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Abstract

We present chlorine budgets calculated between 2004 and 2009 for four latitude bands
(70°N=30° N, 30°N-0°N, 0°N-30°S, and 30°S—70°S). The budgets were calculated
using ACE-FTS version 3.0 retrievals of the volume mixing ratios (VMRs) of 9 chlorine-
containing species: CCl,, CFC-12 (CCl,F,), CFC-11 (CCI5F), COCl,, COCIF, HCFC-22
(CHF,CI), CH3CI, HCI and CIONO,. These data were supplemented with calculated
VMRs from the SLIMCAT 3-D chemical transport model (CFC-113, CFC-114, CFC-
115, H-1211, H-1301, HCFC-141b, HCFC-142b, CIO and HOCI). The total chlorine
profiles are dominated by chlorofluorocarbons (CFCs) and halons up to 24 km in the
tropics and 19 km in the extra-tropics. In this altitude range CFCs and halons account
for 58 % of the total chlorine VMR. Above this altitude HCI increasingly dominates the
total chlorine profile, reaching a maximum of 95 % of total chlorine at 54 km. All total
chlorine profiles exhibit a positive slope with altitude, suggesting that the total chlorine
VMR is now decreasing with time. This conclusion is supported by the time series of the
mean stratospheric total chlorine budgets which show mean decreases in total strato-
spheric chlorine of 0.38 £ 0.03 % per year in the Northern Hemisphere extra-tropics,
0.35 £ 0.07 % per year in the Northern Hemisphere tropical stratosphere, 0.54 £ 0.16 %
per year in the Southern Hemisphere tropics and 0.53 + 0.12 % per year in the South-
ern Hemisphere extra-tropical stratosphere for 2004—2009. Globally stratospheric chlo-
rine is decreasing by 0.46 + 0.02 % per year. Both global warming potential-weighted
chlorine and ozone depletion potential-weighted chlorine are decreasing at all latitudes.
These results show that the Montreal Protocol has had a significant effect in reducing
emissions of both ozone-depleting substances and greenhouse gases.

1 Introduction

In the stratosphere stable chlorine-containing molecules undergo photolysis or react
with O(1D) to produce chlorine species which can catalyse the destruction of ozone.
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In the “natural” atmosphere this ozone loss process is not significant because non-
anthropogenic chlorine-containing molecules such as CH;Cl have relatively small vol-
ume mixing ratios (VMRs) in the stratosphere. Anthropogenic emissions of chlorine-
containing species grew from the early 20th century until the mid-1990s. From 1974
there was a growing body of research, starting with the work of Molina and Rowland,
which showed that emissions of anthropogenic halogen-containing gases would ulti-
mately lead to ozone loss. After the publication of the paper by Farman, Gardiner and
Shanklin in 1985, which documented the discovery of the “ozone hole” above Antarc-
tica, the global community was galvanized into action leading to the Montreal Protocol
on Substances that Deplete the Ozone Layer. The Montreal Protocol prohibits the use
of a number of halogen-containing species, and came into force in 1987 (UNEP, 2009).

Thanks to the effectiveness of the Montreal Protocol in reducing the emissions of
ozone depleting substances (Montzka et al., 2011), and despite the ever growing con-
centration of greenhouse gases which decrease the temperature of the stratosphere,
stratospheric ozone is predicted to return to the same levels as in 1980 by 2050 in
both the tropics and the poles (Montzka et al., 2011). Rigorous assessments of ozone
depletion require measurements of the stratospheric total chlorine and its change over
time; thus a number of chlorine budgets have been calculated previously. Measure-
ments made by the Atmospheric Trace MOlecule Spectroscopy (ATMOS) instrument
were used to calculate a stratospheric chlorine budget at 30° N for 1985 using VMRs of
HCI, CH;ClI, CIONO,, CCl,, CFC-12, CFC-11 and HCFC-22. A value of 2.58 + 0.1 ppb
was calculated at that time (Zander et al., 1992). A second chlorine budget was pro-
duced using ATMOS in 1994, which used CIO, CH;CCl;, CFC-112, HOCI and CO-
CIF in addition to the species listed previously. This calculation produced a value of
3.53+ 0.1 ppb, representing a growth rate of 3.3 % per year in the total chlorine VMR
for the 1985-1994 period (Zander et al., 1996). Measurements of HCI from HALo-
gen Occultation Experiment (HALOE) between 1991 and 1995 showed concentrations
rising at a rate of 0.102 + 0.006 ppb per year (Russell et al., 1996). Measurements
made by the MK-1V balloon borne instruments in 1997 showed a total chlorine VMR of
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3.7 £ 0.2 ppb suggesting further increases in atmospheric chlorine at that time (Sen et
al., 1999). Data from the Atmospheric Chemistry Experiment Fourier Transform Spec-
trometer (ACE-FTS) was used to calculate a stratospheric chlorine budget using mea-
surements made in 2004. This work calculated a mean stratospheric total chlorine
VMR of 3.65 + 0.13 ppb (Nassar et al., 2006a) and provided evidence of the beginning
of a slow decline in total stratospheric chlorine. Measurements made by the Microwave
Limb Sounder (MLS) between August 2004 and February 2006 showed a reduction
in stratospheric total chlorine at a rate of 0.78 £ 0.08 % per year (Froidevaux et al.,
2006b). A long-term stratospheric chlorine trend was produced from measurements
made by 7 space-borne instruments (ACE-FTS, ATMOS, Aura MLS v1, Cryogenic Limb
Array Etalon Spectrometer (CLAES), Cryogenic Infrared Spectrometer & Telescope for
the Atmosphere (CRISTA), HALOE and Upper Atmosphere Research Satellite (UARS)
MLS v5), for the years between 1991 and 2006. This series showed a general increase
in the concentration of stratospheric chlorine until the late 1990s, followed by a slow
decrease (Lary et al., 2007).

The chlorine budgets presented in this paper were calculated using ACE-FTS mea-
surements supplemented with data from the SLIMCAT 3D Chemical Transport Model
(CTM). Eighteen chlorine-containing species, which are listed in Sect. 2, were used
to calculate vertical profiles of total chlorine in 4 latitude bands between 70°N and
70°S. These budgets represent the most comprehensive stratospheric chlorine bud-
get to date. The ACE-FTS instrument has been active since late February 2004 and
we are therefore able to chart the long-term changes in VMRs of chlorine-containing
molecules for 2004 to 2009. Since atmospheric chlorine can catalyse ozone destruc-
tion in the stratosphere the long-term changes in atmospheric chlorine are important
for forecasting the recovery of the ozone layer. The large number of chlorine-containing
species used in our study allows the calculation of the contribution of each species on
the total chlorine VMR. The Global Warming Potential (GWP) and Ozone Depletion
Potential (ODP) weighted trends in total chlorine are also presented and illustrate how
changes in atmospheric chlorine have affected both climate forcing and ozone deple-
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tion. Coupled with the corresponding fluorine budget (Brown et al., 2013), produced
from ACE-FTS data this work allows the full implications of the Montreal Protocol on
fluorine- and chlorine-containing molecules to be quantified.

Section 2 provides a brief description of ACE-FTS and a discussion on the validation
of chlorine-containing species retrieved from ACE-FTS spectra. A very brief descrip-
tion of the SLIMCAT3-D Chemical Transport Model (CTM) is given in Sect. 3 (for a
full description of the model readers are directed to Chipperfield, 2006). Section 4 de-
scribes our method for calculating the chlorine budget before the results of this work
are presented and discussed in Sect. 5.

2 The atmospheric chemistry experiment

The atmospheric chemistry experiment (ACE) Fourier transform spectrometer (FTS)
was launched by NASA on-board the Canadian satellite SCISAT-1 in August 2003.
ACE-FTS is now in its tenth year of operation with routine data being available from
February 2004. SCISAT-1 is in a low circular orbit (650 km altitude) with an inclination
angle of 74°to the equator (Bernath et al., 2005), which gives almost global coverage
from the Antarctic to the Arctic, and allows ACE-FTS to study “the chemical and dynam-
ical processes that control the distribution of ozone in the stratosphere and upper tro-
posphere” (Bernath, 2006). ACE’s primary instrument is a high-resolution (0.02 cm'1)
FTS which operates between 750 and 4400cm™'. ACE-FTS is a limb viewing solar-
occultation spectrometer, i.e. the sun acts as a source of infrared radiation allowing
ACE-FTS to record transmission spectra of the limb of the atmosphere at a series of
tangent heights during sunrise and sunset. The current version 3.0 of the ACE retrieval
includes profiles of over 30 molecules (http://www.ace.uwaterloo.ca), retrieved using
the methods outlined by Boone et al. (2005).

The ACE-FTS currently measures 9 chlorine-containing species, CCl,, CCI,F,
(CFC-12), CCI3F (CFC-11), COCI,, COCIF, CHF,Cl (HCFC-22), CH;CI, HCI and
CIONO, with version 3.0 retrievals and 10 years of data from 2004-2013; version 3.0
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has some problems with the temperature/pressure retrievals after Sept. 2010 (Boone
et al., 2013). However, the work presented in this paper was carried out when only
data between 2004 and 2009 had been fully processed. The retrieval altitude limits
for these species can be seen in Table 1. Version 3.0 also has retrievals for CFC-113,
HCFC-142b, and HCFC-141b (Brown et al., 2011), but the retrieved concentrations
have substantial biases so we decided to use SLIMCAT 3D Chemical Transport Model
data instead. This study used the following SLIMCAT species to supplement ACE-FTS
data: CFC-113, CFC-114, CFC-115, H-1211, H-1301, HCFC-141b, HCFC-142b, CIO
and HOCI.

2.1 Chlorine-containing species retrieved by the atmospheric chemistry exper-
iment

2.1.1 Carbon tetrachloride — CCl4

Carbon tetrachloride (CCl,) was first retrieved from ACE observations for the 2004
global stratospheric chlorine budget (Nassar et al., 2006a). They found that 3% of
the total stratospheric chlorine budget was made up of CCl, in 2004. A study of the
global atmospheric distribution of CCl, from ACE-FTS data was published in Allen et
al. (2009). The production of CCl, is banned by the Montreal Protocol, and a previous
study of measurements of this species from ACE-FTS showed decreasing atmospheric
concentrations between 2004 and 2010 (Brown et al., 2011).

2.1.2 Methyl chloride — CH3Cl

CH3Cl is the main source of natural chlorine in the atmosphere and was included in the
2004 global stratospheric chlorine budget (Nassar et al., 2006a). Measurements made
by ACE-FTS of CH;Cl biomass plumes have been studied by Rinsland et al. (2007).
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2.1.3 CFC-11 -CCIsF

CFC-11 is the second most abundant CFC in the atmosphere and is banned under
the Montreal Protocol. ACE-FTS retrievals of CFC-11 have been validated using mea-
surements from the balloon-borne FIRS-2 instrument, showing an agreement to within
10 % below 16 km (Mahieu et al., 2008). Comparisons between retrievals from ACE-
FTS and the balloon-borne FTS, Mk-IV show agreement to 10 % above 12km and
20 % below 12km (Mahieu et al., 2008). Non-coincident Mk-1V balloon profiles were
also used for validation, producing differences of less than + 20 % between 17 km and
24 km (Velazco et al., 2011).

2.1.4 CFC-12 - CCIlxF;

CFC-12 is the most abundant CFC in the atmosphere and is banned under the Mon-
treal Protocol. When compared to FIRS-2 measurements ACE-FTS retrievals showed
an agreement to 10 % above 12 km and 20 % below 12 km (Mahieu et al., 2008). Non-
coincident retrievals from ACE-FTS were compared by Velazco et al. (2011) to mea-
surements from the Mk-1V instrument who found differences of around + 10 %.

2.1.5 HCFC-22 - CHCIF2

HCFC-22 is the most abundant HCFC in the atmosphere having been widely used
since the 1950s. CFCs have been temporarily replaced by HCFCs under the Montreal
Protocol. The HCFC-22 retrieval used in this paper is new; a paper is currently in
preparation which discusses this new retrieval.

2.1.6 Carbonyl chlorofluoride — COCIF

COCIF is produced from the decomposition of molecules which contain a single fluorine
atom, such as CFC-11. The first global observations of atmospheric COCIF from ACE-
FTS were made using data from between 2004 and 2007 (Fu et al., 2009). The ACE-
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FTS retrieval of COCIF was used in both the stratospheric chlorine and fluorine budgets
(Nassar et al., 2006a, b).

2.1.7 Phosgene — COCI,

The first study of atmospheric phosgene from ACE-FTS spectra was carried out by
Fu et al. (2007). They showed lower concentrations of COCI, than observations made
in the 1980s and 1990s. Comparisons of observations of COCIl, made between 2004
and 2010 by ACE-FTS showed a small, and statistically insignificant, decrease in the
stratospheric concentration of COCI, during this time (Brown et al., 2011).

2.1.8 Chlorine nitrate — CIONO,

Chlorine nitrate (CIONO,) is a reservoir species for atmospheric chlorine, produced by
the reaction of CIO with NO,. During the day CIONO, is photolysed and so its VMR
decreases. In the absence of light CIONO, increases as it reforms. This diurnal cycle
must be accounted for when analysing data because ACE-FTS measures only at sun-
rise and sunset. The mean difference between ACE-FTS and MIPAS measurements of
CIONO, showed differences of 0.03 ppb at the peak of the profile (Hépfner et al., 2007).
Further comparisons have been made between ACE partial column and ground based
FTS measurements. The largest difference between these measurements was 21 %,
within the uncertainty of ground-based instruments and ACE (Mahieu et al., 2005).
CIONO, was included in the 2004 stratospheric chlorine budget (Nassar et al., 2006a).

2.1.9 Hydrogen chloride — HCI

Hydrogen chloride (HCI) is the main chlorine reservoir in the stratosphere. The concen-

tration of stratospheric HCI from ACE-FTS data has been studied in both the Arctic and

Antarctic (Dufour et al., 2006; Mahieu et al., 2005; Santee et al., 2008). The Microwave

Limb Sounder (MLS) retrieval of HCI was validated using ACE-FTS measurements

(Froidevaux et al., 2006a). MLS HCI profiles were within 5 % of the ACE profiles. ACE-
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FTS measurements of HCI have also been compared to balloon-borne Mk-IV instru-
ment and the difference was 7 %. Rinsland et al. (2005) sought to build on the legacy
of the ATMOS instrument by calculating the trend in stratospheric HCI between 1985
and 2004 (Rinsland et al., 2005). This work found that between 1994 and 2004 there
was a marked decrease in the mixing ratio of HCI, which helped illustrate the success
of the Montreal Protocol in reducing the concentration of stratospheric chlorine.

