
HAL Id: hal-00328398
https://hal.science/hal-00328398v1

Submitted on 18 Jun 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Trends of halon gases in polar firn air: implications for
their emission distributions

C. E. Reeves, W. T. Sturges, G. A. Sturrock, K. Preston, D. E. Oram, J.
Schwander, R. Mulvaney, J.-M. Barnola, J. Chappellaz

To cite this version:
C. E. Reeves, W. T. Sturges, G. A. Sturrock, K. Preston, D. E. Oram, et al.. Trends of halon gases
in polar firn air: implications for their emission distributions. Atmospheric Chemistry and Physics,
2005, 5 (8), pp.2064. �hal-00328398�

https://hal.science/hal-00328398v1
https://hal.archives-ouvertes.fr


Atmos. Chem. Phys., 5, 2055–2064, 2005
www.atmos-chem-phys.org/acp/5/2055/
SRef-ID: 1680-7324/acp/2005-5-2055
European Geosciences Union

Atmospheric
Chemistry

and Physics

Trends of halon gases in polar firn air: implications for their
emission distributions

C. E. Reeves1, W. T. Sturges1, G. A. Sturrock1, K. Preston1, D. E. Oram1, J. Schwander2, R. Mulvaney3,
J.-M. Barnola4, and J. Chappellaz4

1School of Environmental Sciences, University of East Anglia, Norwich, NR4 7TJ, UK
2Physics Institute, University of Berne, Berne, Switzerland
3British Antarctic Survey, Natural Environment Research Council, Cambridge, UK
4CNRS Laboratoire de Glaciologie et Geophysique de l’Environnement, Saint Martin d’Heres, France

Received: 10 December 2004 – Published in Atmos. Chem. Phys. Discuss.: 18 February 2005
Revised: 27 June 2005 – Accepted: 14 July 2005 – Published: 8 August 2005

Abstract. Four halons (H-1301, H-1211, H-2402 and H-
1202) have been measured in air samples collected from po-
lar firn from Dome Concordia (Dome C), Antarctica, from
Devon Island, Canada and the North Greenland Ice Core
Project (NGRIP) site, Greenland. H-2402 and H-1202 are
reported for the first time in firn air. The depth profiles show
the concentrations of all four halons to be close to zero (i.e.
below the detection limit of 0.001 ppt) at the base of the
firn thus demonstrating their entirely anthropogenic origin.
This is the first evidence of this for H-2402 and H-1202. A
2-D atmospheric model was run with emissions previously
derived using archive air measurements from the southern
hemisphere mid-latitudes to produce historical trends in at-
mospheric concentrations at the firn sites, which were then
input into a firn diffusion model to produce concentration
depth profiles for comparison with the firn measurements.
This comparison provides an evaluation of the model-derived
atmospheric concentration histories in both hemispheres and
thus an indirect evaluation of the emission rates and distri-
butions used in the atmospheric model. Atmospheric con-
centration trends produced using global emissions previously
determined from measurements at Cape Grim are found to be
consistent with the firn data from the southern hemisphere.
Further emissions of H-1202 in recent years (late 1980s on-
wards) are likely to have come from latitudes mostly south
of 40◦ N, but emissions prior to that may have come from
further north. Emissions of H-1211 may also have shifted
to latitudes south of 40◦ N during the late 1980s. Following
comparison of the atmospheric model output with the firn
data, modelled atmospheric trends of total organic bromine
in the form of halons were derived for both polar regions.

Correspondence to:C. E. Reeves
(c.reeves@uea.ac.uk)

1 Introduction

Halons have been used for many years (back to the early
1960s) as effective gaseous fire-extinguishing agents (Mc-
Culloch, 1992). Measurements of H-1301 (CBrF3), H-1211
(CBrClF2), H-2402 (CBrF2CBrF2) and H-1202 (CBr2F2) in
atmospheric air samples collected since 1978 have shown
that concentrations of all 4 of these halons have increased
substantially during the latter part of the 20th Century (Fraser
et al., 1999; Butler et al., 1998). Further measurements of H-
1301 and H-1211 in air trapped in firn (partially consolidated
snow) have demonstrated that natural sources of these com-
pounds to the atmosphere are minimal or non-existent (But-
ler et al., 1999) and that atmospheric concentrations were
zero up to about 1970 (Sturrock et al., 2002). Together the
four halons made up 7.7 ppt of organic bromine (Br) in 2000,
which was increasing at a rate of 0.2 ppt Br yr−1 (Montzka
et al., 2003a), and Br in the most abundant halons (H-1301
and H-1211) continued to increase at a rate of 0.1 ppt Br yr−1

between mid-1999 and mid-2002 (Montzka et al., 2003b).
Halons account for about 40% of the organic bromine that
reaches the stratosphere (Schauffler et al., 1999; Pfeilsticker
et al., 2000; Montzka et al., 2003a). Br is about 45 times
more effective than chlorine (Cl) at destroying stratospheric
ozone (O3) (Daniel et al, 1999) and thus the halons constitute
about 350 ppt of tropospheric equivalent Cl (ECL) (i.e. about
8%).

