 0 0 7
30.5 52 114 4.3 0 17.5 0.2 6.9 1.2 935 0.5 0.8 1.3 0.4 0 1.6 2 0 0 0 6.6
315 547 115 3.2 0 16.5 0.1 6.6 1.2 938 0.3 0.7 1.2 0.4 0 1.6 19 0 0 0 6.1
325 571 115 2.4 0 15.7 0.1 6.3 12 943 0.2 0.7 1.2 0.4 0 1.6 1.8 0 0 0 5.9
335 59.2 115 1.7 0 14.8 0 6 1.2 944 0.1 0.6 1.2 0.3 0 1.6 1.8 0 0 0 5.6
345 60.8 115 1.2 0 14.1 0 5.7 1.2 945 0.1 0.6 1.2 0.3 0 1.6 1.7 0 0 0 5.5
35.5 62.3 115 0.9 0 133 0 55 12 947 0.1 0.5 1.2 0.3 0 1.6 1.6 0 0 0 53
36.5 63.6 115 0.6 0 12.6 0 5.3 1.2 948 0 0.5 1.2 0.3 0 1.6 1.6 0 0 0 5.2
375 64.7 115 0.4 0 11.9 0 5.2 1.2 949 0 0.5 1.2 0.3 0 1.6 1.6 0 0 0 5.2
385 65.8 115 0.3 0 11.2 0 5 1.2 95 0 0.4 1.1 0.3 0 1.6 1.5 0 0 0 4.9
39.5 66.8 115 0.2 0 10.6 0 4.8 1.2 951 0 0.4 11 0.2 0 1.6 15 0 0 0 4.8
40.5 67.7 115 0.2 0 10 0 4.7 1.2 953 0 0.4 1.1 0.2 0 1.6 1.4 0 0 0 4.7
41.5 68.6 11.6 0.1 0 9.3 0 4.5 1.2 953 0 0.4 1.1 0.2 0 1.6 1.4 0 0 0 4.7
425 69.4 116 0.1 0 8.7 0 4.3 1.2 953 0 0.3 1.1 0.2 0 1.6 1.4 0 0 0 4.6
435 70.3 117 0.1 0 8.1 0 4.2 1.2 956 0 0.3 1.1 0.2 0 1.6 1.3 0 0 0 4.5
445 713 117 0 0 7.4 0 4 1.2 956 0 0.3 1.1 0.2 0 1.6 1.3 0 0 0 4.5
455 722 117 0 0 6.7 0 3.8 1.2  95/6 0 0.3 1.1 0.2 0 1.6 1.3 0 0 0 4.5
46.5 732 116 0 0 6.1 0 37 12 958 0 0.2 11 0.2 0 16 12 0 0 0 4.3
475 741 116 0 0 55 0 35 1.2 95/9 0 0.2 1 0.1 0 1.6 1.2 0 0 0 4.1
48.5 75 115 0 0 5 0 34 12 96f 0 0.2 1 0.1 0 15 11 0 0 0 3.9
49.5 758 115 0 0 4.4 0 3.2 1.2 96|1 0 0.2 1 0.1 0 15 1.1 0 0 0 3.9
50.5 76.3 115 0 0 4 0 31 12 961 0 0.1 1 0.1 0 15 11 0 0 0 38
515 76.7 115 0 0 3.7 0 3.1 1.2 96|12 0 0.1 1 0.1 0 15 1.1 0 0 0 3.8
52.5 77 116 0 0 35 0 3 12 968 0 0.1 1 0.1 0 15 1 0 0 0 3.7
535 773 116 0 0 3.3 0 2.9 1.2 96|3 0 0.1 1 0.1 0 15 1 0 0 0 3.7

Table A2. The percentage contribution of each species to the total fluorine budget in the latitude bands betweandB0 N.