3 SLIMCAT 3-D chemical transport model

ACE observations have been supplemented with output from the SLIMCAT off-line
three-dimensional (3-D) chemical transport model (CTM). SLIMCAT contains a de-
tailed treatment of stratospheric chemistry including the major species in the O,, NO,,,
HO,, Cl, and Br, chemical families (Chipperfield, 1999;Feng et al., 2007). Winds from
meteorological analyses are used to specify horizontal transport, vertical motion in the
stratosphere is calculated from diagnosed heating rates. This approach gives a realistic
stratospheric circulation (Chipperfield, 2006; Monge-Sanz et al., 2007).

For this study SLIMCAT was integrated from 1977 to the present day at a horizontal
resolution of 5.6° x 5.6° and 32 levels from the surface to about 60 km (run 540). The
model used a ¢-8 vertical coordinate (Chipperfield, 2006) and was forced by European
Centre for Medium Range Weather Forecasts (ECMWF) reanalyses (ERA-Interim from
1989 onwards). The volume mixing ratio of source gases at the surface level were spec-
ified using data files compiled for WMO (2007) (Chipperfield et al., 2007). These global
mean surface values define the long-term tropospheric source gas trends in the model.
The model zonal mean monthly output was averaged to create annual means for 4 lat-
itude bins (70°N-30° N, 30°N-0°N, 0°N-30°S and 30°S-70°S) on a 1km altitude
grid. Two species, CIO and HOCI, were sampled at the local space and time coordi-
nates of the ACE-FTS occultations. This was carried out so that the profiles of CIO
and HOCI from SLIMCAT would correspond to the profiles of CIONO, from ACE-FTS.
These species exhibit strong diurnal cycles and so the evening and morning profiles
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of these species should not be mixed in the overall total chlorine calculations. Chlorine
containing species retrieved by ACE-FTS and simulated in the SLIMCAT model have
been compared with ACE-FTS in a previous paper (Brown et al., 2013). Generally,
there is good agreement between ACE-FTS and SLIMCAT, for a full discussion of the
comparisons the reader is directed to Brown et al. (2013).

4 Chlorine budget method

In the latitudes between 70° and the equator, vertical transport in the stratosphere
can be broadly divided into two bands (Plumb, 2002). Outside of the tropics (between
70° and 30°) the stratosphere is well mixed by breaking planetary scale waves. In the
tropics (between 30° and 0°) powerful convective transport penetrates the tropopause
mixing the lower layers of the stratosphere in this area (Jacob, 1999). For this reason
in this study the globe has been divided into 4 latitude bands: 70° N-30° N, 30° N—
0°N, 0°N-30°S and 30°S-70°S. Here we have used 16,186 ACE occultations; the
distribution of these in terms of year of occultation and latitude band are shown in
Table 2. Dividing data by year and latitude produced 24 batches of occultations. Each
of these groups was filtered individually for outlying data using the median absolute
deviation (MAD) of the data. The MAD of the data was used as a filter because it is
more robust to outlying data than the standard deviation. Values which were greater
than 2.5 times the MAD from the median of the raw data were discarded. Using 2.5
times the MAD allowed between 80 and 90 % of the data to be included (depending on
the altitude). Profiles within the polar vortex feature as outliers and so were removed
by the MAD filtering.

Once the outliers had been removed an average profile of each species was pro-
duced by calculating the average mixing ratio at each altitude. Profiles were extended
by using the SLIMCAT profiles of the corresponding species scaled to match the ACE-
FTS data at its highest and lowest retrieved altitude point. COCI, did not have cor-
responding SLIMCAT data and so were extended vertically upwards using a scaled
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COCIF SLIMCAT profile from the final retrieved altitude. SLIMCAT runs for HOCI and
CIO were sampled for local ACE-FTS occultation time and location. This ensured that
the total chlorine concentrations would be calculated correctly for these photosensitive
molecules. Some of the profiles of these species (HOCI and CIO) from 2004 appeared
to peak at a higher altitude, to a significantly higher maximum VMR than the profiles
from the other years. In this case the value for the mixing ratio in 2005 was used in-
stead. Data from 2004 contained only a small humber of occultations and so small
atmospheric anomalies had a large effect on these profiles. All profiles were extended
up to 54.5km corresponding to the maximum altitude of the corresponding fluorine
budget produced from ACE-FTS data (Brown et al., 2013).

The local time of an occultation was calculated using the universal time and the lon-
gitude (1) of the occultation and Eq. (1). This equation produces a local time which is
relative to the date of the universal time of the occultation. A negative local time rep-
resents an occultation whose local time is a day before the universal time, in this case
24 h should be added to the calculated time for a true local time. A positive local time
represents an occultation whose local time is a day ahead of the universal time, in this
case 24 h should be subtracted from the calculated time for the true local time. Occul-
tations with local times greater than 12 were considered to be evening occultations.
Occultations with local times less than 12 were considered to be morning occultations.
Both morning and evening stratospheric chlorine budgets have been constructed as
part of this work.

24
L | Ti = i | Ti — A 1
ocal Time = Universal Time + (360) (1)

The total chlorine volume mixing ratio was calculated at 54 levels between 0.5 km and
53.5km. This spacing reflected the ACE retrieval altitude grid. The equation used for
this calculation can be seen below, where square brackets indicate volume mixing ratio
(VMR). The total chlorine volume mixing ratio can be expressed as the sum of the total
inorganic and organic chlorine, and is defined below.
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[Total Chlorine] = [Total Inorganic Chlorine] + [Total Organic Chlorine]

[Total Inorganic Chlorine] = [CIONO,] + [COCIF] + 2[COCI,] + [HCI] + [CIO] + [HOCI]

[Total Organic Chlorine] = 4[CCl,] + 2[CFC-12] + 3[CFC-11] + [CH3CI] + [HCFC-22]+

3[CFC-113] + 2[CFC-114] + [CFC-115] + [HCFC-142b] + 2[HCFC-141b] + [H-1211]

5 Results and discussion

This section is divided into 6 subsections. In Sect. 5.1 the vertical profiles of the to-
tal chlorine calculations are presented along with a focus on the slope of the line and
its implications for the changes in total chlorine VMR in the atmosphere. The slope of
the correlation plot between inorganic chlorine species and organic chlorine species is
presented and discussed in Sect. 5.2. The impact of the individual species included in
the total chlorine calculations on the total chlorine VMR are presented in Sect. 5.3. The
subsequent sections present the changes in total chlorine between 2004 and 2009.
Section 5.4 presents the changes in total stratospheric chlorine during this time. Sec-
tions 5.5 and 5.6 discuss the implications of these changes on climate and ozone loss
using weighted total chlorine budgets.

5.1 Total chlorine profiles

The results of the total chlorine calculations are shown in Figs. 1 to 4, the error bars
shown on the plots are the errors calculated from the standard deviation of each
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species which was included in the budget. The SLIMCAT profiles have been given
a flat 5 % error in their VMR. This value was chosen as it is an overestimation of the er-
ror for the ground-based measurements, on which SLIMCAT is based, and accounted
for slight errors in transport. The percentage of the total chlorine which comes from
ACE-FTS measurements varies between 80 % and 96 %. At lower altitudes ACE-FTS
measurements account for around 90 % of the total chlorine VMR. This percentage
contribution rises until it peaks at between 23 and 28 km which corresponds to a peak
in the percentage contribution of CIONO,. Above this altitude the percentage contribu-
tion from ACE-FTS decreases slightly to around 80 %; as the percentage contributions
of HOCI and CIO (SLIMCAT) increases. As the VMRs of HOCI and CIO decrease, the
percentage contribution to the total chlorine from ACE-FTS increases to around 96 %
at 53 km. The total chlorine profiles follow a straight line with slight deviations around
40 km. The mean morning profiles of the inorganic chlorine species between 25 and
55 km between 30° N and the equator can be seen in Fig. 5. It appears that this de-
crease in the VMR of HCI (that can be seen in Fig. 5) is not compensated for by an
increase in the VMR of CIO. It is possible that these dips may be due to a peak in
stratospheric OH at this altitude. Stratospheric OH reacts with HCI to form chlorine
atoms and water.

The mean total stratospheric chlorine and the slope of the total chlorine profile can be
seen in Tables 3 and 4. There is no significant latitudinal difference between the mean
total chlorine in the different latitude bands. All total chlorine profiles exhibit a positive
slope, showing the VMR of total chlorine generally increases with altitude. Since age-
of-air also increases with altitude (Waugh and Hall, 2002) this slope suggests that the
concentration of chlorine has been decreasing over time. There does not appear to
be a systematic difference between the slopes of the total chlorine in the tropical and
sub-tropical latitudes.
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5.2 Inorganic chlorine and organic chlorine correlations

Inorganic chlorine species are produced by the breakdown of the organic chlorine
species. Therefore, correlating the inorganic and organic species gives an indication
as to whether the major chlorine containing species have been included in the budget;
a slope close to one would show that all of the major chlorine containing species were
included in the budget. The results of these plots can be seen in Table 5. All calculated
slopes are greater than 1.01 and smaller than 1.11. These values suggest that the
most important chlorine containing species have been included in this budget.

5.3 The contribution of species to the total chlorine budget

Total chlorine profiles are dominated by CFCs in the lower altitudes, with CFCs and
halons contributing around 58 % of the total chlorine. The majority of this contribution
comes from CFC-11 and CFC-12 which contribute around 20 % and 30 %, respectively.
In contrast HCFCs, one of the class of replacement gases for CFCs under the Montreal
Protocol, account for 7 % of the total chlorine in this region. As expected above 24 km
in the tropics and 19 km in the extra-tropics HCI rapidly dominates the chlorine budget.
At its peak, at around 53 km, HCI accounts for around 95 % of the total stratospheric
chlorine. The second largest contribution comes from the chlorine reservoir species
CIONO, which peaks at between 20 and 25 % of stratospheric chlorine between 26
and 28 km (dependent on the latitude). It is interesting to note that the contribution of
CIONO,; is slightly higher in the extra-tropics than the tropics. The contribution of each
species to the total chlorine VMR can be found in the Appendix.

5.4 The change in stratospheric chlorine between 2004 and 2009

The mean of the total stratospheric chlorine was calculated for the years between 2004
and 2009 to form a time series; these plots can be seen in Fig. 6. There does not seem
to be significant latitudinal dependence to these time series. The difference between
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the morning and evening means is not statistically significant. The VMR of the mean to-
tal chlorine is decreasing in every latitude band for both the evening and morning mea-
surements. This rate is similar in the Northern Hemisphere and the southern tropics. In
the Northern Hemisphere morning occultations show total chlorine decreasing at a rate
of 0.40 + 0.05 % per year and evening show a decrease at a rate of 0.30 + 0.22 % per
year. The errors quoted here are the 1-¢ fitting error of a linear least squared fit to the
data. This difference in the rate of change in stratospheric chlorine between morning
and evening occultations is exhibited in both the northern and southern tropics (30° N—
0°N and 0° N-30° S respectively) and the southern sub-tropics (30° S—-70° S). The cal-
culated rate of change is larger for morning measurements than for evening measure-
ments. Both southern and northern tropics morning occultations show a similar means
with overlapping error ranges. The southern tropics morning occultations show total
chlorine decreasing at a rate of —0.43+0.31% per year and evening occultations
show total chlorine decreasing at a rate of —0.65+0.14 % per year. Measurements
from the northern extra-tropical stratosphere exhibit a trend very similar to the tropical
trends. Morning occultations show mean stratospheric VMR decreasing at a rate of
0.40 £ 0.17 % per year, with evening occultations exhibiting a similar 0.36 £ 0.21 % per
year. The rate of decrease appears to be slightly higher in the southern mid-latitude
stratosphere. This is exhibited by both the evening and morning results, 0.69 £ 0.17 %
per year and 0.84+0.17 % per year respectively. This increased rate of change is
due to a slightly higher mean total chlorine value for 2004 (yellow and purple points in
Fig. 6). If this value is removed then the rate of change becomes -0.62 £ 0.18 % per
year for morning occultations and —0.44 + 0.13 % per year for evening occultations.
These values show stratospheric chlorine is decreasing at a very similar rate indepen-
dent of latitude, and have been used in the calculation of the global trends.

The global trend for morning occultations is —0.47 £ 0.10 % per year, the evening
data produces a trend of —0.44 +£0.12% per year. The mean trend (calculated us-
ing both morning and evening data) from the Northern Hemisphere is a decrease of
—0.37 £ 0.05% per year. The Southern Hemisphere data exhibits a mean decrease
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of —0.70+£0.08 % per year. The difference between these two rates is likely due to
the difference in emissions of chlorine containing molecules from the different hemi-
spheres. The temporary replacement HCFCs contain chlorine which can enter the
stratosphere in the tropics before being transported throughout the stratosphere. Whilst
these species are rapidly being phased out in the European Union and the United
States, their atmospheric concentrations continue to increase (O’'Doherty et al., 2004;
Montzka et al., 2009; Brown et al., 2011). The emission of these additional chlorine-
containing molecules in the Northern Hemisphere would slow the loss rate of chlorine
in the Northern Hemisphere producing the different rates seen in this work. The global
mean value is a decreasing VMR of total chlorine of 0.46 +£0.02 % per year. These
results are presented in Table 6. Changes in the mean VMR in the total chlorine be-
tween 48.5km and 53.5 km between 2004 and 2009 have also been calculated. These
results can be been in Table 7. These calculations show no statistically significant hemi-
spheric dependence on the rate of decrease of chlorine. Globally the total chlorine is
decreasing at a rate of —0.70 £ 0.12 % per year between these altitudes. This value is
very close to the rate calculated by Froidevaux et al. (2006b) of 0.78 + 0.08 % per year.
This suggest that there has been no statistically significant change in the rate at which
chlorine is decreasing at higher altitudes during this time.

5.5 Global Warming Potential weighted chlorine budget trends

Many of the species used in this work are potent greenhouse gases; any changes in
the VMR of these species will therefore have an effect on climate. Different species
have different GWPs leading to different effects on global warming. A useful measure
of the effects of changes in the VMR of chlorine-containing species can be gained
by calculating the GWP-weighted trend of total chlorine during this time. Since the
GWP is a measure of the global warming potential of 1kg of substance compared
to 1kg of CO,, the GWP total chlorine cannot be calculated by simply weighting the
chlorine source species by their GWP. Instead, the total chlorine must be weighted by
the mass of the species and the GWP. The method used in this work to calculate this
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value was to weight each source species by its GWP and relative molecular mass. The
VMR of these species was also weighted by the pressure, which is a measure of the
atmospheric mass, at the corresponding altitude. Since the effects of these species
are concentrated in the troposphere, data above the tropopause was not included in
the calculations of the GWP-weighted total chlorine. The GWP of a species on a 20-yr
timeframe was used to weight the individual species. The time series of these means
can be seen in Fig. 7.