Due to the recognition of the importance of the halons for
O3 depletion, the production and consumption of H-1301,
H-1211 and H-2402 have been regulated under the Mon-
treal Protocol and subsequent Amendments, such that in non-
Article 5 (developed) countries production and consumption
should have ceased in 1994 and in Article 5 (developing)
countries should have been frozen in 2002 at 1995–1997 lev-
els and should be phased out by 2010 (HTOC, 2003). Despite
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this the concentrations of all four halons have grown con-
siderably since 1994, although the rate of accumulation of
Br from the halons is slowing (Butler et al., 1998; Fraser
et al., 1999; Montzka et al., 2003a, b). This growth is due
to release from existing equipment, which constitutes a sub-
stantial reservoir (commonly known as a “bank”) of halons,
and due to allowed continued production in developing coun-
tries (Butler et al., 1998; Fraser et al., 1999). It should be
noted that H-1202 is not covered by the Montreal Protocol or
its Amendments, since most of its production is not deliber-
ate. It is produced from over-bromination during the produc-
tion of H-1211 through bromination of CHClF2 (HCFC-22)
(HTOC, 1999; Fraser et al., 1999).

Measurements of air samples collected in the Southern
Hemisphere (SH) at Cape Grim, Tasmania, Australia, since
1978 have been used to estimate the historical trends in
global emissions of the four halons (Fraser et al, 1999). Mea-
surements of air in polar firn from both the SH (Butler et al.,
1999; Sturrock et al., 2002) and northern hemisphere (NH)
(Butler et al., 1999) have been used to extend the records of
atmospheric concentrations of H-1301 and H-1211 back to
the early part of the 20th century. In this work, we present
measurements of all four halons (H-1301, H-1211, H-2402
and H-1202) (Table 1) in samples of firn air from both hemi-
spheres (Devon Island, Canada, North Greenland Ice Core
Project (NGRIP), Greenland and Dome Concordia (Dome
C), Antarctica). These therefore represent the longest histor-
ical records of H-2402 and H-1202 and the first opportunity
to determine historical records of atmospheric concentrations
of these species in the NH.

A firn diffusion model was run with a number of pre-
scribed atmospheric concentration time series to determine
concentration depth profiles (direct mode) which have then
been compared with the firn observations. These atmo-
spheric time series were generated by a 2-D atmospheric
chemical-transport model (Fraser et al., 1999) in which the
global emission rates were adjusted to match atmospheric
concentrations of all four halons from the Cape Grim record
(Fraser et al., 1999; and updated using more recently mea-
sured concentrations). Using the measured data from the two
hemispheres the latitudinal distribution of emissions was in-
vestigated.

2 Methods

2.1 Firn air measurements

Firn air was sampled at Dome C, Antarctica (75◦ S, 123◦ E)
and from the Arctic, at Devon Island, Canada (75◦ N, 82◦ W)
and NGRIP, Greenland (75◦ N, 42◦ W). Further site details
and sampling dates are given in Table 2. Various depths were
sampled from the surface to pore close off at each site. A
range of electropolished, stainless steel and fused silica-lined
flasks were used for sampling and these have previously been

shown to exhibit excellent stability over several months to
many years for a wide range of halocarbons (Fraser et al.,
1999; Sturges et al., 2001a). The technique for extracting
air from the firn has been described fully in Schwander et
al. (1993) and Sturges et al. (2001a).

The whole air firn samples were cryogenically focused
(400 mL aliquots) then desorbed and analyzed using a Mi-
cromass Autospec gas chromatograph combined with a tri-
sector mass spectrometer (GC-MS) operated in single ion
mode. The four halon gases and other halocarbons (includ-
ing CFC-12) were separated on a KCl-passivated alumina
(Al2O3/KCl) PLOT column. The complete analytical details
with ion masses used for species detection are given else-
where (Oram et al., 1995; Fraser et al., 1999). Detection
limits were estimated at 0.001 ppt. Instrumental drift correc-
tions and calibrations were made by reference to an air stan-
dard with mixing ratios assigned by static gas phase dilution
detailed in Fraser et al. (1999).

To compare results from this current study with previ-
ous studies, all concentrations reported here are presented
on the University of East Anglia (UEA) scale. The average
UEA to National Oceanic and Atmospheric Administration
Climate Monitoring and Diagnostics Laboratory (NOAA-
CMDL) calibration scale ratios (UEA/NOAA-CMDL) are
1.16 (H-1211) and 0.92 (H-1301) and average UEA to Ad-
vanced Global Atmospheric Gases Experiment (AGAGE)
calibration scale ratios (UEA/AGAGE) are 1.12 (H-1211)
and 0.79 (H-1301) as derived from comparisons of data
collected at Cape Grim (Fraser, personal communication,
February, 2004). The appropriate factors are used for conver-
sion of firn air results from Butler et al. (1999) and Sturrock
et al. (2002) to the UEA scale.