Altitude ACE-FTS ‘ SLIMCAT

HF CrR CFC-12 CFC-11 COf COCIF HCFC-22 Sp Total ‘ CFC-113 CFC-114 CFC-115 HCFC-142b HCFC-141b HFC-23 HFC-134a HFC-152a H-1211 H-1301 Total
10.5 0 11.1 39.18 9.4 0.02 0.02 15.31 1.35 8.67 251 1.7 1.17 0.69 2.14 5.68 0.33 0.32 0.42 23.63
11.5 0 11.1 39.19 9.4 0.03 0.02 1531 1.35 8.67 2.51 1.7 117 0.69 214 5.67 0.33 0.31 0.42 23.61
12.5 0 1111 39.21 9.4 0.04 0.02 15.32 1.36 8.64 25 1.7 1.17 0.69 2.14 5.63 0.33 0.31 0.41 23.52
135 0 1112 39.25 9.41 0.07 0.04 1534 1.36 8.61 25 17 117 0.69 213 5.58 0.33 0.31 041 23.43
14.5 0.05 11.13 39.28 9.42 0.09 0.05 15.35 1.36 8.57 2.49 1.7 1.16 0.68 2.12 5.53 0.32 0.3 0.41 23.28
15.5 0.17 11.16 39.26 9.45 0.13 0.07 1529 1.35 8.53 2.48 1.7 1.15 0.67 211 5.46 0.31 0.3 0.41 23.12
16.5 0.34 11.24 39.45 9.34 0.19 0.1 15.06 1.36 8.46 2.47 1.7 1.15 0.66 211 5.37 0.3 0.29 04 2291
175 0.79 11.29 39.37 9.16 0.47 0.19 1492 1.37 8.3 2.44 17 1.13 0.64 2.09 5.21 0.29 0.27 0.39 22.46
18.5 1.84 11.31 38.59 8.64 1.06 0.38 1523 1.35 7.97 2.38 1.68 1.09 0.61 2.05 4.95 0.26 0.24 0.37 216
195 3.37 11.38 37.56 8.01 1.98 0.75 15.08 1.32 7.54 23 1.66 1.05 0.56 2.01 4.65 0.24 0.2 0.35 20.56
20.5 5.45 11.57 36.56 7.27 3.2 1.2 13.66 1.31 7.2 2.25 1.66 1.02 0.52 2 4.43 0.22 0.15 0.32 19.77
215 751 11.64 35.3 6.36 4.4 1.63 12.82 1.3 6.87 221 1.65 1 0.49 1.98 4.25 0.2 0.11 0.3 19.06
225 9.25 11.67 34.07 5.37 5.75 2.08 12.15 1.3 6.54 217 1.64 0.97 0.45 1.96 4.09 0.18 0.07 0.28 18.35
235 1085 11.72 32.69 4.35 7.12 2.49 11.75 1.3 6.21 2.13 1.64 0.96 0.42 1.95 3.98 0.17 0.04 0.25 17.75
24.5 12.2 11.83 31.34 3.29 8.67 2.79 11.35 1.31 5.89 211 1.64 0.95 0.38 1.95 3.9 0.16 0.02 0.23 17.23
255 1414 11.85 29.5 238 10.22 3.01 11.06 1.31 5.47 2.08 1.64 0.93 0.34 1.94 3.81 0.15 0.01 0.19 16.56
26.5 15.96 11.85 27.68 1.62 11.99 3.04 10.85 1.31 4.95 2.03 1.62 0.91 0.29 1.92 3.7 0.14 0 0.16 15.72
275 17.57 11.93 25.86 1 1416 2.73 10.64 1.32 4.32 1.97 1.62 0.88 0.24 191 3.61 0.13 0 0.12 14.8
28.5 19.63 11.92 23.76 0.51 16.55 221 10.34 1.31 3.68 1.89 1.6 0.85 0.18 1.89 3.49 0.12 0 0.09 13.79
295 2216 11.84 21.49 0.3 18.54 1.63 9.96 13 3.06 1.79 1.56 0.81 0.14 1.86 3.36 0.11 0 0.06 12.75