The results of this analysis can be seen in Table 8. This work shows GWP-weighted
total chlorine decreasing most rapidly in the extra-tropical region. The rate of de-
crease is largest in the extra-tropical Northern Hemisphere, where GWP-weighted
chlorine is decreasing at a rate of 0.37 + 0.09 % per year. In the Southern Hemisphere
extra-tropical latitudes the GWP weighted total chlorine is decreasing at a rate of
0.27 £ 0.13 % per year. The tropical latitudes show smaller changes in GWP total chlo-
rine with trends of —0.19 + 0.11 % per year (Northern Hemisphere) and -0.19 £ 0.13%
per year (Southern Hemisphere). It seems likely that the difference between the rates
of decrease of the extra-tropical and tropical latitudes is due to the increase in HCFCs
during this time.

If HCFCs are not included in the calculations the rate of decrease becomes signifi-
cantly higher as can be seen in Table 8. As has been previously noted there has been
an increase in the atmospheric VMRs of HCFCs in recent years (Brown et al., 2011;
Montzka et al., 2011). HCFCs reach the stratosphere through strong upwelling in the
tropics leading to higher VMRs of HCFCs in the upper troposphere lower stratosphere
region in tropical latitudes than in extra-tropical latitudes. This would have the effect of
reducing the rate of decrease of GWP weighted chlorine in these areas.

5.6 Ozone Depletion Potential-weighted chlorine budget trends

The primary aim of the Montreal Protocol is to reduce the emission of ozone-destroying
substances. The calculation of the trend in total atmospheric chlorine is valuable to see
how effective the Montreal Protocol has been. The calculation of a trend, weighted by
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the ODP of the individual species, offers a more specific view of the impact of this re-
duction on ozone destruction. Like the GWP, ODP is a comparative value: the ozone
depleting potential of 1kg of substance as compared to 1kg of CFC-11. The ODP-
weighted total chlorine is calculated in a similar manner to the GWP weighted total
fluorine. Each source species was weighted by its ODP, relative molecular mass and
pressure. The results of this analysis can be seen in Table 9. As expected the ODP-
weighted total chlorine is decreasing in all latitude bands. The weighted total chlorine
is decreasing at the fastest rate in the extra-tropics, where ODP-weighted total chlo-
rine is decreasing at a rate of 1.00 + 0.19 % per year in the Southern Hemisphere and
0.82 £ 0.09 % per year in the Northern Hemisphere. The tropics exhibit a strong, but
slower, rate of decrease of 0.66 + 0.08 (Northern Hemisphere) and 0.49 + 0.08 (South-
ern Hemisphere) % per year. ODP weighted total chlorine is decreasing at equal rate
in the Northern Hemisphere (0.74 + 0.05 % per year) and in the Southern Hemisphere
(0.73 £ 0.13 % per year). These results show that the Montreal Protocol has had great
success in reducing the emissions of ozone-depleting substances.

6 Conclusions

We have presented chlorine budgets calculated between 2004 and 2009 for the lati-
tude bands of 70° N-30° N, 30° N-0°N, 0°N-30° S, and 30° S—-70° S, which represent
the extra-tropical and tropical latitudes in the stratosphere. The chlorine budgets were
calculated using ACE-FTS version 3.0 retrievals of 9 chlorine-containing species: CCl,,
CCl,F, (CFC-12), CCI;F (CFC-11), COCI,, COCIF, CHF,CI (HCFC-22), CH;Cl, HCI
and CIONO,, This data was supplemented with data for the following species from
the SLIMCAT 3D chemical transport model: CFC-113, CFC-114, CFC-115, H-1211, H-
1301, HCFC-141b, HCFC-142b, CIO and HOCI. Since HOCI, CIO and CIONO, exhibit
diurnal variation, it is necessary to separate the data into morning and evening occul-
tations. This allows both morning and evening total chlorine budgets to be calculated.
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The total chlorine profiles are dominated by CFCs at lower altitudes, where CFCs
and halons account for 58 % of the total chlorine. This remains the case until around
24 km in the tropics and 19km in the extra-tropics when HCI rapidly dominates the
chlorine budget. At its peak, at around 53 km, HCI accounts for around 95 % of the total
stratospheric chlorine. All total chlorine profiles exhibit a positive slope with altitude. A
positive slope to the total chlorine profile suggests that the atmospheric volume mixing
ratio (VMR) of chlorine is decreasing with time. This is supported by the time series
of the mean stratospheric total chlorine budgets. This data shows mean decreases
in total stratospheric chlorine of 0.38 £ 0.03 % per year in the Northern Hemisphere
extra-tropics, 0.35 + 0.07 % per year in the Northern Hemisphere tropical stratosphere,
0.54 £ 0.16 % per year in the Southern Hemisphere tropics and 0.53 + 0.12 % per year
in the Southern Hemisphere extra-tropical stratosphere. As expected, these values
suggest a very similar decrease in total stratospheric chlorine globally. Globally strato-
spheric chlorine is decreasing by 0.46 + 0.02 % per year.

Trends in weighted total chlorine have also been calculated using the ODP and GWP
of individual species for weighting. These values allow the impact of the Montreal Pro-
tocol on global warming and ozone depletion to be further analysed. GWP-weighted
chlorine is decreasing in all latitude bands. However, decreases in the tropics are not
significant and appear to be suppressed by the increase in HCFCs during this time. The
fastest rate of increase occurs in the extra-tropical Northern Hemisphere where GWP-
weighted chlorine is decreasing at a rate of 0.35+0.01% per year. ODP-weighted
chlorine is also decreasing in all bands with the fastest rate in the Southern Hemi-
sphere extra-tropical latitude band. This work suggests that the Montreal Protocol has
been successful in reducing the VMR of chlorine-containing gases in the atmosphere. It
has also been inadvertently successful in reducing the VMR of GWP-weighted chlorine
during this time.
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Table 1. The ACE retrieval altitude ranges of the chlorine-containing species used in this study.

Species

Altitude (km)

CFC-11 (CCI4F)

Polar  Equatorial
5-23 6-28
5-28 5-36

HCFC-22 (CHF,Cl) 5-30 7-30

COCIF
cocl,
CH,CI
ccl,
HCl
CIONO,

13-25 15-32

8-24 10-29
9-40 12-40
625 7-30
6-57 7-63

10-41 10-36
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Table 2. The number of occultations used in this study.

Year

70°Nto30°N 30°Nto0°N 0°Nto30°S 30°Sto70°S Total

2004
2005
2006
2007
2008
2009

788
1631
1166
887
1449
1162

171
278
164
116
134
168

153
301
178
129
197
202

960
1592
1038
804
1427
1091

2072
3802
2546
1936
3207
2623
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Table 3. The mean stratospheric total chlorine volume mixing ratio (ppb).

Morning
Year 70°N to 30°N 30°NtoO°N 0°Nto 30°S 30°Sto70°S
2004 353 =+ 0.18 346 = 0.15 354 = 0.13 3.60 = 0.09
2005 354 <+ 0.14 346 =+ 0.12 347 = 0.14 353 + 0.11
2006 352 = 0.13 344 = 0.2 342 + 0.14 351 = 0.19
2007 351 = 0.10 343 + 0.12 342 + 0.14 347 <+ 0.19
2008 352 = 0.12 341 + 0.13 341 = 0.14 343 =+ 0.16
2009 344 =+ 0.18 340 + 0.13 3.47 = 0.08 346 <+ 0.22

Evening
Year 70°Nto30°N 30°Nto O°N 0°Nto 30°S 30°Sto70°S
2004 355 =+ 0.18 346 <+ 0.14 353 = 0.13 357 £+ 0.15
2005 355 =+ 0.18 349 + 0.10 349 = 0.15 350 + 0.17
2006 3.47 <+ 0.13 343 = 0.12 344 + 0.13 346 = 0.15
2007 351 =+ 0.15 346 = 0.12 344 = 0.11 345 = 0.14
2008 3.47 =+ 0.1 339 + 0.13 341 = 0.11 343 + 0.18
2009 350 =+ 0.13 344 = 0.10 342 + 0.14 344 = 0.22
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Table 4. The vertical slopes of the total chlorine profiles (km/ppb) for both evening and morning

occultations in the 4 latitude bins used in this study.

Morning
Year 70°Nto 30°N 30°Nto O°N 0°Nto30°S 30°Sto70°S
2004 0.010 =+ 0.001 0.004 <+ 0.002 0.006 =+ 0.001 0.003 =+ 0.001
2005 0.009 =+ 0.001 0.004 <+ 0.001 0.006 =+ 0.001 0.007 =+ 0.001
2006 0.007 <+ 0.001 0.005 =+ 0.001 0.005 =+ 0.001 0.010 + 0.002
2007 0.004 <+ 0.001 0.005 =+ 0.001 0.003 =+ 0.002 0.011 + 0.002
2008 0.006 =+ 0.001 0.004 <+ 0.002 0.004 <+ 0.002 0.010 + 0.001
2009 0.011 =+ 0.002 0.005 =+ 0.001 0.006 =+ 0.000 0.013 + 0.002

Evening
Year 70°Nto30°N 30°Nto O°N 0°Nto 30°S 30°Sto70°S
2004 0.011 + 0.001 0.006 =+ 0.001 0.009 =+ 0.001 0.007 =+ 0.001
2005 0.013 =+ 0.001 0.006 =+ 0.001 0.008 =+ 0.001 0.010 =+ 0.001
2006 0.008 =+ 0.001 0.006 =+ 0.001 0.006 =+ 0.001 0.011 + 0.001
2007 0.010 =+ 0.001 0.008 =+ 0.001 0.006 =+ 0.001 0.010 + 0.001
2008 0.005 =+ 0.001 0.004 =+ 0.001 0.004 =+ 0.001 0.012 + 0.001
2009 0.004 <+ 0.001 0.006 =+ 0.001 0.006 =+ 0.001 0.014 + 0.002
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Table 5. The correlation between organic chlorine species (CCl,, CFC-12, CFC-11, HCFC-22,
CH4CI, CFC-113, CFC-114, CFC-115, H-1211, HCFC-141b and HCFC-142b) and inorganic

chlorine (HCI, COCl,, CIONO,, CIO, HOCI and COCIF).

Morning
Year 70°N to 30°N 30°Nto O°N 0°Nto30°S 30°Sto70°S
2004 -107 =+ 001 -102 =+ 001 -105 =+ 0.01 -1.06 =+ 0.01
2005 -1.08 + 0.01 -102 =+ 0.01 -107 <+ 002 -1.08 =+ 0.01
2006 -1.07 + 001 -103 + 0.01 -103 =+ 0.01 -111 =+ 0.01
2007 -1.03 =+ 0.01 -103 =+ 0.01 -100 =+ 0.01 -110 =+ 0.01
2008 -1.06 + 001 -101 =+ 0.01 -101 =+ 001 -1.09 =+ 0.01
2009 -1.07 + 001 -101 =+ 0.01 -105 =+ 0.00 -111 =+ 0.02
Mean -1.06 + 0.02 -1.02 =+ 0.01 -104 + 003 -1.09 =+ 0.02

Evening
Year 70°Nto 30°N 30°Nto O°N 0°Nto30°S 30°Sto70°S
2004 -1.08 + 001 -103 =+ 0.01 -106 =+ 001 -1.05 =+ 0.01
20056 -1.09 + 001 -104 =+ 0.01 -109 =+ 002 -1.07 =+ 0.01
2006 -1.06 =+ 001 -103 =+ 0.01 -104 =+ 0.01 -1.08 <+ 0.01
2007 -105 + 001 -105 + 0.01 -104 =+ 0.01 -1.08 =+ 0.01
2008 -1.03 + 0.01 -101 + 0.01 -101 =+ 0.01 -110 =+ 0.01
2009 -1.04 + 001 -103 + 001 -103 =+ 0.01 -111 =+ 0.02
Mean -1.06 + 0.02 -103 =+ 001 -105 =+ 003 -1.08 =+ 0.02
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Table 6. The trends in the mean stratospheric total chlorine volume mixing ratio (ppb), be-
tween 2004 and 2009 for different regions and for morning, evening and combined morning
and evening occultations. The errors on the morning and evening values are the 1-¢ fitting
error of a linear least squared fit to the data. The errors on the mean values are the standard
deviations of the corresponding calculations.

Morning

ppbyr~' %yr~
70°N-30°N -0.014 + 0.006 -040 =+ 0.17
30°N-0°N -0.014 + 0.002 -040 =+ 0.05
0°N-30°S -0.015 = 0.011 -043 =+ 0.31
30°S-70°S -0.022 + 0.006 -062 =+ 0.18
Northern Hemisphere -0.014 + 0.003 -040 <+ 0.09
Southern Hemisphere -0.026 + 0.006 -0.75 =+ 0.18
Global -0.016 + 0.004 -047 =+ 0.10

Evening

ppbyr™ %yr'
70°N-30°N -0.013 + 0.007 -0.36 =+ 0.21
30°N-0°N -0.010 += 0.008 -0.30 =+ 0.22
0°N-30°S -0.023 + 0.005 -065 =+ 0.14
30°S-70°S -0.015 + 0.005 -044 <+ 0.13
Northern Hemisphere -0.012 + 0.007 -0.33 =+ 0.20
Southern Hemisphere -0.022 + 0.004 -064 =+ O0.11
Gilobal -0.015 + 0.004 -044 =+ 0.12

Mean (Morning & Evening)

ppb yr‘1 %yr‘1
70°N-30°N -0.013 + 0.001 -0.38 =+ 0.03
30°N-0°N -0.012 + 0.002 -035 =+ 0.07
0°N-30°S -0.019 + 0.0056 -054 =+ 0.16
30°S-70°S -0.018 + 0.004 -053 =+ 0.12
Northern Hemisphere -0.013 + 0.002 -0.37 =+ 0.05
Southern Hemisphere -0.024 + 0.008 -0.70 + 0.08
Global -0.016 + 0.001 -046 <+ 0.02
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Table 7. The trends in the mean stratospheric total chlorine volume mixing ratio (ppb), be-
tween 2004 and 2009 for different regions and for morning, evening and combined morning
and evening occultations. These values correspond to the changes in the total chlorine be-
tween the altitudes of 48.5 and 53.5 km. The errors on the morning and evening values are the
1-o fitting error of a linear least squared fit to the data. The errors on the mean values are the
standard deviations of the corresponding calculations.