2.2 Firn model

Reconstructed trends were derived for the halons at the Dome
C and NGRIP sites using a firn physical transport model, run
in direct mode, that accounts for gravitational fractionation
and gaseous diffusivity (Rommelaere et al., 1997). The De-
von Island firn unfortunately contained melt layers, which
complicated the use of the firn diffusion model for this site.
The firn model required physical parameters (including tem-
perature profile, firn density) and a “diffusivity” profile that
was calculated for Dome C and NGRIP by inverse model-
ing of the CO2 and SF6 profiles, respectively (Fabre et al.,
2000). Diffusion coefficients for the halons in air relative to
CO2 were estimated from Le Bas molecular volumes (Fuller
et al., 1966). The temporal trends in atmospheric concentra-
tions used as input to the direct model were derived using an
atmospheric model (see Sect. 2.3).

2.3 Atmospheric model

Temporal trends in atmospheric concentrations for the loca-
tions of the firn sites were generated using a 2-D atmospheric
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Table 1. Halon species measured in firn air, their industrial and chemical nomenclature, lifetime and diffusion coefficients in air relative to
carbon dioxide used in the firn modeling.

Name Formula Lifetime# (years) Air Diffusion relative to CO2

H-1211 CBrClF2 17 0.590
H-1202 CBr2F2 2.9 0.565
H-1301 CBrF3 65 0.637
H-2402 CBrF2CBrF2 20 0.490

# Lifetime from Fraser et al. (1999)

Table 2. Sampling site details and firn air properties.

Site Elevation Mean Annual Transition Snow accumulation Sampling
(m) Temp (◦C) depth (m) rate (cm water yr−1) date

Arctic
Devon Island, Canada 1800 −23 59 30 April 1998
NGRIP, Greenland 2975 −31 78 20 July 2001

Antarctic
Dome C 3240 −53 100 3 January 1999

chemistry-transport model. Details of the model and how it
has been used previously to study halons are given in Fraser
et al. (1999). The model contains 24 equal area latitudinal
bands and 12 vertical levels, each of 2 km. Thus the latitude
bands applicable to the firn air sites were the most northerly
and most southerly (66.4◦–90.0◦). Further, since the altitudes
of NGRIP and Dome C are about 3 km (Table 2), the concen-
trations for the second level (2–4 km) were used.

Fraser et al. (1999) used the model to derive global emis-
sions for the four halons consistent with the concentrations
observed at Cape Grim (41◦) up until March 1998. This was
done by adjusting the emission strengths until the concen-
trations for the surface box of the band 35.7◦–41.8◦ agreed
with observations. For the current study the temporal trend
in global emissions has now been updated using more re-
cent observed concentrations from Cape Grim to the end of
2001, such that it covers the firn air sampling times (Table 2).
The latitudinal distribution used for the derivation of global
emissions was that for industrial activity (Rodhe and Isak-
sen, 1980; Hough, 1989) with 6% release in the SH and,
as in Fraser et al. (1999), this distribution was not varied
with time. The run using this latitudinal distribution is re-
ferred to as Run A. The sensitivity of the concentrations at
the firn sites to the latitudinal distribution of emissions used
was tested, the results of which are presented and discussed
below.

To determine the latitudinal emission distribution of the
halons, it is important to understand the accuracy with which
the model’s transport scheme (Hough et al., 1989) repro-
duces observed concentrations, particularly in polar regions,

of species that are predominantly emitted in northern mid-
latitudes. The model was therefore run for CFC-11, CFC-
12 and methyl chloroform. The CFCs were chosen because
they have negligible sinks within the model domain and have
well characterized emission strengths (Fisher et al., 1994;
McCulloch et al., 2003) and emission distributions (Global
Emissions Inventory Activity (GEIA), based on McCulloch
et al., 1994). Methyl chloroform was used since its lifetime
of about 5 years (Montzka et al., 2003a) is much closer to
that of H-1202 (Table 1) than are those of the CFCs. It
too has well characterized emission strengths (McCulloch
and Midgley, 2001), emission distributions (Global Emis-
sions Inventory Activity (GEIA) distribution for 1990, based
on Midgley and McCulloch, 1995) and atmospheric life-
time (Montzka et al., 2000, 2003a; Prinn et al., 2001). The
model output was compared to observed concentrations at
Mace Head, Ireland (53◦ N), Cape Meares, Oregon (45◦ N),
Barbados (13◦ N), Samoa (14◦ S) and Cape Grim, Tasmania
(41◦ S) from the ALE/GAGE (Atmospheric Lifetime Exper-
iment/Global Atmospheric Gases Experiment) (Prinn et al.,
2000) and at Alert (82◦ N), Barrow (71◦ N) and South Pole
(90◦ S) from NOAA-CMDL. It was found that for the CFCs,
whereas the modelled concentrations agreed well with the
northern hemispheric ALE/GAGE sites, the southern hemi-
spheric ALE/GAGE sites were under-predicted by about 5%.
The model agreed with the data from NOAA-CMDL for
CFC-11 and CFC-12 mostly to within 5% and, when nor-
malized to the Antarctic site, gave values 2–3% higher than
those from the Arctic sites. For methyl chloroform the model
derived concentrations agreed well with the mid to high
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Fig. 1. Depth profiles of four halons in firn air at the three sampling locations: Dome C (crosses), Devon Island (open circles) and NGRIP
(filled circles).