30.5 251 11.85 18.83 0.11 20.12 1.13 9.7 1.3 2.48 1.71 1.55 0.78 0.1 1.85 3.26 0.1 0 0.04 11.87
315 28.34 1192 15.85 0.03 21.51 0.34 95 131 2.01 1.65 1.55 0.76 0.07 1.85 3.2 0.09 0 0.02 11.2
325 3141 1191 12.81 0.02 22.65 0.23 9.2 132 1.56 1.56 1.53 0.73 0.05 1.84 3.1 0.08 0 0.01 10.46
335 3439 1193 9.87 0.01 23.66 0.12 893 1.32 1.13 1.47 1.52 0.69 0.03 1.84 3.01 0.07 0 0.01 9.77
34.5 37 11.87 7.65 0.01 24.39 0.08 8.55 1.32 0.83 1.37 1.49 0.66 0.02 1.82 2.89 0.06 0 0 9.14
35.5 39.68 119 5.51 0 2475 0.04 8.21 1.32 0.56 1.28 1.47 0.62 0.01 1.81 2.78 0.05 0 0 8.58
36.5 42.27 1194 3.88 0 2477 0.02 777 132 0.36 117 1.45 0.58 0.01 1.79 2.65 0.04 0 0 8.05
375 45.17 11.91 2.72 0 24.04 0.01 7.28 1.32 0.24 1.06 1.41 0.53 0 1.77 25 0.03 0 0 7.54
38.5 48.3 11.87 1.66 0 2292 0.01 6.83 1.32 0.13 0.95 1.38 0.48 0 1.75 2.36 0.02 0 0 7.07
39.5 50.7 11.87 1.2 0 21.62 0 6.48 1.32 0.09 0.87 1.36 0.45 0 1.75 2.26 0.02 0 0 6.8
40.5 53.16 11.82 0.81 0 20.24 0 6.13 1.32 0.06 0.79 1.34 041 0 1.74 215 0.02 0 0 6.51
41.5 55.56 11.86 0.51 0 18.62 0 5.83 1.33 0.03 0.72 1.33 0.39 0 1.73 2.07 0.01 0 0 6.28
425 57.47 11.9 0.38 0 17.25 0 557 134 0.02 0.67 1.31 0.36 0 1.73 1.99 0.01 0 0 6.09
43.5 59.32 12.01 0.25 0 15.86 0 531 1.34 0.01 0.61 1.29 0.34 0 1.72 1.92 0.01 0 0 5.9
445 61.28 12.12 0.17 0 1434 0 503 1.35 0.01 0.56 1.27 0.31 0 1.72 1.83 0.01 0 0 5.71
45.5 63.27 12.18 0.11 0 1284 0 474 135 0.01 0.5 1.25 0.29 0 1.71 1.75 0.01 0 0 5.52
46.5 65.37 12.17 0.06 0 1131 0 444 135 0 0.44 1.23 0.26 0 17 1.66 0 0 0 5.29
47.5 67.23 12.12 0.03 0 10.01 0 417 134 0 0.39 1.2 0.24 0 1.68 1.58 0 0 0 5.09
48.5 69.01 12 0.02 0 8.85 0 391 133 0 0.35 1.16 0.22 0 1.65 1.49 0 0 0 4.87
49.5 70.78 11.87 0.02 0 7.72 0 3.64 1.32 0 0.3 1.13 0.2 0 1.62 1.41 0 0 0 4.66
50.5 7217 11.85 0.01 0 6.73 0 343 131 0 0.26 1.11 0.18 0 1.61 1.35 0 0 0 4.51
51.5 73.09 1181 0.01 0 6.1 0 3.28 131 0 0.24 1.09 0.17 0 1.6 1.3 0 0 0 4.4
52.5 73.77 11.81 0 0 5.62 0 317 131 0 0.22 1.08 0.16 0 1.59 1.27 0 0 0 4.32
53.5 7448 11.79 0 0 5.14 0 3.06 1.31 0 0.2 1.06 0.15 0 1.58 1.23 0 0 0 4.22
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Table A3. The percentage contribution of each species to the total fluorine budget in the latitude bands b&tweed 80 S.