Mean (Morning)

ppbyr %yr!
70°N-30°N -0.022 + 0.006 -059 =+ 0.17
30°N-0°N -0.017 + 0.004 -047 =+ 0.10
0°N-30°S -0.031 + 0.004 -0.84 =+ 0.11
30°S-70°S -0.019 = 0.011 -052 =+ 0.30
Northern Hemisphere -0.020 + 0.003 -0.53 <+ 0.09
Southern Hemisphere -0.025 <+ 0.008 -0.68 <+ 0.22
Global -0.022 + 0.006 -0.60 =+ 0.16

Mean (Evening)

ppbyr’ %yr’
70°N-30°N -0.034 =+ 0.014 -089 =+ 0.36
30°N-0°N -0.019 + 0.004 -050 =+ 0.10
0°N-30°S -0.030 + 0.007 -0.80 =+ 0.19
30°S-70°S -0.085 + 0.016 -095 <+ 0.43
Northern Hemisphere -0.026 + 0.011 -0.70 =+ 0.27
Southern Hemisphere -0.033 + 0.004 -0.88 =+ 0.10
Gilobal -0.029 + 0.008 -079 =+ 0.20

Mean (Morning & Evening)

ppb yr'1 %yr‘1
70°N-30°N -0.028 + 0.008 -0.74 =+ 0.21
30°N-0°N -0.018 + 0.001 -049 =+ 0.02
0°N-30°S -0.030 + 0.001 -0.82 =+ 0.02
30°S-70°S -0.027 + 0.011 -073 =+ 0.30
Northern Hemisphere -0.023 + 0.007 -0.61 <+ 0.18
Southern Hemisphere -0.029 + 0.002 -0.78 <+ 0.06
Global -0.026 + 0.004 -0.70 =+ 0.12
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Table 8. The global warming potential-weighted trends in the total chlorine volume mixing ratio
(% yr‘1) between 2004 and 2009. The errors quoted here are the 1-o fitting error of a linear
least squared fit to the data. The weighted total chlorine budgets were also calculated without
including HCFCs so that the impact of the replacement of CFCs by HCFCs, under the Montreal
Protocol, on global warming potential weighted chlorine could be quantified.

Latitude band Weighted total chlorine Weighted total chlorine
trend (%yr") trend without HCFCs (% yr™")
70°N-30°N -0.37 = 0.09 -0.72 + 0.06
30°N-0°N -019 = 0.1 -058 =+ 0.12
0°N-30°S -0.19 = 0.13 -051 = 0.1
30°S-70°S -027 = 0.12 -057 = 0.03
Northern Hemisphere -0.31 + 0.08 -068 =+ 0.02
Southern Hemisphere -0.23 + 0.08 -0.56 <+ 0.11
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Table 9. The ozone depletion potential-weighted trends in the total chlorine volume mixing ratio
between 2004 and 2009. The error on the trends is the 1-o error on the least squared fit.

Latitude band Weighted total chlorine
trend (% yr'1 )
70°N-30°N -0.82 = 0.09
30°N-0°N -066 =+ 0.08
0°N-30°S -049 =+ 0.08
30°S-70°S -1.0 = 0.19
Northern Hemisphere -0.74 <+ 0.05
Southern Hemisphere -0.73 + 0.13
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Table A1. Chlorine Budgets.
J ACPD

The percentage contribution of HCI, CCl,, CFC-12, CFC-11 COCIF, COCl,, HCFC-22, 13. 23491-23548. 2013

CH;Cl and CFC-113 to the total chlorine budget in the latitude bands between 70° N and 30° N

(evening occultations.

Jaded uoissnosiq

Global stratospheric

Altitude HCI CCl, CFC-12 CFC-11 COCIF COCl, HCFC-22 CH,Cl CFC-113 q O q
chlorine inventories

105 396 1208 3009 2065 107 018 555 16.72  6.56 —
115 629 1120 2962 1994 114 029 548 1627  6.29 -

125 852 1038 2915 1916 119 039 540 1579 6.02 o for 2004-2009
135 1053 979 2846 1838 121 044 541 1558  5.81 o

145 1263 919 2777 1751 121 049 540 1537 5.58

155 1565 853 2695 1628 122 056 5.26 14.44 535 2 A. T. Brown et al.

165  19.80 7.71 2574 1466 124 067 494 1291  5.01 0

175 2488 665 2415 1272 127 083 458 1120 459 &2,

185  30.33 558 2242 1050 131 099  4.31 9.60 4.1 e

195 3541 450 2056 807 130 114 410 813 363

205 3988 356 1872 565 120 124 390 6.88  3.20 g? Title Page

215 4349 277 1691 382 1.04 128 373 578  2.81 S

225 4666 1.83 1515 249 086 122 359 490 246 @

235 4934 118 1346 151 070 110 347 407 211 = 7
245 5189 062 1172 092 063 094 334 325  1.78 ARG e
255 5442 028 1000 052 050 077 322 250  1.46 —

265 5697 0.10 8.32 0.26 038 061  3.09 183  1.16 ;

275 5944 005 6.77 0.14 028 045 2.9 131 0.90
285 6205 001 536 0.05 020 032 283 092 068 g

295 6461 001 422 0.03 014 022 272 062 052 .

305 6707 000 3.20 0.01 008 013 258 046 037 2
315  69.28 000 242 0.00 005 008 246 038  0.26 »

325 7142 000 1.81 0.00 003 005 236 030 0.18 2h

335 7326 000 1.26 0.00 001 002 226 023 0.1 ()

345 7559 000 0.94 0.00 001 001 220 019 0.8 >

355 7700 000 0.66 0.00 001 001 212 014  0.05 U

365 7772 000 047 0.00 000 000 204 011 0.3 )

375 7760 0.00 0.3 0.00 000 000 195 009  0.02 3

385 7756 000 0.23 0.00 000 000 1.86 0.06  0.01 =

395 7778 000 047 0.00 000 000 177 0.05  0.01

405 7807 0.00 0.12 0.00 000 000 169 0.04  0.01 .
415 7868 000 0.8 0.00 000 000 1.0 0.03  0.00

425 7949 000 0.6 0.00 000 000 152 0.02  0.00

435 8060 000 004 000 000 000 145 002  0.00 O Full Screen / Esc

445 8198 000 003 0.00 000 000 137 001  0.00 7

455 8353 0.00 0.02 0.00 000 000 131 0.01  0.00 2

465 8510 0.00 0.01 0.00 000 000 125 0.01 0.0 ®

47.5 86.78 0.00 0.01 0.00 0.00 000 1.20 0.01  0.00 (7] Printer-friendly Version
485 8832 0.0 0.01 0.00 000 000 1.15 0.00  0.00 )

495 8971 000 0.00 0.00 000 000 1.10 0.00  0.00 =)

50.5 90.95 0.00 0.00 0.00 0.00 000 1.06 0.00  0.00 o Interactive Discussion ‘
515  91.95 000 0.00 0.00 000 000 1.03 0.00  0.00 Q

525 9282 000 0.00 0.00 000 000  1.00 0.00  0.00 O

535 9361 0.00 0.00 0.00 000 000 098 0.00  0.00 @ ®
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Table A2. The percentage contribution of CFC-114, CFC-115, HCFC-142b, HCFC-141b,
CIONO,, CIO, HOCI and H-1211 to the total chlorine budget in the latitude bands between

70° N and 30° N (evening occultations).

Altitude CFC-114 CFC-115 HCFC-142b HCFC-141b CIONO, CIO HOCI  H-1211
10.5 0.96 0.27 0.45 1.03 0.30 0.01 0.04 0.1
11.5 0.93 0.26 0.43 0.97 0.75 0.01 0.03 0.10
12.5 0.91 0.26 0.42 0.91 1.37 0.01 0.03 0.09
135 0.88 0.25 0.40 0.88 1.85 0.01 0.03 0.09
145 0.86 0.25 0.39 0.84 2.41 0.01 0.03 0.08
15.5 0.83 0.25 0.38 0.79 3.39 0.02 0.03 0.07
16.5 0.80 0.24 0.36 0.73 5.08 0.02 0.03 0.06
17.5 0.76 0.24 0.34 0.66 7.03 0.03 0.04 0.05
18.5 0.71 0.23 0.32 0.57 8.86 0.05 0.06 0.04
19.5 0.66 0.23 0.30 0.48 11.34 0.08 0.07 0.03
20.5 0.63 0.22 0.28 0.41 14.02 0.12  0.09 0.02
215 0.59 0.22 0.27 0.34 16.67 0.15 0.11  0.01
225 0.57 0.22 0.25 0.29 19.20 0.18 0.14 0.00
235 0.54 0.21 0.24 0.23 21.45 022 0.16 0.00
24.5 0.50 0.21 0.23 0.19 23.30 028 0.19 0.00
255 0.47 0.20 0.22 0.14 24.70 039 021 0.00
26.5 0.43 0.20 0.20 0.11 25.50 057 025 0.00
275 0.40 0.20 0.19 0.08 25.71 082 031 0.00
28.5 0.36 0.19 0.18 0.05 25.37 1.07 037 0.00
29.5 0.33 0.19 0.16 0.04 24.36 139 045 0.00
30.5 0.30 0.19 0.15 0.02 22.79 205 059 0.00
31.5 0.27 0.19 0.14 0.01 20.58 3.06 0.80 0.00
325 0.25 0.18 0.13 0.01 17.87 434 1.04 0.00
33.5 0.23 0.18 0.12 0.00 14.91 6.05 1.33 0.00
34.5 0.22 0.18 0.12 0.00 10.78 8.01 1.67  0.00
35.5 0.20 0.18 0.11 0.00 7.63 999 188 0.00
36.5 0.19 0.18 0.11 0.00 4.75 12.40 2.00 0.00
375 0.17 0.17 0.10 0.00 2.92 1461 2.03 0.00
38.5 0.16 0.17 0.09 0.00 1.83 16.06 1.95 0.00
39.5 0.15 0.17 0.09 0.00 1.02 16.97 1.81 0.00
40.5 0.14 0.16 0.08 0.00 0.56 1748 165 0.00
415 0.13 0.16 0.08 0.00 0.31 17.47 1.46 0.00
425 0.12 0.16 0.07 0.00 0.16 1715 125 0.00
43.5 0.11 0.15 0.07 0.00 0.07 1644 1.05 0.00
44.5 0.10 0.15 0.06 0.00 0.04 15.39 0.87 0.00
455 0.09 0.15 0.06 0.00 0.02 1412 0.70 0.00
46.5 0.08 0.14 0.05 0.00 0.01 12.78 0.56 0.00
475 0.07 0.14 0.05 0.00 0.00 1129 044 0.00
48.5 0.06 0.14 0.05 0.00 0.00 992 0.34 0.00
49.5 0.06 0.14 0.04 0.00 0.00 868 026 0.00
50.5 0.05 0.14 0.04 0.00 0.00 755 021 0.00
51.5 0.05 0.13 0.04 0.00 0.00 6.63 0.17 0.00
52.5 0.04 0.13 0.04 0.00 0.00 582 0.13 0.00
53.5 0.04 0.13 0.04 0.00 0.00 509 0.11 0.00
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Table A3. The percentage contribution of HCI, CCl,, CFC-12, CFC-11 COCIF, COCI,, HCFC-
22, CH;CI & CFC-113 to the total chlorine budget in the latitude bands between 70° N and 30° N

(morning occultations).

Altitude  HCI CCl, CFC-12 CFC-11 COCIF COCl, HCFC-22 CHyCl CFC-113
10.5 3.96 12.09 30.11 20.66 1.07 0.18 5.56 16.73 6.57
11.5 6.31 11.23  29.69 19.99 1.15 0.29 5.49 16.31 6.30
125 8.56 10.43 29.28 19.25 1.20 0.39 5.43 15.87 6.04
135 10.60 9.85 28.65 18.50 1.22 0.44 5.44 1568 5.85
145 12.74 9.27  28.00 17.65 1.22 0.49 5.44 156,50 5.63
15.5 15.84 864 27.27 16.47 1.28 0.56 5.32 14.62 5.41
16.5 20.14 7.84 26.18 14.91 1.26 0.69 5.02 13.13 5.10
17.5 2528 6.75 24.54 12.93 1.29 0.84 4.65 11.38 4.66
18.5 30.78 5.67 2275 10.65 1.33 1.01 4.38 9.74 4.17
19.5 35.84 455 2081 8.17 1.31 1.15 4.15 8.23 3.67
20.5 40.12 3.58 18.83 5.68 1.21 1.25 3.92 6.92 3.22
215 4340 277 16.87 3.81 1.03 1.27 3.72 5.77 2.81
22.5 46.15 1.81 14.99 2.46 0.85 1.21 3.55 4.85 2.43
23.5 48.52 1.16 13.24 1.49 0.69 1.08 3.41 4.01 2.08
245 50.86 0.61 11.49 0.90 0.62 0.93 3.28 3.19 1.74
255 5324 027 978 0.51 0.49 0.75 3.15 2.44 1.43
26.5 5570 0.10 8.13 0.26 0.37 0.60 3.03 1.79 1.13
275 58.08 0.04 6.62 0.13 0.28 0.44 2.89 1.28 0.88
28.5 60.57 0.01 523 0.05 0.19 0.31 2.77 0.90 0.66
29.5 6295 0.01 4.12 0.03 0.14 0.22 2.65 0.60 0.51
30.5 65.15 0.00 3.11 0.01 0.08 0.13 2.51 0.45 0.36
31.5 6722 0.00 235 0.00 0.05 0.08 2.39 0.36 0.25
32.5 69.22 0.00 1.75 0.00 0.03 0.05 2.29 0.29 0.18
33.5 7128 0.00 1.23 0.00 0.01 0.02 2.20 0.22 0.11
345 7370 0.00 0.92 0.00 0.01 0.01 2.15 0.18 0.08
35.5 75,57 0.00 0.64 0.00 0.01 0.01 2.08 0.14 0.05
36.5 77.16 0.00 0.46 0.00 0.00 0.00 2.03 0.11 0.03
375 7829 0.00 0.33 0.00 0.00 0.00 1.97 0.09 0.02
38.5 79.43 0.00 023 0.00 0.00 0.00 1.90 0.07 0.01
39.5 79.95 0.00 0.17 0.00 0.00 0.00 1.82 0.05 0.01
40.5 80.36 0.00 0.12 0.00 0.00 0.00 1.74 0.04 0.01
41.5 80.79 0.00 0.09 0.00 0.00 0.00 1.64 0.03 0.00
42.5 81.32 0.00 0.06 0.00 0.00 0.00 1.56 0.02 0.00
435 82.06 0.00 0.04 0.00 0.00 0.00 1.47 0.02 0.00
445 83.12 0.00 0.03 0.00 0.00 0.00 1.39 0.01 0.00
455 8429 0.00 0.02 0.00 0.00 0.00 1.33 0.01 0.00
46.5 85,55 0.00 0.01 0.00 0.00 0.00 1.26 0.01 0.00
475 86.99 0.00 0.01 0.00 0.00 0.00 1.21 0.01 0.00
48.5 88.52 0.00 0.01 0.00 0.00 0.00 1.16 0.00 0.00
49.5 89.89 0.00 0.00 0.00 0.00 0.00 1.1 0.00 0.00
50.5 91.11 0.00 0.00 0.00 0.00 0.00 1.06 0.00 0.00
51.5 92.17 0.00 0.00 0.00 0.00 0.00 1.08 0.00 0.00
52.5 93.13 0.00 0.00 0.00 0.00 0.00 1.01 0.00 0.00
53.5 93.97 0.00 0.00 0.00 0.00 0.00 0.99 0.00 0.00
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Table A4. The percentage contribution of CFC-114, CFC-115, HCFC-142b, HCFC-141b,
CIONO,, CIO, HOCI & H-1211 to the total chlorine budget in the latitude bands between 70° N

and 30° N (morning occultations).