southern latitude ALE/GAGE sites whilst over-predicting the
northern hemisphere ALE/GAGE concentrations by up to
20%. For the NOAA-CMDL data up to 1996, when GAGE
data stopped and the MCF emissions had reduced substan-
tially, the model over-predicted South Pole by 0–5%, and
Alert by 6–13%. This suggests that in this study, where the
model derived halon concentrations have been constrained to
observed concentrations at a southern hemispheric site, er-
rors in the transport scheme may give rise to concentrations
5–10% higher, but probably no more than 15% higher, than
those observed at an Arctic site.

3 Results and discussion

3.1 Firn depth profiles

Depth profiles at Dome C, Devon Island and NGRIP show
the concentrations of the four halons falling to below detec-
tion limit (<0.001 ppt) at the base of the firn (Fig. 1), which
represents 2% of the modern day atmospheric abundance of
H-1202 and much less for the other halons. This agrees
with previous findings for H-1301 and H-1211 (Butler et al.,
1999; Sturrock et al., 2002) that demonstrated their entirely
anthropogenic origin. The results also demonstrate, for the
first time, that H-2402 and H-1202 are also entirely anthro-
pogenic in origin. Comparison for H-1211 and H-1301 with
measurements in the firn from Butler et al. (1999) (South
Pole and Siple Dome, Antarctica and Tunu, Greenland) and
Sturrock et al. (2002) (Law Dome, Antarctica) are shown
in Fig. 2. In preference to CO2, CFC-12 is used here as a
pseudo-age normalizer due to it having no seasonal cycle and
broadly similar diffusivity and temporal trend to the halons.
Its use as an age tracer to allow the comparison of various

sample sites and other datasets, however, is becoming lim-
ited in the more recent years, as its atmospheric growth rate
is approximately zero. The samples collected in the convec-
tive zones (i.e. effectively surface air) are not included in the
comparison plots (above 10 m for NGRIP and Dome C, and
above 3 m for Devon Island). Measurements in the firn for
H-1211 and H-1301 reported here are found to be broadly
consistent with these previous studies.

Mean ages derived from the CFC-12 concentration in the
deepest firn samples collected at Dome C, Devon Island and
NGRIP equate to approximately 1961, 1954 and 1951, re-
spectively. The spread of ages within each individual sam-
ple, however, particularly at the bottom of the firn, is very
large (Sturges et al., 2001b). This age spectrum for CFC-
12 is given to provide an indication of the spread of ages
at depth in the firn. The mean ages for the halons will dif-
fer slightly from that of CFC-12 since (with the exception
of H-1301) they have free air diffusivities less than that of
CFC-12 (e.g. 21% less in the case of H-2402), and so will
likely have slightly older mean ages than CFC-12 at the same
depth. The firn model is required to obtain more accurate
representations of the temporal trends of the molecules of in-
terest. From Devon Island, the oldest air has an age range of
1930 to 1977 based on CFC-12 concentrations (Sturges et al.,
2001a). Although the presence of melt layers at Devon Island
complicated the use of the firn diffusion model for this site,
the data essentially confirm the more recent profile obtained
at NGRIP.

Depth profiles generated by the firn diffusion model using
the atmospheric model output from Run A, which was ad-
justed to the Cape Grim observations, as input, give excellent
agreement with the concentration profiles for all four halons
at Dome C (Fig. 3a). For NGRIP, however, the depth profiles
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Fig. 2. Profiles of halons against CFC-12 for a number of firn sites in(a) the Antarctic for H-1211,(b) the Antarctic for H-1301,(c) the
Arctic for H-1211,(d) the Arctic for H-1301,(e) the Arctic for H-2402,(f) the Arctic for H-1202. The Antarctic studies include data from
UEA at Dome C (crosses), data from Butler et al. (1999) South Pole (filled diamonds) in December 1996 and at Siple Dome (open diamonds)
in January 1995, and from Sturrock et al. (2002) at Law Dome (grey triangles) in January 1998. The Arctic studies include data from UEA
at NGRIP (filled circles) and Devon Island (open circles) and data from Butler et al. (1999) at Tunu (squares) in April 1996.