Altitude ACE-FTS ‘ SLIMCAT
HF CF CFC-12 CFC-11 COF COCIF HCFC-22 Sp Total ‘ CFC-113 CFC-114 CFC-115 HCFC-142b HCFC-141b HFC-23 HFC-134a HFC-152a H-1211 H-1301  Total
10.5 0.02 11.08 39.31 9.42 0.03 0.02 15.08 1.36 251 17 1.18 0.7 215 5.69 0.34 0.32 0.42 23.70
11.5 0.04 11.08 39.31 9.42 0.03 0.02 15.08 1.36 251 1.7 1.18 0.7 2.14 5.68 0.34 0.32 0.42 23.68
125 0.08 11.08 39.31 9.43 0.04 0.02 15.08 1.35 251 17 117 0.69 214 5.66 0.33 0.31 0.42 23.60
135 0.14 11.08 39.31 9.43 0.06 0.03 15.08 1.35 25 1.7 1.17 0.69 2.14 5.63 0.33 0.31 0.41 23.52
145 0.21 11.08 39.31 9.43 0.08 0.03 15.08 1.35 25 1.7 117 0.69 2.13 5.59 0.33 0.31 0.41 23.44
15.5 0.39 11.11 39.26 9.46 0.13 0.05 15.01 135 2.48 1.7 1.16 0.68 2.12 5.52 0.32 0.3 0.41 23.25
16.5 0.75 11.17 39.27 9.32 0.22 0.09 149 135 2.46 1.7 1.15 0.66 211 5.4 0.31 0.29 0.4 2293
175 1.32 11.22 39.14 9.14 0.52 0.18 148 1.36 2.42 1.69 1.12 0.64 2.08 5.2 0.29 0.27 0.39 22.33
18.5 235 11.29 38.43 8.64 1.26 0.41 15 134 2.33 1.66 1.07 0.6 2.04 4.89 0.26 0.23 0.37 2127
19.5 3.95 11.4 37.38 7.95 2.25 0.8 14.78 1.32 2.24 1.64 1.02 0.55 2.01 4.58 0.24 0.19 0.34 20.16
20.5 6.1 1157 36.26 7.2 3.57 1.2 13.43 1.3 2.19 1.64 0.99 0.51 1.99 4.36 0.22 0.15 0.31 19.37
215 7.84 11.67 34.91 6.3 4.84 1.69 12.68 1.28 2.15 1.64 0.97 0.48 1.98 4.21 0.2 0.11 0.3 18.78
225 9.77 11.66 33.63 5.31 6.16 2.04 12.03 1.27 212 1.63 0.95 0.45 1.95 4.07 0.19 0.07 0.27 18.13
235 11.59 11.7 32.07 4.3 7.49 2.39 11.7 1.27 2.08 1.62 0.94 0.41 1.94 3.95 0.17 0.04 0.25 17.50
245 1351 11.81 30.46 3.19 9.19 2.61 11.09 1.28 2.05 1.63 0.92 0.37 1.94 3.85 0.16 0.02 0.22 16.86
25.5 1591 11.83 27.99 2.25 11.2 2.74 10.78 1.28 2 1.61 0.9 0.32 1.92 3.73 0.15 0.01 0.18 16.00
26.5 18.3 11.87 25.72 1.47 13.04 2.7 1053 1.28 1.94 1.6 0.87 0.27 1.91 3.61 0.14 0 0.15 15.09
275 20.27 11.84 23.42 0.92 15.4 2.36 103 1.28 1.88 1.59 0.85 0.22 1.89 3.52 0.13 0 0.11 14.20
28.5 22.27 1185 21.28 0.49 17.46 1.92 10.09 1.27 1.82 1.58 0.83 0.17 1.88 3.43 0.12 0 0.08 13.36
295 2433 11.83 18.94 0.3 19.49 1.5 9.83 1.27 1.75 1.56 0.8 0.14 1.86 3.33 0.11 0 0.06 12.53