Altitude CFC-114 CFC-115 HCFC-142b HCFC-141b CIONO, CIO HOCI  H-1211
10.5 0.96 0.27 0.45 1.03 0.19 0.01 0.05 0.11
11.5 0.94 0.26 0.43 0.97 0.48 0.01 0.04 0.10
12.5 0.91 0.26 0.42 0.92 0.88 0.02 0.04 0.09
135 0.89 0.26 0.41 0.88 1.20 0.03 0.03 0.09
145 0.86 0.25 0.39 0.84 1.56 0.04 0.02 0.08
15.5 0.84 0.25 0.38 0.80 2.21 0.05 0.03 0.08
16.5 0.81 0.25 0.37 0.75 3.40 0.08 0.03 0.07
17.5 0.77 0.24 0.35 0.67 5.48 011 0.03 0.05
18.5 0.72 0.24 0.32 0.58 7.41 0.177 0.04 0.04
19.5 0.67 0.23 0.30 0.49 10.12 023 0.06 0.03
20.5 0.63 0.22 0.28 0.41 13.29 0.33 0.08 0.02
215 0.59 0.22 0.27 0.34 16.52 048 0.11  0.01
225 0.56 0.21 0.25 0.28 19.66 061 0.13 0.00
235 0.53 0.21 0.24 0.23 22.16 079 0.17 0.00
24.5 0.49 0.20 0.23 0.18 2412 095 021 0.00
255 0.46 0.20 0.21 0.14 25.57 1.09 025 0.00
26.5 0.42 0.20 0.20 0.10 26.44 123 029 0.00
275 0.39 0.19 0.18 0.07 26.77 140 034 0.00
28.5 0.35 0.19 0.17 0.05 26.61 155 039 0.00
29.5 0.32 0.19 0.16 0.04 25.89 175 045 0.00
30.5 0.29 0.18 0.15 0.02 24.96 203 056 0.00
31.5 0.27 0.18 0.14 0.01 23.52 245 071 0.00
325 0.24 0.18 0.13 0.01 21.77 299 086 0.00
33.5 0.22 0.18 0.12 0.00 19.69 367 1.03 0.00
34.5 0.21 0.18 0.12 0.00 16.61 462 121 0.00
35.5 0.20 0.18 0.11 0.00 13.87 578 136 0.00
36.5 0.19 0.18 0.10 0.00 11.06 723 145 0.00
375 0.18 0.18 0.10 0.00 8.45 889 149 0.00
38.5 0.16 0.17 0.10 0.00 5.77 10.65 1.49 0.00
39.5 0.15 0.17 0.09 0.00 3.71 12.43 1.44 0.00
40.5 0.14 0.17 0.08 0.00 2.04 13.92 137 0.00
415 0.13 0.16 0.08 0.00 1.12 1470 126 0.00
425 0.12 0.16 0.07 0.00 0.56 156.00 1.12  0.00
43.5 0.11 0.16 0.07 0.00 0.27 1484 096 0.00
44.5 0.10 0.15 0.06 0.00 0.13 1420 079 0.00
455 0.09 0.15 0.06 0.00 0.06 13.35 0.65 0.00
46.5 0.08 0.14 0.05 0.00 0.03 12.33 0.53 0.00
475 0.07 0.14 0.05 0.00 0.01 11.08 043 0.00
48.5 0.06 0.14 0.05 0.00 0.01 971  0.34 0.00
49.5 0.06 0.14 0.04 0.00 0.00 848 026 0.00
50.5 0.05 0.14 0.04 0.00 0.00 7.38 021 0.00
51.5 0.05 0.13 0.04 0.00 0.00 6.39 0.17 0.00
52.5 0.04 0.13 0.04 0.00 0.00 551 0.14 0.00
53.5 0.04 0.13 0.04 0.00 0.00 473 011  0.00
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Table A5. The percentage contribution of HCI, CCl,, CFC-12, CFC-11 COCIF, COCI,, HCFC-
22, CH4Cl & CFC-113 to the total chlorine budget in the latitude bands between 30° N and 0° N

(evening occultations).

Altitude  HCI CCl, CFC-12 CFC-11 COCIF COCl, HCFC-22 CHyCl CFC-113
10.5 0.11 13.07 30.56 21.98 0.13 0.01 5.97 18.43 6.77
11.5 020 1296 30.54 21.97 0.15 0.01 5.97 18.42 6.75
125 017 12.73 30.60 22.01 0.22 0.02 5.98 18.46 6.75
135 022 1255 30.60 22.01 0.32 0.03 5.98 1846 6.71
145 022 1254 30.55 21.99 0.43 0.04 5.97 18.43 6.66
15.5 046 1225 30.42 21.98 0.59 0.05 5.92 18.41 6.61
16.5 1.03 12.01 30.51 21.66 0.80 0.08 5.82 18.10 6.54
17.5 264 1149 30.36 21.19 0.97 0.14 5.75 17.38 6.40
18.5 583 10.75 29.78 20.00 1.10 0.29 5.88 16.31 6.15
19.5 10.67 9.57 28.91 18.49 1.30 0.58 5.80 1472 5.80
20.5 16.08 828 27.78 16.56 1.54 0.91 5.19 13.08 547
215 20.68 6.85 26.59 14.38 1.75 1.23 4.83 1141 517
22.5 24.04 547 2533 11.97 1.88 1.55 4.52 10.76  4.86
23.5 26.55 4.19 2410 9.61 1.93 1.83 4.33 1021  4.58
245 29.28 3.15 23.01 7.25 1.98 2.05 4.17 9.10 4.32
255 31.77 193 21.87 5.28 1.87 2.23 4.10 8.18 4.05
26.5 3451 097 20.66 3.62 1.66 227 4.05 7.37 3.69
275 37.90 0.51 19.37 2.24 1.32 2.04 3.98 6.33 3.24
28.5 41.74 017  17.90 1.15 1.09 1.67 3.89 5.72 277
29.5 46.28 0.10 16.31 0.69 0.87 1.24 3.78 4.74 2.32
30.5 52.19 0.03 14.24 0.25 0.65 0.85 3.67 3.83 1.87
31.5 57.87 0.00 11.91 0.08 0.48 0.26 3.57 3.20 1.51
32.5 62.59 0.01 9.55 0.06 0.32 0.17 3.43 2.64 1.16
33.5 67.18 0.01  7.30 0.03 0.17 0.09 3.30 2.07 0.83
345 71.02 0.01 567 0.02 0.11 0.06 3.17 1.70 0.62
35.5 7422 0.00 4.05 0.01 0.05 0.03 3.02 1.35 0.41
36.5 77.06 0.00 286 0.01 0.03 0.01 2.86 1.05 0.27
375 78.99 0.00 1.99 0.01 0.02 0.01 2.67 0.79 0.18
38.5 80.71 0.00 1.22 0.01 0.01 0.00 2.51 0.56 0.10
39.5 81.84 0.00 0.88 0.01 0.01 0.00 2.37 0.43 0.07
40.5 83.23 0.00 0.59 0.00 0.00 0.00 2.28 0.31 0.04
41.5 8456 0.00 0.37 0.00 0.00 0.00 2.10 0.22 0.02
42.5 85.83 0.00 0.27 0.00 0.00 0.00 1.99 0.18 0.02
435 87.17 0.00 0.17 0.00 0.00 0.00 1.87 0.13 0.01
445 88.43 0.00 0.11 0.00 0.00 0.00 1.75 0.09 0.01
455 89.52 0.00 0.08 0.00 0.00 0.00 1.63 0.07 0.00
46.5 90.61 0.00 0.04 0.00 0.00 0.00 1.51 0.05 0.00
475 91.50 0.00 0.02 0.00 0.00 0.00 1.41 0.03 0.00
48.5 92.38 0.00 0.02 0.00 0.00 0.00 1.33 0.02 0.00
49.5 93.02 0.00 0.01 0.00 0.00 0.00 1.24 0.02 0.00
50.5 93.50 0.00 0.01 0.00 0.00 0.00 1.16 0.01 0.00
51.5 93.94 0.00 0.00 0.00 0.00 0.00 1.1 0.01 0.00
52.5 94.36 0.00 0.00 0.00 0.00 0.00 1.07 0.01 0.00
53.5 9469 0.00 0.00 0.00 0.00 0.00 1.03 0.01 0.00
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Table A6. The percentage contribution of CFC-114, CFC-115, HCFC-142b, HCFC-141b,
CIONO,, CIO, HOCI and H-1211 to the total chlorine budget in the latitude bands between
30° N and 0° N (evening occultations).

Altitude CFC-114 CFC-115 HCFC-142b HCFC-141b CIONO, CIO HOCI  H-1211
10.5 0.98 0.27 0.46 1.08 0.03 0.00 0.03 0.2
11.5 0.98 0.27 0.46 1.08 0.08 0.00 0.03 0.12
12.5 0.98 0.27 0.46 1.08 0.15 0.00 0.03 0.12
135 0.97 0.26 0.45 1.07 0.20 0.01 0.03 0.12
145 0.97 0.26 0.45 1.06 0.26 0.02 0.05 0.12
15.5 0.96 0.26 0.45 1.04 0.37 0.04 0.07 0.12
16.5 0.96 0.26 0.44 1.03 0.57 0.02 0.05 0.11
17.5 0.94 0.26 0.43 0.99 0.92 0.01 0.01 0.10
18.5 0.92 0.26 0.42 0.94 1.27 0.00 0.01 0.09
19.5 0.89 0.26 0.40 0.87 1.65 0.01 0.01 0.08
20.5 0.86 0.25 0.39 0.80 2.76 0.01 0.02 0.06
215 0.83 0.25 0.38 0.74 4.78 0.04 0.06 0.04
225 0.80 0.24 0.36 0.67 7.33 0.08 0.11 0.03
235 0.79 0.24 0.35 0.61 10.30 015 0.19 0.02
24.5 0.78 0.24 0.35 0.56 13.17 027 031 0.01
255 0.77 0.24 0.34 0.50 15.98 0.40 048 0.00
26.5 0.76 0.24 0.34 0.43 18.18 056 0.69 0.00
275 0.74 0.24 0.33 0.35 19.86 070 0.86 0.00
28.5 0.71 0.24 0.32 0.28 20.56 083 0.97 0.00
29.5 0.68 0.24 0.31 0.22 20.17 099 1.08 0.00
30.5 0.65 0.23 0.30 0.15 18.63 127 120 0.00
31.5 0.62 0.23 0.29 0.11 16.84 1.69 134 0.00
325 0.58 0.23 0.27 0.08 14.84 262 146 0.00
33.5 0.54 0.22 0.26 0.04 12.61 3.80 154 0.00
34.5 0.51 0.22 0.24 0.03 10.28 472 1.62 0.00
35.5 0.47 0.22 0.23 0.01 8.22 6.04 166 0.00
36.5 0.43 0.21 0.21 0.01 6.37 6.96 1.67 0.00
375 0.39 0.21 0.19 0.00 4.84 805 1.66 0.00
38.5 0.35 0.20 0.18 0.00 3.35 928 152 0.00
39.5 0.32 0.20 0.16 0.00 2.10 10.25 1.37  0.00
40.5 0.29 0.20 0.15 0.00 1.17 1057 121  0.00
415 0.26 0.19 0.14 0.00 0.65 1044 1.03 0.00
425 0.24 0.19 0.13 0.00 0.33 998 0.85 0.00
43.5 0.22 0.18 0.12 0.00 0.16 927 0.69 0.00
44.5 0.19 0.18 0.11 0.00 0.08 8.49 056 0.00
455 0.17 0.17 0.10 0.00 0.04 780 043 0.00
46.5 0.15 0.17 0.09 0.00 0.02 7.03 034 0.0
475 0.13 0.16 0.08 0.00 0.01 6.36 028 0.00
48.5 0.12 0.16 0.07 0.00 0.00 568 022 0.00
49.5 0.10 0.15 0.07 0.00 0.00 520 0.18 0.00
50.5 0.09 0.15 0.06 0.00 0.00 486 0.15 0.00
51.5 0.08 0.15 0.06 0.00 0.00 452 012 0.00
52.5 0.07 0.15 0.05 0.00 0.00 419 0.10 0.00
53.5 0.07 0.14 0.05 0.00 0.00 394 0.08 0.00
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Table A7. The percentage contribution of HCI, CCl,, CFC-12, CFC-11 COCIF, COCI,, HCFC-
22, CH,Cl and CFC-113 to the total chlorine budget in the latitude bands between 30°N and

0° N (morning occultations).