generated for Run A do not agree as well with the obser-
vations, in general over-predicting the concentrations of all
four halons, in particular for H-1202 and to a lesser extent H-
1211 (Fig. 3b). The over-prediction for H-1301 and H-2402
is around 5–10%. For H-1211 it is around 10–20% whilst for
H-1202 it is around 30–50%. Comparison of model-derived
atmospheric concentrations with concentrations of H-1301
and H-1211 observed between 1989 and 1997 by NOAA-
CMDL (Butler et al., 1998), adjusted to the UEA calibration

scale, at the South Pole (Antarctic), Alert (Arctic) and Bar-
row (Arctic) show a similar pattern. Whilst the agreement
for both halons at the South Pole is within 3%, and those
for H-1311 at Alert and Barrow are within 2%, the model-
derived concentrations for H-1211 at Alert and Barrow are
about 10% too high.
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Fig. 3. Measured and model derived depth profiles of the four halons at(a) Dome C,(b) NGRIP. The model runs are defined in the text.

3.2 Latitudinal emission distributions

The data from the two polar firn sites (Dome C and NGRIP),
one in each hemisphere, provide a constraint on the inter-
hemispheric gradient (IHG) in atmospheric concentration for
all four halons, including how this might have changed with
time. Halons, like most other anthropogenically-produced
species, are predominantly emitted to the atmosphere in the
NH (HTOC, 2003) and once they have been transported to
the SH they are reasonably well mixed. Therefore, the good
agreement between the depth profiles created from the atmo-
spheric model and those observed at Dome C, Antarctica is
not surprising given that the atmospheric model runs were
adjusted to observations made at another southern hemi-
spheric site, Cape Grim. However, the discrepancy between
the model trends and the firn measurements at NGRIP sug-

gests that the atmospheric model is not reproducing the IHG
correctly. This may be due to a number of factors: the atmo-
spheric model transport scheme; model derived atmospheric
lifetimes; and the latitudinal distribution of emissions.

This tendency to over-predict northern hemispheric con-
centrations whilst agreeing with observed southern hemi-
spheric concentrations can be partly explained by the errors
in the transport scheme (see Sect. 2.3). The magnitude of the
over-prediction for H-1301 and H-2402 for NGRIP is similar
to that expected from the transport scheme based on the runs
for the CFCs and methyl chloroform. The over-prediction for
H-1211 is more than that for the CFCs for the Artic sites and
towards the upper end of the discrepancy for methyl chloro-
form, whilst that for H-1202 is far greater than that expected
due to errors in the transport scheme.
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The model derived lifetimes (Table 1) agree well with cur-
rent best estimates (Montzka et al., 2003a). There is some
uncertainty regarding the lifetime of H-1211 (Montzka et
al., 2003a), but a shorter lifetime as suggested by Butler et
al. (1998) would increase the IHG rather than lessen it. In-
creasing the lifetime of H-1202 would decrease the IHG to-
wards that implied by the firn data. Although this would
increase the concentrations of H-1202, the global emission
rates could be reduced since they were originally derived us-
ing the assumed lifetime. For example, decreasing the pho-
tolysis rates and increasing the emissions rates both by 20%
reduces concentrations in 2001 at NGRIP by 9%, whilst only
reducing those at Dome C by 1%. However, this change at
NGRIP is still far less than the 30–50% required.

The sensitivity of the model derived concentrations to the
latitudinal distribution of the emissions was examined. Four
runs of the atmospheric model were performed using the lat-
itudinal emission distributions estimated for other halocar-
bons since they might be more typical of the emission dis-
tribution of the halons than one for general industrial activ-
ity. These were (Run B) CFC-11 from GEIA (McCulloch
et al., 1994), (Run C) CFC-12 from GEIA (McCulloch et
al., 1994), (Run D) methyl chloroform from GEIA (Midg-
ley and McCulloch, 1995), and (Run E) HFC-23 from fire-
extinguishers from the Emission Database for Global Atmo-
spheric Research (EDGAR) (Olivier and Berdowski, 2001;
Olivier, 2002) (Fig. 4). These made very little difference to
the concentrations calculated for both Dome C and NGRIP,
such that when plotted the curves for Runs B, C and E were
virtually indistinguishable from that of Run A. Therefore
only the results from Run D (emission distribution for methyl
chloroform) are plotted in Fig. 3. Even then the only differ-
ence of note is reduced concentrations of H-1202 for NGRIP,
but these are still significantly greater than those measured
(Fig. 3b).