30.5 26.93 11.94 16.29 0.11 20.94 1.01 9.68 1.28 1.7 1.56 0.78 0.1 1.86 3.27 0.1 0 0.04 11.83
315 29.5 12.1 13.67 0.04 2215 0.58 949 1.29 1.63 1.56 0.76 0.07 1.87 3.21 0.09 0 0.02 11.18
325 32.08 12.2 10.98 0.02 23.31 0.39 9.23 1.3 1.55 1.55 0.73 0.05 1.88 3.11 0.08 0 0.01 10.48
335 3487 1231 8.34 0.01 2422 0.21 894 1.32 1.46 1.55 0.69 0.03 1.88 3.01 0.07 0 0.01 9.79
345 37.17 1227 6.52 0 2479 0.14 8.58 1.31 1.37 1.52 0.65 0.02 1.86 2.9 0.06 0 0 9.20
355 39.92 1217 4,74 0 25.07 0.08 8.14 13 1.26 1.49 0.61 0.01 1.83 2.76 0.05 0 0 8.57
36.5 4297 12.02 3.41 0 2459 0.04 7.67 1.29 1.15 1.45 0.57 0.01 1.8 2.62 0.04 0 0 8.02
375 4581 11.94 25 0 236 0.03 726 1.28 1.05 1.42 0.53 0 1.78 2.49 0.03 0 0 7.57
385 48.39 11.96 1.69 0 2251 0.01 6.92 1.29 0.97 1.4 0.49 0 1.77 2.39 0.03 0 0 7.22
395 51.08 11.91 1.23 0 2111 0.01 65 1.29 0.88 1.37 0.45 0 1.76 227 0.02 0 0 6.87
40.5 53.67 11.97 0.8 0 19.58 0.01 6.12 1.3 0.79 1.35 0.41 0 1.76 2.16 0.02 0 0 6.56
415 56.5 11.98 0.5 0 17.76 0 5.71 13 0.7 1.32 0.37 0 1.74 2.04 0.01 0 0 6.22
42.5 59.12 12.09 0.34 0 15.83 0 535 131 0.62 1.3 0.34 0 1.73 1.93 0.01 0 0 5.96
435 61.61 12.27 0.19 0 13.92 0 499 132 0.55 1.28 0.31 0 1.73 1.82 0.01 0 0 5.71
44.5 63.44 1245 0.12 0 1242 0 472 1.33 0.49 1.26 0.28 0 1.73 1.74 0.01 0 0 5.52
45.5 65.61 12.39 0.08 0 10.9 0 441 132 0.43 1.23 0.26 0 1.71 1.65 0 0 0 5.28
46.5 67.5 12.42 0.04 0 9.5 0 413 1.33 0.38 1.21 0.23 0 1.7 1.56 0 0 0 5.08
47.5 69.14 12.36 0.02 0 8.36 0 3.89 132 0.33 1.18 0.21 0 1.68 1.49 0 0 0 4.89
48.5 7041 12.22 0.02 0 7.59 0 371 131 0.3 1.15 0.2 0 1.66 1.43 0 0 0 4.74
49.5 71.66 12.07 0.01 0 6.84 0 3.53 1.29 0.27 1.13 0.18 0 1.63 1.38 0 0 0 4.59
50.5 72.78 11.95 0.01 0 6.15 0 3.37 1.28 0.25 11 0.17 0 1.61 1.33 0 0 0 4.46
51.5 73.61 11.82 0 0 5.7 0 325 1.26 0.23 1.08 0.16 0 1.59 1.29 0 0 0 4.35
52.5 74.01 11.82 0 0 5.4 0 3.19 1.26 0.22 1.08 0.16 0 1.59 1.27 0 0 0 4.32
53.5 7452 11.77 0 0 5.08 0 311 1.26 0.2 1.06 0.15 0 1.58 1.25 0 0 0 4.24
Table A4. The percentage contribution of each species to the total fluorine budget in the latitude bands bet&eand3Do S.