Altitude  HCI CCl, CFC-12 CFC-11 COCIF COCl, HCFC-22 CHyCl CFC-113
10.5 0.11 13.07 30.55 21.98 0.13 0.01 5.97 18.43 6.76
11.5 020 1296 30.54 21.97 0.15 0.01 5.97 18.42 6.75
125 017 12.73 30.60 22.02 0.22 0.02 5.98 18.46 6.75
135 022 1256 30.61 22.02 0.32 0.03 5.98 1846 6.71
145 022 1255 30.57 22.00 0.43 0.04 5.97 18.44 6.67
15.5 046 1227 30.46 22.01 0.59 0.05 5.93 18.44 6.62
16.5 1.03 12.02 30.55 21.69 0.80 0.08 5.83 18.13 6.55
17.5 264 1151 30.41 21.22 0.97 0.14 5.76 1741 6.41
18.5 584 10.77 29.85 20.05 1.10 0.29 5.89 16.35 6.17
19.5 10.70 9.60 28.99 18.54 1.31 0.58 5.82 1477 5.82
20.5 16.07 828 27.77 16.56 1.54 0.91 5.19 13.02 547
215 20.64 6.84 26.54 14.36 1.74 1.23 4.82 11.39 5.16
22.5 23.93 544 2522 11.91 1.87 1.54 4.50 10.71  4.84
23.5 26.32 4.16  23.90 9.53 1.92 1.82 4.30 10.12 4.54
245 28.98 3.12 2278 717 1.96 2.03 4.12 9.00 4.28
255 31.38 1.90 21.59 5.22 1.85 2.20 4.05 8.07 4.00
26.5 33.94 096 20.32 3.56 1.63 223 3.98 7.25 3.63
275 37.18 0.50 19.00 219 1.29 2.00 3.91 6.21 3.18
28.5 40.76 017 17.48 1.12 1.06 1.63 3.80 5.59 271
29.5 4514 0.09 1591 0.68 0.85 1.21 3.69 4.62 2.27
30.5 50.91 0.03 13.89 0.25 0.64 0.83 3.58 3.73 1.83
31.5 56.43 0.00 11.62 0.08 0.47 0.25 3.48 3.12 1.48
32.5 61.55 0.01 9.40 0.06 0.31 0.17 3.38 2.59 1.14
33.5 66.73 0.01 7.25 0.03 0.17 0.09 3.28 2.06 0.83
345 7112 0.01 568 0.02 0.11 0.06 3.17 1.70 0.62
35.5 75.33 0.00 4.12 0.01 0.05 0.03 3.07 1.37 0.41
36.5 79.00 0.00 293 0.01 0.03 0.01 2.93 1.07 0.27
375 81.88 0.00 207 0.01 0.02 0.01 2.77 0.82 0.18
38.5 8438 0.00 1.28 0.01 0.01 0.00 2.62 0.59 0.10
39.5 85.90 0.00 0.92 0.01 0.01 0.00 2.48 0.45 0.07
40.5 87.07 0.00 0.62 0.00 0.00 0.00 2.33 0.33 0.04
41.5 87.55 0.00 0.38 0.00 0.00 0.00 218 0.23 0.02
42.5 8799 0.00 0.28 0.00 0.00 0.00 2.04 0.18 0.02
435 88.67 0.00 0.18 0.00 0.00 0.00 1.90 0.13 0.01
445 89.46 0.00 0.12 0.00 0.00 0.00 1.77 0.10 0.01
455 90.09 0.00 0.08 0.00 0.00 0.00 1.64 0.07 0.00
46.5 90.77 0.00 0.04 0.00 0.00 0.00 1.51 0.05 0.00
475 9156 0.00 0.02 0.00 0.00 0.00 1.42 0.03 0.00
48.5 9229 0.00 0.02 0.00 0.00 0.00 1.33 0.02 0.00
49.5 9291 0.00 0.01 0.00 0.00 0.00 1.24 0.02 0.00
50.5 93.54 0.00 0.01 0.00 0.00 0.00 1.16 0.01 0.00
51.5 9412 0.00 0.00 0.00 0.00 0.00 1.12 0.01 0.00
52.5 94.73 0.00 0.00 0.00 0.00 0.00 1.08 0.01 0.00
53.5 9520 0.00 0.00 0.00 0.00 0.00 1.04 0.01 0.00

23531

| Jadeq uoissnosiq | Jaded uoissnoasiqg

Jaded uoissnosiq

Jaded uoissnosiq

il

ACPD
13, 23491-23548, 2013

Global stratospheric
chlorine inventories
for 2004-2009

A. T. Brown et al.

Title Page

Abstract

Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/23491/2013/acpd-13-23491-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/23491/2013/acpd-13-23491-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table A8. The percentage contribution of CFC-114, CFC-115, HCFC-142b, HCFC-141b,
CIONO,, CIO, HOCI and H-1211 to the total chlorine budget in the latitude bands between
30° N and 0° N (morning occultations).

Altitude CFC-114 CFC-115 HCFC-142b HCFC-141b CIONO, CIO HOCI H-1211
10.5 0.98 0.27 0.46 1.08 0.03 0.01 0.04 0.12
1.5 0.98 0.27 0.46 1.08 0.06 0.01 0.04 0.2
12.5 0.98 0.27 0.46 1.08 0.12 0.01 0.04 0.2
135 0.97 0.26 0.45 1.07 0.16 0.01 0.04 0.12
14.5 0.97 0.26 0.45 1.06 0.21 0.02 0.04 0.12
15.5 0.96 0.26 0.45 1.04 0.30 0.02 0.03 0.12
16.5 0.96 0.26 0.44 1.03 0.46 0.04 0.02 0.11
17.5 0.94 0.26 0.44 0.99 0.74 0.03 0.01 0.10
18.5 0.92 0.26 0.42 0.94 1.02 0.03 0.01 0.09
19.5 0.89 0.26 0.41 0.87 1.33 0.03 0.01 0.08
20.5 0.86 0.25 0.39 0.80 2.73 0.08 0.03 0.06
215 0.83 0.25 0.37 0.73 4.85 0.15 0.056 0.04
225 0.80 0.24 0.36 0.67 7.57 027 0.09 0.03
23.5 0.78 0.24 0.35 0.61 10.81 044 0.16 0.02
24.5 0.77 0.24 0.34 0.55 13.75 062 0.28 0.01
25.5 0.76 0.24 0.34 0.49 16.63 0.85 0.42 0.00
26.5 0.74 0.24 0.33 0.42 19.07 1.09 058 0.00
275 0.72 0.24 0.32 0.35 20.91 129 072 0.00
28.5 0.69 0.23 0.31 0.27 21.90 146 081 0.00
29.5 0.66 0.23 0.30 0.21 21.68 157 0.89 0.00
30.5 0.63 0.23 0.29 0.15 20.32 1.72 098 0.00
315 0.60 0.23 0.28 0.11 18.98 1.81 1.07 0.00
32,5 0.57 0.22 0.27 0.08 17.14 1.97 1.16 0.00
33.5 0.54 0.22 0.25 0.04 15.16 213 121 0.00
34.5 0.51 0.22 0.24 0.03 13.03 222 126 0.00
35.5 0.48 0.22 0.23 0.02 10.80 258 1.29 0.00
36.5 0.44 0.22 0.22 0.01 8.46 3.11 129 0.00
37.5 0.40 0.22 0.20 0.00 6.50 3.66 1.26 0.00
38.5 0.37 0.21 0.19 0.00 4.53 452 119 0.00
39.5 0.33 0.21 0.17 0.00 2.86 546 1.12 0.00
40.5 0.30 0.20 0.16 0.00 1.58 6.35 1.00 0.00
415 0.27 0.20 0.14 0.00 0.87 7.28 0.87 0.00
42.5 0.24 0.19 0.13 0.00 0.43 7.75 074 0.00
43.5 0.22 0.19 0.12 0.00 0.21 7.74 0.63 0.00
44.5 0.20 0.18 0.11 0.00 0.10 7.43 053 0.00
45.5 0.17 0.17 0.10 0.00 0.05 721 042 0.00
46.5 0.15 0.17 0.09 0.00 0.02 6.85 0.34 0.00
47.5 0.13 0.16 0.08 0.00 0.01 6.30 0.29 0.00
48.5 0.12 0.16 0.07 0.00 0.01 5.75 023 0.00
49.5 0.10 0.15 0.07 0.00 0.00 530 0.19 0.00
50.5 0.09 0.15 0.06 0.00 0.00 482 0.15 0.00
51.5 0.08 0.15 0.06 0.00 0.00 4.34 0.13 0.00
52.5 0.08 0.15 0.05 0.00 0.00 3.81 0.10 0.00
53.5 0.07 0.14 0.05 0.00 0.00 3.41 0.08 0.00
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Table A9. The percentage contribution of HCI, CCl,, CFC-12, CFC-11 COCIF, COCI,, HCFC-
22, CH4Cl and CFC-113 to the total chlorine budget in the latitude bands between 0°N and
30° S (evening occultations).

Altitude  HCI CCl, CFC-12 CFC-11 COCIF COCl, HCFC-22 CHyCl CFC-113
10.5 0.11 12.70 30.75 2212 0.21 0.01 5.90 18.42 6.80
11.5 020 12.61 30.72 22.10 0.24 0.01 5.89 18.40 6.79
125 0.18 1247 30.74 22.11 0.29 0.02 5.90 1841 6.78
135 0.21 12.37 30.72 22.10 0.38 0.02 5.89 1840 6.76
145 024 1232 30.68 22.07 0.50 0.03 5.88 18.38 6.72
15.5 048 1211 30.54 22.07 0.63 0.04 5.84 18.36 6.65
16.5 114 1190 30.54 21.75 0.87 0.07 5.80 17.89 6.57
17.5 279 1145 30.34 21.24 0.99 0.14 5.73 17.16  6.38
18.5 6.57 10.56 29.67 20.01 1.10 0.32 5.79 1591 6.04
19.5 11.77 934 2865 18.29 1.26 0.62 5.67 14.45 564
20.5 17.58 8.00 27.37 16.30 1.52 0.90 5.07 1254 529
215 22.01 6.65 26.03 14.08 1.74 1.26 4.73 10.84 5.02
22.5 2518 5.09 24.78 11.74 1.85 1.51 4.43 10.15 474
23.5 2795 387 2322 9.33 1.84 1.78 4.24 9.57 4.41
245 30.83 2.78 22.08 6.95 1.81 1.90 4.02 8.45 4.13
255 33.92 1.62 20.49 4.95 1.65 2.01 3.95 7.25 3.80
26.5 37.13 0.81 18.88 3.24 1.45 1.98 3.86 6.32 3.38
275 40.32 043 17.45 2.06 0.99 1.76 3.84 5.59 2.99
28.5 44.06 0.16  15.92 1.1 0.84 1.44 3.77 5.01 2.58
29.5 4840 0.09 14.26 0.67 0.68 1.13 3.70 4.41 2.20
30.5 53.83 0.02 1224 0.25 0.53 0.76 3.64 3.58 1.82
31.5 58.91 0.01 10.19 0.09 0.38 0.44 3.54 2.92 1.47
32.5 64.07 0.01 8.13 0.06 0.25 0.29 3.42 2.40 1.18
33.5 68.16 0.01  6.09 0.01 0.13 0.16 3.26 1.93 0.80
345 7158 0.01 474 0.01 0.09 0.10 3.12 1.59 0.60
35.5 73.85 0.00 3.43 0.01 0.05 0.06 2.95 1.26 0.41
36.5 75.82 0.00 247 0.00 0.02 0.03 2.78 0.99 0.28
375 7748 0.00 1.81 0.00 0.02 0.02 2.63 0.78 0.19
38.5 79.07 0.00 1.22 0.00 0.01 0.01 2.49 0.59 0.12
39.5 80.49 0.00 0.88 0.00 0.00 0.01 2.34 0.45 0.08
40.5 81.88 0.00 0.57 0.00 0.00 0.00 2.18 0.32 0.05
41.5 83.14 0.00 0.35 0.00 0.00 0.00 2.02 0.22 0.03
42.5 84.47 0.00 0.24 0.00 0.00 0.00 1.87 0.16 0.02
435 85.83 0.00 0.13 0.00 0.00 0.00 1.72 0.10 0.01
445 87.16 0.00 0.08 0.00 0.00 0.00 1.59 0.07 0.01
455 88.31 0.00 0.05 0.00 0.00 0.00 1.48 0.05 0.00
46.5 89.39 0.00 0.03 0.00 0.00 0.00 1.37 0.03 0.00
475 90.45 0.00 0.01 0.00 0.00 0.00 1.29 0.02 0.00
48.5 91.37 0.00 0.01 0.00 0.00 0.00 1.24 0.02 0.00
49.5 9226 0.00 0.01 0.00 0.00 0.00 1.18 0.01 0.00
50.5 9295 0.00 0.00 0.00 0.00 0.00 113 0.01 0.00
51.5 93.55 0.00 0.00 0.00 0.00 0.00 1.10 0.01 0.00
52.5 94.19 0.00 0.00 0.00 0.00 0.00 1.08 0.01 0.00
53.5 9466 0.00 0.00 0.00 0.00 0.00 1.06 0.00 0.00
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Table A10. The percentage contribution of CFC-114, CFC-115, HCFC-142b, HCFC-141b,
CIONO,, CIO, HOCI and H-1211 to the total chlorine budget in the latitude bands between
0°N and 30° S (evening occultations).