In an attempt to reproduce the measured H-1202 concen-
trations at NGRIP a number of runs of the atmospheric model
were performed in which the emissions of H-1202 were allo-
cated, in various ways, to the 5 model bands between 19◦ N
and 49◦ N and, to illustrate the impact, the results from 3 of
these runs (F, G and H) (Fig. 4) are presented (Fig. 3). Again
the concentrations at Dome C were affected only slightly
and run H, which made the largest difference, is shown in
Fig. 3a. The concentrations for NGRIP were significantly re-
duced (Fig. 3b), with the runs in which the emissions were
mostly located in the bands between 19◦ N and 36◦ N (F and
H) agreeing best with the measured data. It should be re-
membered that the error in the atmospheric model transport
scheme is likely to cause an over-prediction of the concentra-
tions at NGRIP, such that Run G also agrees reasonably well
with the measured data given this uncertainty.

In general, the location of halon production does not
equate to the point of emissions. However, in the case of
H-1202, a by-product of the inefficient production of H-
1211, H-1202 emissions will be co-located with the sites
of H-1211 production. Production of H-1211 in Article
5 countries (mostly China) increased substantially in 1987,
whilst total H-1211 production from N. America, W. Eu-
rope and Japan peaked in 1988 before declining to zero in
1994 (HTOC, 2003) (Fig. 5). Certainly, since 1987, with
the bulk of H-1211 production occurring in China, the more
southerly emission distributions of runs F, G and H are likely
to be more realistic for H-1202 than those of runs A-E and
this is clearly in agreement with the results from NGRIP. The
emission distributions of H-1202 that appear to fit best with
the NGRIP data are those located at the latitudes of southern
and central China. This is consistent with the location of the
Chinese H-1211 plants (E. Pederson, personal communica-
tion). A large number of small H-1211 plants existed in the
Zheijiang Province (28–31◦ N), which recovered H-1202 in
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tanks. These have been closed as part of the halon phase out
program and there remain three large plants (one in Zheijiang
Province; one in Guandong Province (20–25◦ N); and one in
Shandong Province (35–38◦ N)) which recover and feedback
H-1202 through closed systems.

Emissions of H-1202 have been calculated to have gradu-
ally increased almost linearly up until 1992, after which there
was an increase in the rate of growth (Fraser et al., 1999)
(Fig. 5). No step change in global emissions was calculated
for 1987 when production of H-1211 rose substantially in
China. This might suggest that emissions of H-1202 prior
to 1987 came from somewhere other than China. Alterna-
tively the increase in production of H-1211 in China may
have been associated with an increase in the efficiency of H-
1211 production and/or H-1202 recycling. A model run was
performed in which emission distribution A was used up un-
til 1986, after which emission distribution F was used. Given
the tendency of the atmospheric model transport to slightly
over-predict the concentrations at Artic sites, there is some
suggestion that run F may under-estimate the concentrations
of H-1202 at NGRIP at depths below 67 m (Fig. 3b), whilst
the combined run A+F gives a better fit. Although the results
of this study clearly show that emissions of H-1202 in recent
years are likely to have come from latitudes mostly south of
40◦ N, it is possible that emissions in earlier years may have
come from further north.

The run A+F was also performed for H-1211 leading to an
improved fit at NGRIP (Fig. 3b), suggesting that emissions of
H-1211 in the 1990s are from latitudes closer to 30◦ N than
50◦ N. This is consistent with the estimated shift in emissions

from N. America, W. Europe and Japan to Article 5 countries
during the late 1980s (HTOC, 2003).

3.3 Total organic bromine

Figure 6 shows the polar atmospheric trends in total organic
bromine in the form of halons as derived from model runs
that give reasonable fits to the firn air data (Run A for H-1301
and H-2402, and Run A+F for H-1211 and H-1202). Essen-
tially the global trend in emissions has been constrained by
the measurements at Cape Grim whilst the latitudinal distri-
butions of emissions have been refined by the firn air data.

4 Summary

– Depth profiles at Dome C, Devon Island and NGRIP
show the concentrations of four halons to be zero at the
base of the firn thus demonstrating their entirely anthro-
pogenic origin. This agrees with previous findings for
H-1301 and H-1211, but is the first evidence of this for
H-2402 and H-1202.

– Global emission trends previously determined from
measurements at Cape Grim are consistent with the firn
data from both the Antarctic and Artic.

– Polar firn data from both hemispheres demonstrates that
emissions of H-1202 in recent years (late 1980s on-
wards) are likely to have come from latitudes mostly
south of 40◦ N, but that emissions prior to that may have
come from further north.
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– The firn data also suggests that emissions of H-1211
may also now be mostly from latitudes south of 40◦ N
and are consistent with a shift from more northerly lati-
tudes during the late 1980s.

