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A global inventory of stratospheric chlorine in 2004
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[1] Total chlorine (Clror) in the stratosphere has been determined using the Atmospheric
Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS) measurements of
HCIl, CIONO,, CH;Cl, CCly, CCI5F (CFC-11), CCL,F, (CFC-12), CHCIF, (HCFC-22),
CCLFCCIF, (CFC-113), CH5CCIF, (HCFC-142b), COCIF, and CIO supplemented by
data from several other sources, including both measurements and models. Separate
chlorine inventories were carried out in five latitude zones (60°—82°N, 30°—60°N,
30°S—-30°N, 30°-60°S, and 60°—-82°S), averaging the period of February 2004 to
January 2005 inclusive, when possible, to deal with seasonal variations. The effect of
diurnal variation was avoided by only using measurements taken at local sunset. Mean
stratospheric Clror values of 3.65 ppbv were determined for both the northern and
southern midlatitudes (with an estimated 1o accuracy of £0.13 ppbv and a precision of
+0.09 ppbv), accompanied by a slightly lower value in the tropics and slightly higher
values at high latitudes. Stratospheric Clror profiles in all five latitude zones are nearly
linear with a slight positive slope in ppbv/km. Both the observed slopes and pattern of
latitudinal variation can be interpreted as evidence of the beginning of a decline in global
stratospheric chlorine, which is qualitatively consistent with the mean stratospheric
circulation pattern and time lag necessary for transport.
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1. Introduction

[2] The decrease in stratospheric ozone since the mid-
1970s is largely due to the anthropogenic emission of
organic chlorine and bromine compounds. Many of the
organic chlorine compounds including chlorofluorcarbons
(CFCs), hydrochlorofluorocarbons (HCFCs), halons and
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others are chemically stable in the troposphere where they
behave as greenhouse gases, contributing to global climate
change. Brewer-Dobson circulation transports these com-
pounds to the tropical stratosphere and subsequently dis-
tributes them to the middle and high latitudes. In the
stratosphere, they are broken down by UV photolysis or
reaction with radicals such as O('D) and OH, ultimately
resulting in the formation of active chlorine species such as
chlorine monoxide (ClO). Active chlorine species partici-
pate in catalytic cycles destroying stratospheric ozone
[Molina and Rowland, 1974; Stolarski and Cicerone,
1974; Farman et al., 1985; Molina and Molina, 1987],
until they undergo conversion to reservoir species such as
chlorine nitrate (CIONO,) or hydrogen chloride (HCI). A
detailed review of these processes is given by Solomon
[1999].

[3] Prior to the widespread use of ozone depleting
gases only a few decades ago, total chlorine (Clrot) in
the stratosphere had a volume mixing ratio (VMR) equal
to the natural background level of about 0.6 ppbv (parts
per billion by volume), which is primarily due to CH;CL
Measurements indicate that mean stratospheric Clror
reached 3.70 + 0.20 ppbv around 1997 [Sen et al.,
1999] and has recently begun a slow decline [4Anderson
et al., 2000; Mahieu et al., 2004] as a result of the
emission restrictions required by the Montreal Protocol
and its amendments, but the exact date and the VMR of
the maximum in stratospheric Clror are somewhat ill
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defined [Waugh et al., 2001]. Most modeling studies
predict that global stratospheric ozone should fully recover
shortly after stratospheric chlorine declines to 2.0 ppbv
[World Meteorological Organization (WMO), 1999;
Prather and Watson, 1990; Prather et al., 1996], but
predictions of the date that chlorine will reach this level
range from 2040 to 2070 [Engel et al., 2002]. Further-
more, increases in stratospheric water vapor and strato-
spheric cooling associated with climate change both
enhance polar stratospheric cloud (PSC) formation, which
makes predicting the exact date of ozone recovery even
more difficult [Austin et al., 1992, 2002; Shindell et al.,
1998; Shindell and Grewe, 2002].

[4] Until there is more certainty regarding the recovery
of global stratospheric ozone, it will remain necessary to
monitor ozone levels and make continual measurements
of the species that contribute to stratospheric chlorine.
There are currently a variety of different instruments that
can measure chlorinated species in the atmosphere from
the ground, aircraft, balloons or space-based platforms.
Zander et al. [1992, 1996] determined mean stratospheric
Clror values of 2.58 £ 0.10 ppbv in 1985 and 3.53 =+
0.10 ppbv in 1994 for northern midlatitudes, primarily
using measurements from the Atmospheric Trace Mole-
cule Spectroscopy (ATMOS) instrument which flew four
times on the NASA Space Shuttle (1985, 1992, 1993, and
1994). Similarly, a value of 3.70 + 0.20 ppbv was
determined based on measurements by the balloon-borne
MKIV interferometer during the Arctic summer of 1997
[Sen et al., 1999]. Both of these instruments are high-
resolution infrared Fourier transform spectrometers, which
are capable of measuring a large number of chlorine-
containing species. The determination of total chlorine
from their measurements was made by summing the
chlorine contributions from all significant individual spe-
cies averaged over a range of stratospheric altitudes.
During the Stratospheric Aerosol and Gas Experiment
(SAGE) III Ozone Loss and Validation Experiment
(SOLVE) campaign, air samples were collected from a
NASA ER-2 aircraft between 10 and 21 km altitude in
the 2000 Arctic winter [Schauffler et al., 2003]. Labora-
tory analysis of the air samples gave individual VMR
profiles of 15 chlorine-containing species and a similar
approach of summing profiles yielded a Clror value of
about 3.6 ppbv.