Altitude CFC-114 CFC-115 HCFC-142b HCFC-141b CIONO, CIO HOCI  H-1211
10.5 0.98 0.27 0.46 1.09 0.04 0.00 0.02 0.2
11.5 0.98 0.27 0.46 1.09 0.09 0.00 0.02 0.2
12.5 0.98 0.27 0.46 1.08 0.17 0.00 0.02 0.12
135 0.98 0.27 0.46 1.08 0.23 0.00 0.02 0.12
145 0.97 0.27 0.45 1.07 0.29 0.00 0.01 0.12
15.5 0.97 0.26 0.45 1.06 0.42 0.00 0.01 0.12
16.5 0.96 0.26 0.45 1.03 0.64 0.00 0.01 0.11
17.5 0.94 0.26 0.43 0.99 1.04 0.00 0.01 0.10
18.5 0.90 0.26 0.41 0.92 1.43 0.01 0.01 0.09
19.5 0.86 0.25 0.39 0.85 1.86 0.01 0.01 0.07
20.5 0.82 0.25 0.37 0.78 3.10 0.02 0.03 0.06
215 0.80 0.24 0.36 0.72 5.35 0.06 0.06 0.04
225 0.78 0.24 0.35 0.66 8.23 012 0.12 0.03
235 0.75 0.24 0.34 0.60 11.45 023 022 0.01
24.5 0.74 0.24 0.33 0.54 14.44 0.40 035 0.01
255 0.73 0.24 0.33 0.47 17.47 062 051 0.00
26.5 0.71 0.24 0.32 0.39 19.80 0.80 0.68 0.00
275 0.70 0.24 0.32 0.33 21.20 097 0.83 0.00
28.5 0.68 0.24 0.31 0.26 21.56 116 0.89 0.00
29.5 0.66 0.23 0.30 0.21 20.70 134 1.02 0.00
30.5 0.64 0.23 0.29 0.15 19.06 179 116 0.00
31.5 0.61 0.23 0.28 0.11 16.94 258 130 0.00
325 0.57 0.23 0.27 0.08 14.52 313 146 0.00
33.5 0.53 0.23 0.25 0.04 12.11 466 1.62 0.00
34.5 0.50 0.22 0.24 0.03 9.12 626 180 0.00
35.5 0.46 0.22 0.22 0.02 7.40 7.80 1.88 0.00
36.5 0.42 0.21 0.21 0.01 5.68 920 1.88 0.00
375 0.38 0.21 0.19 0.01 4.31 10.12 1.85 0.00
38.5 0.35 0.20 0.18 0.00 2.98 11.02 1.76 0.00
39.5 0.31 0.20 0.16 0.00 1.87 11.62 1.57 0.00
40.5 0.28 0.19 0.15 0.00 1.04 11.92 1.40 0.00
415 0.25 0.19 0.13 0.00 0.58 11.89 119 0.00
425 0.22 0.18 0.12 0.00 0.29 1143 1.00 0.00
43.5 0.19 0.18 0.11 0.00 0.14 10.78 0.82 0.00
44.5 0.17 0.17 0.10 0.00 0.07 993 067 0.00
455 0.15 0.17 0.09 0.00 0.03 9.15 052 0.00
46.5 0.13 0.16 0.08 0.00 0.01 839 041 0.00
475 0.11 0.16 0.07 0.00 0.01 755 033 0.00
48.5 0.10 0.15 0.07 0.00 0.00 6.78 0.26 0.00
49.5 0.09 0.15 0.06 0.00 0.00 6.03 020 0.00
50.5 0.08 0.15 0.06 0.00 0.00 544 0.17 0.00
51.5 0.08 0.15 0.06 0.00 0.00 491 014 0.00
52.5 0.07 0.15 0.05 0.00 0.00 435 0.10 0.00
53.5 0.07 0.14 0.05 0.00 0.00 393 0.08 0.00
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Table A11. The percentage contribution of HCI, CCl,, CFC-12, CFC-11 COCIF, COCl,, HCFC-
22, CH4Cl and CFC-113 to the total chlorine budget in the latitude bands between 0°N and
30° S (morning occultations).

Altitude  HCI CCl, CFC-12 CFC-11 COCIF COCl, HCFC-22 CHyCl CFC-113
10.5 0.11 12.70 30.74 22.11 0.21 0.01 5.89 18.41 6.80
11.5 020 12.61 30.71 22.09 0.24 0.01 5.89 18.39 6.79
125 0.18 1246 30.72 22.10 0.29 0.02 5.89 1840 6.78
135 0.21 12.36 30.70 22.08 0.38 0.02 5.89 18.39 6.75
145 024 1230 30.65 22.04 0.50 0.03 5.88 18.36 6.72
15.5 048 1210 30.49 22.04 0.63 0.04 5.83 18.33 6.65
16.5 114 11.88 3047 21.70 0.87 0.07 5.78 17.86 6.56
17.5 278 1141 30.23 21.17 0.99 0.14 5.71 1710 6.35
18.5 6.54 10.51 29.53 19.91 1.09 0.32 5.76 15.84 6.01
19.5 11.69 928 2847 18.17 1.25 0.61 5.63 1436 5.60
20.5 1741 792 2710 16.14 1.50 0.89 5.02 1242 524
215 21.74 6.56 2571 13.91 1.72 1.24 4.67 10.70 4.96
22.5 2486 5.03 24.46 11.59 1.83 1.49 4.38 10.02 4.68
23.5 27.64 383 2296 9.23 1.82 1.71 4.19 9.46 4.37
245 3044 274 21.80 6.86 1.78 1.87 3.97 8.34 4.08
255 3349 1.60 20.24 4.88 1.63 1.98 3.90 7.16 3.75
26.5 36.56 0.80 18.59 3.19 1.43 1.95 3.80 6.22 3.32
275 39.58 0.43 17.12 2.03 0.97 1.72 3.76 5.49 2.93
28.5 43.13 0.16 1558 1.08 0.82 1.41 3.69 4.91 2.53
29.5 4711 0.09 13.88 0.66 0.66 1.10 3.60 4.29 214
30.5 5226 0.02 11.88 0.24 0.51 0.74 3.53 3.48 1.77
31.5 57.16 0.00 9.89 0.08 0.37 0.42 3.44 2.84 1.42
32.5 6196 0.01 7.86 0.04 0.25 0.28 3.30 2.32 1.09
33.5 66.65 0.01 596 0.01 0.13 0.15 3.19 1.88 0.78
345 70.57 0.01 467 0.01 0.09 0.10 3.07 1.57 0.59
35.5 7427 0.00 3.45 0.01 0.05 0.06 2.97 1.27 0.41
36.5 7743 0.00 252 0.00 0.03 0.03 2.84 1.01 0.28
375 79.89 0.00 1.87 0.00 0.02 0.02 2.7 0.81 0.20
38.5 81.98 0.00 1.27 0.00 0.01 0.01 2.58 0.61 0.12
39.5 83.67 0.00 0.92 0.00 0.01 0.01 2.43 0.47 0.09
40.5 85.04 0.00 0.59 0.00 0.00 0.00 2.26 0.33 0.05
41.5 86.13 0.00 0.37 0.00 0.00 0.00 2.09 0.23 0.03
42.5 86.82 0.00 0.25 0.00 0.00 0.00 1.92 0.17 0.02
435 87.67 0.00 0.13 0.00 0.00 0.00 1.75 0.11 0.01
445 88.47 0.00 0.08 0.00 0.00 0.00 1.62 0.07 0.01
455 89.20 0.00 0.05 0.00 0.00 0.00 1.49 0.05 0.00
46.5 89.92 0.00 0.03 0.00 0.00 0.00 1.38 0.03 0.00
475 90.69 0.00 0.01 0.00 0.00 0.00 1.29 0.02 0.00
48.5 91.35 0.00 0.01 0.00 0.00 0.00 1.23 0.02 0.00
49.5 92.07 0.00 0.01 0.00 0.00 0.00 1.18 0.01 0.00
50.5 92.81 0.00 0.00 0.00 0.00 0.00 113 0.01 0.00
51.5 93.49 0.00 0.00 0.00 0.00 0.00 1.10 0.01 0.00
52.5 94.18 0.00 0.00 0.00 0.00 0.00 1.08 0.01 0.00
53.5 94.77 0.00 0.00 0.00 0.00 0.00 1.06 0.00 0.00
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Table A12. The percentage contribution of CFC-114, CFC-115, HCFC-142b, HCFC-141b,
CIONO,, CIO, HOCI and H-1211 to the total chlorine budget in the latitude bands between
0°N and 30° S (morning occultations).

Altitude CFC-114 CFC-115 HCFC-142b HCFC-141b CIONO, CIO HOCI H-1211
10.5 0.98 0.27 0.46 1.09 0.05 0.01 0.04 0.12
1.5 0.98 0.27 0.46 1.09 0.12 0.01 0.04 0.2
12.5 0.98 0.27 0.46 1.08 0.22 0.01 0.08 0.12
13.5 0.98 0.27 0.46 1.08 0.30 0.01 0.03 0.12
14.5 0.97 0.26 0.45 1.07 0.39 0.01 0.02 0.12
15.5 0.96 0.26 0.45 1.05 0.55 0.01 0.01 0.12
16.5 0.96 0.26 0.44 1.03 0.85 0.01 0.01 0.1
17.5 0.93 0.26 0.43 0.99 1.37 0.02 0.01 0.10
18.5 0.90 0.26 0.41 0.92 1.88 0.03 0.01 0.09
19.5 0.85 0.25 0.39 0.84 2.45 0.05 0.01 0.07
20.5 0.82 0.25 0.37 0.77 3.98 0.09 0.03 0.06
215 0.79 0.24 0.36 0.71 6.41 0.18 0.056 0.04
225 0.77 0.24 0.35 0.65 9.26 0.28 0.09 0.08
23.5 0.75 0.23 0.34 0.59 12.33 0.39 0.16 0.01
245 0.73 0.23 0.33 0.53 15.47 0.55 027 0.01
255 0.72 0.23 0.32 0.47 18.41 0.80 0.41 0.00
26.5 0.70 0.23 0.32 0.39 20.87 1.06 0.57 0.00
275 0.69 0.23 0.31 0.32 22.51 122 069 0.00
28.5 0.67 0.23 0.30 0.26 23.11 137 076 0.00
29.5 0.64 0.23 0.29 0.20 22.77 151 083 0.00
30.5 0.62 0.23 0.28 0.15 21.68 1.68 093 0.00
31.5 0.59 0.23 0.27 0.11 20.28 1.83 1.06 0.00
32.5 0.56 0.22 0.26 0.07 18.62 198 1.17 0.00
33.5 0.52 0.22 0.25 0.04 16.71 221 128 0.00
34.5 0.49 0.22 0.23 0.03 14.51 246 139 0.00
35.5 0.46 0.22 0.22 0.02 12.25 2.90 1.46 0.00
36.5 0.43 0.21 0.21 0.01 9.82 3.68 1.49 0.00
37.5 0.39 0.21 0.20 0.01 7.75 446 1.47 0.00
38.5 0.36 0.21 0.18 0.00 5.65 5.62 1.38 0.00
39.5 0.33 0.21 0.17 0.00 3.81 6.64 127 0.00
40.5 0.29 0.20 0.15 0.00 2.39 754 113 0.00
41.5 0.26 0.19 0.14 0.00 1.45 8.14 097 0.00
42.5 0.22 0.19 0.12 0.00 0.81 8.65 0.83 0.00
43.5 0.19 0.18 0.11 0.00 0.41 872 0.70 0.00
445 0.17 0.17 0.10 0.00 0.22 851 0.59 0.00
45.5 0.15 0.17 0.09 0.00 0.10 820 048 0.00
46.5 0.13 0.16 0.08 0.00 0.05 7.83 0.40 0.00
47.5 0.11 0.16 0.07 0.00 0.03 7.28 033 0.00
48.5 0.10 0.15 0.07 0.00 0.01 6.80 0.26 0.00
49.5 0.09 0.15 0.06 0.00 0.01 6.21 022 0.00
50.5 0.08 0.15 0.06 0.00 0.00 557 0.18 0.00
51.5 0.08 0.15 0.06 0.00 0.00 497 0.15 0.00
52.5 0.07 0.15 0.05 0.00 0.00 434 0.12 0.00
53.5 0.07 0.14 0.05 0.00 0.00 3.81 0.09 0.00
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Table A13. The percentage contribution of HCI, CCl,, CFC-12, CFC-11 COCIF, COCl,, HCFC-
22, CH,Cl and CFC-113 to the total chlorine budget in the latitude bands between 30° S and
70° S (evening occultations).

Altitude  HCI CCl, CFC-12 CFC-11 COCIF COCl, HCFC-22 CHyCl CFC-113
10.5 553 11.60 29.44 20.51 1.06 0.19 5.35 16.63 6.54
11.5 7.51 11.07  29.01 20.02 1.13 0.32 5.35 1593 6.23
12.5 9.01 10.49 28.71 19.61 1.19 0.46 5.39 15.34 5.92
135 10.76 9.99 28.18 19.03 1.22 0.55 5.40 1486 5.67
145 13.35 9.36 27.26 18.04 1.23 0.64 5.35 1415 5.42
15.5 1744 851 26.04 16.47 1.25 0.74 5.17 1269 5.16
16.5 2346 7.41 2440 14.32 1.28 0.87 4.76 10.85 4.81
17.5 30.15 6.14 22.34 11.81 1.28 0.99 4.32 8.95 4.36
18.5 36.37 4.85 20.19 9.17 1.27 1.12 4.02 7.34 3.84
19.5 4139 373 18.13 6.61 1.17 1.19 3.80 6.01 3.34
20.5 4538 2.82 16.17 4.27 0.97 1.21 3.61 4.96 2.93
215 4849 210 14.31 2.59 0.75 1.15 3.46 4.07 2.58
22.5 51.08 1.37 1257 1.74 0.56 0.98 3.34 3.23 2.25
23.5 53.62 0.79 10.95 1.15 0.42 0.79 3.28 2.58 1.91
245 55.75 0.39 9.42 0.68 0.37 0.66 3.14 1.96 1.59
255 58.01 0.16 8.03 0.36 0.30 0.53 3.06 1.53 1.29
26.5 60.30 0.07 6.79 0.18 0.24 0.43 2.98 1.20 1.03
275 62.82 0.03 556 0.10 0.18 0.33 2.89 0.96 0.82
28.5 6542 0.01 4.46 0.04 0.13 0.23 2.79 0.81 0.63
29.5 67.93 0.00 3.59 0.02 0.09 0.17 2.69 0.65 0.48
30.5 70.17 0.00 2.80 0.01 0.06 0.11 2.60 0.54 0.36
31.5 7211 0.00 2.13 0.00 0.03 0.06 2.51 0.44 0.25
32.5 73.59 0.00 1.63 0.00 0.02 0.04 2.42 0.36 0.18
33.5 7483 0.00 1.17 0.00 0.01 0.02 2.32 0.28 0.12
345 76.57 0.00 0.85 0.00 0.01 0.01 2.24 0.23 0.08
35.5 7741 0.00 0.61 0.00 0.00 0.01 2.14 0.18 0.06
36.5 77.75 0.00 0.42 0.00 0.00 0.00 2.03 0.14 0.04
375 77.96 0.00 0.31 0.00 0.00 0.00 1.92 0.11 0.03
38.5 78.47 0.00 0.21 0.00 0.00 0.00 1.83 0.09 0.02
39.5 78.85 0.00 0.15 0.00 0.00 0.00 1.73 0.06 0.01
40.5 79.44 0.00 0.10 0.00 0.00 0.00 1.63 0.05 0.01
41.5 80.26 0.00 0.07 0.00 0.00 0.00 1.54 0.03 0.00
42.5 81.27 0.00 0.04 0.00 0.00 0.00 1.46 0.02 0.00
435 8251 0.00 0.03 0.00 0.00 0.00 1.38 0.02 0.00
445 84.01 0.00 0.02 0.00 0.00 0.00 1.31 0.01 0.00
455 85.58 0.00 0.01 0.00 0.00 0.00 1.25 0.01 0.00
46.5 87.22 0.00 0.01 0.00 0.00 0.00 1.20 0.01 0.00
475 88.79 0.00 0.00 0.00 0.00 0.00 1.15 0.00 0.00
48.5 90.20 0.00 0.00 0.00 0.00 0.00 1.12 0.00 0.00
49.5 91.40 0.00 0.00 0.00 0.00 0.00 1.10 0.00 0.00
50.5 92.42 0.00 0.00 0.00 0.00 0.00 1.08 0.00 0.00
51.5 93.23 0.00 0.00 0.00 0.00 0.00 1.06 0.00 0.00
52.5 93.86 0.00 0.00 0.00 0.00 0.00 1.04 0.00 0.00
53.5 94.37 0.00 0.00 0.00 0.00 0.00 1.03 0.00 0.00
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Table A14. The percentage contribution of CFC-114, CFC-115, HCFC-142b, HCFC-141b,
CIONO,, CIO, HOCI and H-1211 to the total chlorine budget in the latitude bands between

30° S and 70° S (evening occultations).