Acknowledgements.This work was funded by the CEC pro-
grammes (EUK2-CT2001-00116 (CRYOSTAT) and ENV4-CT97-
0406 (FIRETRACC) and the NERC projects (NER/AS/2000/00429
and RG. CHEM.446350 (DIAC)). The NorthGRIP project is di-
rected and organized by the Department of Geophysics at the Niels
Bohr Institute for Astronomy, Physics and Geophysics, University
of Copenhagen. It is being supported by Funding Agencies in
Denmark (SNF), Belgium (FNRS-CFB), France (IFRTP and
INSU/CNRS), Germany (AWI), Iceland (RannIs), Japan (MEXT),
Sweden (SPRS), Switzerland (SNF) and the United States of
America (NSF). This work further contributes to the “European
Project for Ice Coring in Antarctica” (EPICA), a joint ESF/EC
scientific programme, funded by the EC under the Environment
and Climate Programme (1994–1998) (ENV4-CT95-0074) and by
national contributions from Belgium, Denmark, France, Germany,
Italy, the Netherlands, Norway, Sweden, Switzerland and the
United Kingdom. The fieldwork at Dome C was also supported
by the French Polar Institute (IFRTP) and of the ENEA Antarctic
Project (Italy). It also benefited at Devon Island from the field
support of the French Polar Institute (IFRTP), of R. Koerner and
D. Fisher of the Geological Survey of Canada (Glaciology Section),
and of the Polar Continental Shelf Project (Natural Resources
Canada).

Edited by: U. P̈oschl

References

Butler, J. H., Montzka, S. A., Clarke, A. D., Lobert, J. M., and
Elkins, J. W.: Growth and distribution of halons in the atmo-
sphere, J. Geophys. Res., 103, 1503–1511, 1998.

Butler, J. H., Battle, M., Bender, M. L., Montzka, S. A., Clarke,
A. D., Saltzman, E. S., Sucher, C. M., Severinghaus, J. P., and
Elkins, J. W.: A record of atmospheric halocarbons during the
twentieth century from polar firn air, Nature, 399, 749–755,
1999.

Daniel, J. S., Solomon, S., Portmann, R. W., and Garcia, R. R.:
Stratospheric ozone destruction: The importance of bromine rel-
ative to chlorine, J. Geophys. Res., 104, 23 871–23 880, 1999.

Fabre, A., Barnola, J.-M., Arnaud, L., and Chappellaz, J.: Deter-
mination of gas diffusivity in polar firn: comparison between ex-
perimental measurements and inverse modelling, Geophys. Res.
Lett., 27 (4), 557–560, 2000.

Fraser, P. J., Oram, D. E., Reeves, C. E., Penkett, S. A., and McCul-
loch, A.: Southern hemisphere halon trends (1978–1998) and
global halon emissions, J. Geophys. Res., 104, 15 985–15 999,
1999.

Fisher, D. A., Duafala, T., Midgley, P. M., and Niemi, C.: Pro-
duction and Emission of CFCs, Halons and Related Molecules,
in: Report on Concentrations, Lifetimes and Trends of CFCs,
Halons and Related Species, edited by: Kaye, J. A., Penkett,
S. A., and Ormond, F. M., NASA Reference Publication, 1339,
NASA, Washington D.C., 1994.

Fuller, E. N., Schettler, P. D., and Giddings, J. C.: A new method for
prediction of binary gas-phase diffusion coefficients, Ind. Eng.
Chem., 58, 19–27, 1966.

Hough, A. M.: The development of a two-dimensional global tro-
pospheric model, 1, The model transport, Atmos. Environ., 23,
1235–1261, 1989.

HTOC (Halon Technical Options Committee): Assessment Report
of the Halons Technical Options Committee 1998, Ozone Secre-

www.atmos-chem-phys.org/acp/5/2055/ Atmos. Chem. Phys., 5, 2055–2064, 2005



2064 C. E. Reeves et al.: Atmospheric trends of the halon gases from polar firn air

tariat, UNEP, Nairobi, Kenya, 1999.
HTOC (Halon Technical Options Committee): Assessment Report

of the Halons Technical Options Committee 2002, Ozone Secre-
tariat, UNEP, Nairobi, Kenya, 2003.

McCulloch, A.: Global production and emissions of bromochlo-
rofluoromethane and bromotrifluoromethane (Halons 1211 and
1301), Atmos. Environ., 26, 1325–1329, 1992.

McCulloch, A. and Midgley, P. M.: The history of methyl chloro-
form emissions: 1951–2000, Atmos. Environ., 35, 5311–5319,
2001.

McCulloch, A., Midgley, P. M., and Fisher, D. A.: Distribution of
emissions of chlorofluorocarbons (CFCs) 11, 12, 113, 114 and
115 among reporting and non-reporting countries in 1986, At-
mos. Environ., 28(16), 2567–2582, 1994.

McCulloch, A., Midgley, P. M., and Ashford, P.: Releases of re-
frigerant gases (CFC-12, HCFC-22 and HFC-134a) to the atmo-
sphere, Atmos. Environ., 37(7), 889–902, 2003.