[5] The Halogen Occultation Experiment (HALOE) on
the Upper Atmosphere Research Satellite (UARS) has
produced a record of HCIl at 55 km from 1991 to 2005
[Russell et al., 1996b; Anderson et al., 2000], but has
now been retired. According to the HALOE method, the
ratio of HCI to total inorganic chlorine (Cl,) at 55 km
altitude is 0.93 at the equator and 0.95 at high latitudes,
so measurements of HCl at a given latitude are divided
by this ratio to obtain Cly, which has often been used as
an approximation for Clror. Russell et al. [1996b] state
that HCI/Clyor is less than 1 mostly due to CHCIF,
(HCFC-22), one of the few organic chlorine species known
to exist in the upper stratosphere in significant amounts
at that time [Weisenstein et al., 1992; Rummukainen, 1996;
Coheur et al., 2003]. HALOE determined Cl, values of
3.3 £ 0.33 ppbv in June 1995 [Russell et al., 1996b]
and over 3.5 ppbv in 2000 [Anderson et al., 2000]
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which indicate that HALOE Cl, are somewhat lower
than Clyot determined by ATMOS or MKIV at a similar
time.

[6] Although ground-based measurements provide less
global coverage than satellites, a large number of sites
make measurements of chlorine-containing species, which
together make an important contribution to assessing
chlorine levels in the atmosphere and their temporal
evolution. Some of the most important sets of ground-
based measurements come from the Atmospheric Lifetime
Experiment, the Global Atmospheric Gases Experiment
and the Advanced Global Atmospheric Gases Experiment
(ALE/GAGE/AGAGE) [Prinn et al., 2000], the National
Oceanic and Atmospheric Administration Climate Moni-
toring and Diagnostics Laboratory (NOAA/CMDL) meas-
urements [Montzka et al., 1996, 1999] and the Network
for the Detection of Stratospheric Change (NDSC)
[Rinsland et al., 2003], which has recently been renamed
the Network for the Detection of Atmospheric Composition
Change (NDACC). The in situ ALE/GAGE/AGAGE and
NOAA/CMDL measurements both indicate declining lev-
els of tropospheric chlorine, largely driven by declines in
CH;CCl; and CCly [Prinn et al., 2000]. The NDSC solar
absorption measurements are used to infer total column
amounts of a number of species, including HCI and
CIONO,. These measurements indicate that Cl, in the
lower stratosphere has been decreasing very slowly
(—0.7 £ 0.3%/yr, lo) since it peaked in late 1996 [Mahieu
et al., 2004].

[7] Comparisons between measurement sets and indus-
try-reported levels of source gas production and emission
with modeling studies of chemistry and transport helps to
obtain a complete understanding of the distribution and
composition of chlorine species in the stratosphere, which
aids in making accurate predictions about ozone recovery.
In the present work, stratospheric Clror is calculated by
taking the sum of the chlorine contribution from VMR
profiles of individual chlorine-containing species mea-
sured by the Atmospheric Chemistry Experiment Fourier
Transform Spectrometer (ACE-FTS), supplemented by
profiles of species measured by other instruments or, in
some cases, calculated profiles. Daytime Clror profiles
are determined separately in five latitude zones (60°—
82°N, 30°-60°N, 30°S—-30°N, 30°-60°S and 60°—-82°S)
during the period of February 2004 to January 2005
inclusive. Clyor profiles are then averaged over a range
of stratospheric altitudes to obtain a value for mean
stratospheric Clror, as by Zander et al. [1992, 1996].
The results of this global inventory of stratospheric
chlorine can be used for comparing with other measure-
ments as well as reported emission inventories, for
assessing the effectiveness of the Montreal Protocol and
for incorporating into models to predict the eventual date
of recovery of the ozone layer.

2. Definitions of Total Stratospheric Chlorine

[8] The method for determination of stratospheric Cltor
in this work is similar to the method of Zander et al. [1992,
1996] based on the sum of all significant chlorine-
containing species in the stratosphere. In the present work,
total organic chlorine CCl,, total inorganic chlorine Cly, and
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