Altitude CFC-114 CFC-115 HCFC-142b HCFC-141b CIONO, CIO HOCI H-1211
10.5 0.96 0.27 0.44 1.03 0.27 0.02 0.05 0.11
11.5 0.92 0.26 0.43 0.97 0.66 0.03 0.05 0.10
125 0.89 0.26 0.41 0.91 1.22 0.04 0.06 0.09
135 0.86 0.26 0.40 0.86 1.76 0.06 0.06 0.09
145 0.84 0.25 0.38 0.82 2.68 0.09 0.07 0.08
155 0.81 0.25 0.37 0.77 4.03 0.13 0.09 0.07
16.5 0.77 0.25 0.35 0.71 5.46 0.15 0.11  0.06
17.5 0.72 0.24 0.33 0.63 7.34 022 013 0.05
18.5 0.67 0.23 0.30 0.54 9.58 032 0.16 0.04
19.5 0.61 0.22 0.27 0.45 12.44 043 0.18 0.02
20.5 0.57 0.22 0.26 0.38 15.49 055 0.19 0.01
215 0.54 0.21 0.24 0.32 18.36 060 022 0.01
22.5 0.51 0.21 0.23 0.27 20.81 0.63 023 0.00
23.5 0.49 0.21 0.22 0.22 22.74 0.60 0.24 0.00
245 0.46 0.20 0.21 0.17 24.09 069 023 0.00
255 0.44 0.20 0.20 0.12 24.74 078 0.24 0.00
26.5 0.42 0.20 0.20 0.09 24.69 093 025 0.00
275 0.40 0.20 0.19 0.07 24.07 113 028 0.00
28.5 0.38 0.20 0.18 0.05 22,91 146 032 0.00
29.5 0.35 0.19 0.17 0.03 21.40 1.84 038 0.00
30.5 0.33 0.19 0.16 0.02 19.70 247 050 0.00
31.5 0.30 0.19 0.15 0.01 17.55 356 069 0.00
32.5 0.28 0.19 0.15 0.01 15.08 512 092 0.00
33.5 0.26 0.19 0.14 0.00 12.37 712 116 0.00
345 0.24 0.19 0.13 0.00 9.10 899 137 0.00
35.5 0.22 0.18 0.12 0.00 6.44 1111 151 0.00
36.5 0.20 0.18 0.11 0.00 4.27 1323 1.62 0.00
375 0.19 0.17 0.11 0.00 2.78 1476 166 0.00
38.5 0.17 0.17 0.10 0.00 1.54 1579 162 0.00
39.5 0.16 0.17 0.09 0.00 0.89 16.38 1.51  0.00
40.5 0.14 0.16 0.08 0.00 0.49 16.51 1.37 0.00
415 0.13 0.16 0.08 0.00 0.27 16.25 1.20 0.00
42.5 0.12 0.16 0.07 0.00 0.14 15669 1.02 0.00
435 0.10 0.15 0.07 0.00 0.07 14.81 0.86 0.00
445 0.09 0.15 0.06 0.00 0.03 13.61 0.69 0.00
455 0.09 0.15 0.06 0.00 0.02 1229 055 0.00
46.5 0.08 0.15 0.05 0.00 0.01 10.85 043 0.00
475 0.07 0.14 0.05 0.00 0.00 945 033 0.00
48.5 0.06 0.14 0.05 0.00 0.00 8.16 025 0.00
49.5 0.06 0.14 0.05 0.00 0.00 7.07 0.18 0.00
50.5 0.06 0.14 0.04 0.00 0.00 6.12 0.14 0.00
51.5 0.05 0.14 0.04 0.00 0.00 536 0.11 0.00
52.5 0.05 0.14 0.04 0.00 0.00 478 0.09 0.00
53.5 0.05 0.14 0.04 0.00 0.00 430 0.07 0.00
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Table A15. The percentage contribution of HCI, CCl,, CFC-12, CFC-11 COCIF, COCl,, HCFC-
22, CH,Cl and CFC-113 to the total chlorine budget in the latitude bands between 30° S and
70° S (morning occultations).

Altitude  HCI CCl, CFC-12 CFC-11 COCIF COCl, HCFC-22 CHyCl CFC-113
10.5 554 11.61 29.46 20.53 1.06 0.19 5.36 16.64 6.54
11.5 753 11.09 29.06 20.05 1.13 0.32 5.36 1595 6.24
12.5 9.04 10.52 28.80 19.67 1.19 0.46 5.40 1539 594
135 10.82 10.04 28.31 19.12 1.23 0.55 5.42 14.93 5.69
145 13.47 944 2751 18.21 1.24 0.65 5.40 1428 5.47
15.5 1771 864 26.44 16.72 1.27 0.75 5.25 12.89 524
16.5 2386 7.53 24.81 14.57 1.30 0.89 4.84 11.03 4.89
17.5 30.65 6.24 2270 12.00 1.30 1.01 4.39 9.10 4.43
18.5 36.89 4.92  20.49 9.30 1.29 1.13 4.08 7.45 3.90
19.5 4188 3.77 18.35 6.69 1.18 1.20 3.85 6.08 3.38
20.5 4553 2.83 16.23 4.28 0.97 1.22 3.62 4.98 2.93
215 48.09 2.08 14.19 2.57 0.75 1.14 3.43 4.03 2.56
22.5 49.83 1.33 12.26 1.70 0.54 0.96 3.26 3.15 219
23.5 51.32 0.75 10.50 1.10 0.41 0.76 3.10 2.43 1.84
245 5322 0.37 899 0.65 0.35 0.63 2.99 1.87 1.52
255 5521 0.15 7.64 0.34 0.29 0.50 2.91 1.45 1.22
26.5 57.40 0.06 6.46 0.18 0.23 0.41 2.84 1.14 0.98
275 60.08 0.03 5.32 0.09 0.17 0.31 2.76 0.92 0.78
28.5 62.89 0.01 429 0.04 0.12 0.22 2.68 0.78 0.60
29.5 6541 0.00 3.46 0.02 0.09 0.16 2.59 0.63 0.47
30.5 67.61 0.00 270 0.01 0.06 0.10 2.50 0.52 0.34
31.5 69.45 0.00 2.05 0.00 0.03 0.06 2.42 0.42 0.24
32.5 71.01 0.00 157 0.00 0.02 0.04 2.34 0.35 0.17
33.5 7237 0.00 1.14 0.00 0.01 0.02 2.24 0.27 0.11
345 7377 0.00 0.82 0.00 0.01 0.01 2.16 0.22 0.08
35.5 75.09 0.00 0.59 0.00 0.00 0.01 2.07 0.18 0.05
36.5 76.32 0.00 0.42 0.00 0.00 0.00 1.99 0.14 0.04
375 77.58 0.00 0.31 0.00 0.00 0.00 1.91 0.11 0.02
38.5 78.84 0.00 0.21 0.00 0.00 0.00 1.84 0.09 0.02
39.5 80.02 0.00 0.15 0.00 0.00 0.00 1.75 0.06 0.01
40.5 81.11 0.00 0.1 0.00 0.00 0.00 1.67 0.05 0.01
41.5 8220 0.00 0.07 0.00 0.00 0.00 1.58 0.03 0.00
42.5 83.29 0.00 0.05 0.00 0.00 0.00 1.50 0.02 0.00
435 84.47 0.00 0.03 0.00 0.00 0.00 1.42 0.02 0.00
445 85.83 0.00 0.02 0.00 0.00 0.00 1.34 0.01 0.00
455 87.20 0.00 0.01 0.00 0.00 0.00 1.28 0.01 0.00
46.5 88.57 0.00 0.01 0.00 0.00 0.00 1.22 0.01 0.00
475 89.89 0.00 0.00 0.00 0.00 0.00 1.16 0.00 0.00
48.5 91.07 0.00 0.00 0.00 0.00 0.00 1.13 0.00 0.00
49.5 92.06 0.00 0.00 0.00 0.00 0.00 1.1 0.00 0.00
50.5 9293 0.00 0.00 0.00 0.00 0.00 1.08 0.00 0.00
51.5 93.69 0.00 0.00 0.00 0.00 0.00 1.06 0.00 0.00
52.5 9441 0.00 0.00 0.00 0.00 0.00 1.05 0.00 0.00
53.5 95.03 0.00 0.00 0.00 0.00 0.00 1.03 0.00 0.00

23539

| Jadeq uoissnosiq | Jaded uoissnoasiqg

Jaded uoissnosiq

Jaded uoissnosiq

il

ACPD
13, 23491-23548, 2013

Global stratospheric
chlorine inventories
for 2004-2009

A. T. Brown et al.

Title Page

Abstract

Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/23491/2013/acpd-13-23491-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/23491/2013/acpd-13-23491-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table A16. The percentage contribution of CFC-114, CFC-115, HCFC-142b, HCFC-141b,
CIONO,, CIO, HOCI & H-1211 to the total chlorine budget in the latitude bands between 30° S

and 70° S (morning occultations).

Altitude CFC-114 CFC-115 HCFC-142b HCFC-141b CIONO, CIO HOCI H-1211
10.5 0.96 0.27 0.45 1.03 0.20 0.02 0.04 0.1
11.5 0.93 0.26 0.43 0.97 0.50 0.04 0.04 0.10
125 0.89 0.26 0.41 0.91 0.92 0.06 0.03 0.09
135 0.87 0.26 0.40 0.87 1.24 0.14 0.03 0.09
145 0.84 0.26 0.39 0.83 1.65 025 0.04 0.08
155 0.82 0.25 0.37 0.78 2.38 0.38 0.04 0.07
16.5 0.78 0.25 0.36 0.72 3.51 0.55 0.06 0.06
17.5 0.73 0.24 0.33 0.64 5.32 0.78 0.07 0.05
18.5 0.67 0.24 0.30 0.55 7.76 094 0.08 0.04
19.5 0.62 0.23 0.28 0.46 10.94 098 0.09 0.02
20.5 0.57 0.22 0.26 0.38 14.69 117 012  0.01
215 0.54 0.21 0.24 0.32 18.33 137 014 0.01
22.5 0.50 0.21 0.22 0.26 21.92 149 0.18 0.00
23.5 0.47 0.20 0.21 0.21 24.88 164 020 0.00
245 0.44 0.20 0.20 0.16 26.52 168 023 0.00
255 0.42 0.19 0.19 0.12 27.27 182 026 0.00
26.5 0.40 0.19 0.19 0.09 27.36 178 028 0.00
275 0.38 0.19 0.18 0.06 26.79 1.61 0.31  0.00
28.5 0.36 0.19 0.17 0.04 25.59 167 035 0.00
29.5 0.34 0.19 0.17 0.03 24.19 1.87 040 0.00
30.5 0.31 0.18 0.16 0.02 22.80 221 046 0.00
31.5 0.29 0.18 0.15 0.01 21.42 268 058 0.00
32.5 0.27 0.18 0.14 0.01 19.75 3.41 0.72  0.00
33.5 0.25 0.18 0.13 0.00 17.99 439 088 0.00
345 0.23 0.18 0.13 0.00 15.54 583 1.04 0.00
35.5 0.22 0.18 0.12 0.00 12.81 752 116 0.00
36.5 0.20 0.17 0.11 0.00 10.05 929 126 0.00
375 0.19 0.17 0.10 0.00 7.51 10.76 1.31  0.00
38.5 0.17 0.17 0.10 0.00 5.13 12143 1.30 0.00
39.5 0.16 0.17 0.09 0.00 3.14 13.18 1.26  0.00
40.5 0.14 0.17 0.09 0.00 1.75 13.74 118 0.00
415 0.13 0.16 0.08 0.00 0.97 13.72 1.056 0.00
42.5 0.12 0.16 0.07 0.00 0.49 1340 0.89 0.00
435 0.11 0.16 0.07 0.00 0.23 1275 0.74  0.00
445 0.10 0.15 0.06 0.00 0.12 11.76 0.60 0.00
455 0.09 0.15 0.06 0.00 0.05 10.66 0.48 0.00
46.5 0.08 0.15 0.05 0.00 0.02 9.51 0.39 0.00
475 0.07 0.15 0.05 0.00 0.01 835 0.31 0.00
48.5 0.07 0.14 0.05 0.00 0.01 729 024 0.00
49.5 0.06 0.14 0.05 0.00 0.00 6.39 0.19 0.00
50.5 0.06 0.14 0.04 0.00 0.00 5,60 0.15 0.00
51.5 0.05 0.14 0.04 0.00 0.00 490 0.11  0.00
52.5 0.05 0.14 0.04 0.00 0.00 422 009 0.00
53.5 0.05 0.14 0.04 0.00 0.00 364 0.07 0.00
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Fig. 1. The total chlorine (black), inorganic chlorine (blue) and organic chlorine (red) profiles for
measurements made by the ACE-FTS between 70° N and 30° N. The error bars on the total,
inorganic and organic chlorine profiles are a linear combination of the standard deviations of the
data which was used to calculate these profiles. The profiles in the top panels are calculated
using evening (local time) profiles of CIO, CIONO, and HOCI while the profiles in the bottom
panels are for morning (local time) profiles.
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Fig. 6. The trends in the mean total stratospheric chlorine between 2004 and 2009 for different
regions. The red line represents the line of best fit for the evening occultations mean strato-
spheric total chlorine volume mixing ratio (the red circles). The blue line represents the line of
best fit for the morning occultations mean stratospheric total chlorine volume mixing ratio (the
blue circles). The error bars shown in the plots are calculated from the standard deviation of
the data used to calculate the mean total chlorine VMRs.
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Fig. 7. The trends in the GWP-weighted total chlorine (ppb) between 2004 and 2009. The red
line represents the line of best fit for the GWP weighted mean volume mixing ratio (the black
circles). The error bars shown in the plots are calculated from the weighted standard deviation
of the data used to calculate the means.
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Fig. 8. The trends in the ODP-weighted total chlorine between 2004 and 2009. The red line
represents the line of best fit for the ODP weighted mean volume mixing ratio (the black circles).
The error bars shown in the plots are calculated from the weighted standard deviation of the
data used to calculate the means.
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