Altitude ACE-FTS | SLIMCAT
HF  CF4 CFC-12 CFC-11 CQF COCIF HCFC-22 SF6 Tota| CFC-113 CFC-114 CFC-115 HCFC-142b HCFC-141b HFC-23 HFC-134a HFC-152a H-1211 H-1301  Total

10.5 1.42 11.41 38.49 8.94 0.87 0.25 14.01 1.33 8.55 25 1.74 1.16 0.67 2.16 5.49 0.31 0.3 0.41 23.29
115 256 11.41 37.85 871 152 0.42 13.98 1.33 8.13 2.41 171 111 0.63 211 5.17 0.29 0.27 038 2221
125 3.82 11.39 37.18 846 221 0.6 13.96 1.33 7.66 2.31 1.67 1.06 0.59 2.06 4.84 0.26 0.24 0.36 21.05
135 52 11.37 36.29 8.17 286 0.71 139 1.32 7.3 2.22 1.65 1.02 0.55 2.02 4.61 0.24 0.22 0.34 2017
145 7.06 11.33 34.96 7.71 3.7 0.82 1372 1.31 6.95 2.14 1.62 0.98 0.52 1.98 4.41 0.23 0.2 032 19.35
15.5 95 11.34 33.28 7.02 4.85 0.95 13.21 1.3 6.59 2.07 1.6 0.94 0.49 1.95 4.21 0.21 0.18 0.3 1854
16.5 1241 1145 31.39 6.14 6.31 112 12.24 1.28 6.19 1.98 1.58 0.9 0.46 1.93 3.98 0.19 0.16 0.28 17.65
175 15.88 11.58 29.11 5.13 7.97 1.3 11.25 1.26 5.68 1.88 1.56 0.85 0.41 1.9 3.69 0.17 0.13 0.25 16.52
185 19.69 11.62 26.45 4 994 1.46 1053 1.24 5.03 1.74 1.52 0.79 0.35 1.85 3.34 0.14 0.1 0.22 15.08
19.5 231 11.64 23.95 291 11.82 1.57 10.04 1.21 4.41 1.62 1.49 0.73 0.3 1.8 3.04 0.12 0.06 0.18 13.75
20.5 26.29 11.68 21.57 19 13.36 1.62 9.67 1.19 3.9 1.52 1.46 0.68 0.25 1.78 2.82 0.1 0.04 0.15 12.7
215 29.06 11.65 19.22 1.16 14.92 1.54 9.38 1.18 3.47 1.45 1.44 0.65 0.22 1.75 2.68 0.09 0.02 0.13 11.9
225 31.47 11.6 16.93 0.78 16.52 1.32 9.09 117 3.03 1.38 1.42 0.62 0.18 1.73 257 0.08 0.01 011 11.13
235 33.88 11.59 14.8 052 17.71 1.07 8.85 1.17 2.59 1.32 1.4 0.6 0.15 1.72 2.48 0.07 0 0.08 10.41
245 36.17 11.58 12.78 0.31 18.73 0.89 8.63 1.16 215 1.26 1.39 0.58 0.11 1.71 242 0.06 0 0.06 9.74
25.5 38.28 1155 10.91 0.16 19.67 0.72 8.42 1.16 1.75 1.2 1.38 0.56 0.08 1.7 2.37 0.06 0 0.04 9.14
26.5 40.38 11.48 9.2 0.08 20.35 0.58 819 115 1.4 1.15 1.36 0.54 0.06 1.69 2.32 0.05 0 0.03 8.6
275 42,62 11.47 7.55 0.04 20.67 0.44 795 1.15 1.11 1.08 1.34 0.51 0.04 1.68 2.26 0.04 0 0.02 8.08
285 4489 11.49 6.07 0.02 20.72 0.32 77 115 0.85 1.02 1.33 0.49 0.03 1.67 221 0.04 0 0.01 7.65
29.5 47.13 11.53 4.89 0.01 20.34 0.23 7.45 1.15 0.66 0.96 1.32 0.47 0.02 1.67 2.15 0.03 0 0.01 7.29
30.5 49.47 11.6 3.82 0 19.69 0.15 718 115 0.48 0.89 1.31 0.44 0.01 1.67 2.09 0.03 0 0 6.92
315 51.71 11.68 2.89 0 18.95 0.08 6.91 1.16 0.34 0.83 1.29 0.42 0.01 1.67 2.03 0.02 0 0 6.61
325 53.81 11.69 219 0 18.18 0.05 6.61 1.16 0.24 0.76 1.27 0.39 0.01 1.66 1.96 0.02 0 0 6.31
335 55.97 11.65 1.57 0 17.33 0.03 6.29 1.15 0.16 0.7 1.25 0.37 0 1.64 1.88 0.02 0 0 6.02
345 57.99 11.62 1.13 0 16.32 0.01 6.01 1.15 0.1 0.64 1.23 0.34 0 1.63 1.81 0.01 0 0 5.76
355 59.87 11.6 0.81 0 15.21 0.01 576 1.14 0.07 0.59 1.21 0.32 0 1.62 1.76 0.01 0 0 5.58
36.5 61.64 11.57 0.57 0 14.15 0.01 551 114 0.05 0.55 1.19 0.3 0 1.61 1.7 0.01 0 0 5.41
375 63.26 11.54 0.42 0 13.13 0 526 1.14 0.03 0.51 1.18 0.28 0 1.6 1.64 0.01 0 0 5.25
38.5 64,73 11.53 0.29 0 1217 0 5.03 114 0.02 0.47 1.16 0.27 0 1.6 1.59 0.01 0 0 5.12
39.5 66.07 11.55 0.2 0 11.25 0 481 114 0.01 0.43 1.15 0.25 0 1.6 1.53 0.01 0 0 4.98
40.5 67.28 11.59 0.15 0 10.38 0 46 1.15 0.01 0.39 1.14 0.23 0 1.6 1.48 0 0 0 4.85
41.5 68.44 11.64 0.1 0 9.52 0 4.4 1.16 0.01 0.36 1.13 0.22 0 1.6 1.44 0 0 0 4.76
42.5 69.44 11.69 0.06 0 8.76 0 422 1.16 0 0.33 1.12 0.2 0 1.6 1.39 0 0 0 4.64
43.5 7051 11.75 0.04 0 7.97 0 403 1.16 0 0.3 1.11 0.19 0 1.6 1.34 0 0 0 4.54
44.5 7153 11.79 0.03 0 7.2 0 385 117 0 0.27 1.09 0.18 0 1.59 1.3 0 0 0 4.43
455 72.48 1177 0.02 0 6.55 0 3.69 1.16 0 0.25 1.08 0.17 0 1.58 1.26 0 0 0 4.34
46.5 7348 11.72 0.01 0 5.89 0 352 116 0 0.22 1.06 0.15 0 157 1.21 0 0 0 4.21
47.5 7441 11.65 0.01 0 53 0 3.37 115 0 0.2 1.04 0.14 0 1.55 1.17 0 0 0 4.1
48.5 75.02 1157 0 0 4.94 0 328 1.14 0 0.19 1.03 0.14 0 1.54 1.15 0 0 0 4.05
49.5 7559 11.49 0 0 4.6 0 3.2 113 0 0.17 1.01 0.13 0 1.53 1.13 0 0 0 3.97
50.5 75.92 1152 0 0 4.32 0 315 1.14 0 0.16 1.01 0.13 0 1.53 1.12 0 0 0 3.95
51.5 76.17 11.54 0 0 4.11 0 311 114 0 0.15 1.01 0.13 0 1.53 1.11 0 0 0 3.93
52.5 76.38 1155 0 0 3.94 0 3.08 1.14 0 0.15 1 0.12 0 1.53 1.1 0 0 0 39
53.5 76.63 11.55 0 0 3.76 0 304 114 0 0.14 1 0.12 0 1.53 1.09 0 0 0 3.88
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