Midgley, P. M. and McCulloch, A.: The production and global dis-
tribution of emissions to the atmosphere of 1,1,1-trichloroethane
(methyl chloroform), Atmos. Environ., 29(14), 1601–1608,
1995.

Montzka, S. A., Spivakovsky, C. M., Butler, J. H., Elkins, J. W.,
Lock, L. T., and Mondeel, D. J.: New observational constraints
for atmospheric hydroxyl on global and hemispheric scales, Sci-
ence, 288, 500–503, 2000.

Montzka, S. A., Fraser, P. J., Butler, J. H., Connell, P. S., Cunnold,
D. M., Daniel, J. S., Derwent, R. G., Lal, S., McCulloch, A.,
Oram, D. E., Reeves, C. E., Sanhueza, E., Steele, L. P., Velders,
G. J. M., Weiss, R. F., and Zander, R.: Controlled Substances
and Other Source Gases, in Scientific Assessment of Ozone De-
pletion: 2002, Global Ozone Research and Monitoring Project
– Report No. 47, chap. 1, pp. 1.1–1.83, Global Ozone Res. and
Monit. Proj., World Meteorol. Organ., Geneva, 2003a.

Montzka, S. A., Butler, J. H., Hall, B. D., Mondeel, D. J., and
Elkins, J. W.: A decline in tropospheric organic bromine, Geo-
phys. Res. Lett., 30, 15, 1826, doi:10.1029/2003GL017745,
2003b.

Olivier, J. G. J.: Part III: Greenhouse gas emissions: 1. Shares and
trends in greenhouse gas emissions; 2. Sources and Methods;
Greenhouse gas emissions for 1990 and 1995. In: CO2 emissions
from fuel combustion 1971–2000, 2002 Edition, pp. III.1–III.31.,
ISBN 92-64-09794-5, International Energy Agency (IEA), Paris,
2002.

Olivier, J. G. J. and Berdowski, J. J. M.: Global emissions sources
and sinks, in: The Climate System, edited by: Berdowski, J.,
Guicherit, R., and Heij B. J., pp. 33–78, ISBN90 5809 255 0,
A. A. Balkema Publishers/Swets & Zeitlinger Publishers, Lisse,
The Netherlands, 2001.

Oram, D. E., Fraser, P. J., Reeves, C. E., and Penkett, S. A.: Mea-
surements of HCFC-142b and HCFC-141b in the Cape Grim air
archive: 1978–1993, Geophys. Res. Lett., 22, 2741–2744, 1995.

Pfeilsticker, K., Sturges, W. T., Bosch, H., Camy-Peyret, C., Chip-
perfield, M. P., Engel, A., Fitzenberger, R., Muller, M., Payan,
S., and Sinnhuber, B.-M.: Lower stratospheric organic and inor-
ganic bromine budget for the Arctic winter 1998/99, Geophys.
Res. Lett., 27 (20), 3305–3308, 2000.

Prinn, R. G., Weiss, R. F., Fraser, P. J., Simmonds, P. G., Cun-
nold, D. M., Alyea, F. N., O’Doherty, S., Salameh, P., Miller,
B. R., Huang, J., Wang, R. H. J., Hartley, D. E., Harth, C.,
Steele, L. P., Sturrock, G., Midgely, P. M., and McCulloch,
A.: A history of chemically and radiatively important gases in
air deduced from ALE/GAGE/AGAGE, J. Geophys. Res., 115,
17 751–17 792, 2000.

Prinn, R. G., Huang, J., Weiss, R. F., Cunnold, D. M., Fraser, P.
J., Simmonds, P. G., McCulloch, A., Harth, C., Salameh, P.,
O’Doherty, S., Wang, R. H. J., Porter, L., and Miller, B. R.: Evi-
dence for substantial variations of atmospheric hydroxyl radicals
in the past two decades, Science, 292, 1882–1888, 2001.

Rodhe, H. and Isaksen, I. S. A.: Global distribution of sulphur com-
pounds in the troposphere estimated in a height/latitude transport
model, J. Geophys. Res., 85, 7401–7409, 1980.

Rommelaere, V., Arnaud, L., and Barnola, J.-M.: Reconstruct-
ing recent atmospheric trace gas concentrations from polar firn
and bubbly ice data by inverse methods, J. Geophys. Res., 102,
30 069–30 083, 1997.

Schauffler, S. M., Atlas, E. L., Blake, D. R., Flocke, F., Lueb, R. A.,
Lee-Taylor, J. M., Stroud, V., and Travnicek, W.: Distributions
of brominated organic compounds in the troposphere and lower
stratosphere, J. Geophys. Res., 104, 21 513–21 535, 1999.

Schwander, J., Barnola, J.-M., Andrie, C., Leuenberger, M., Ludin,
A., Raynaud, D., and Stauffer, B.: The age of air in the firn
and ice at Summit, Greenland, J. Geophys. Res., 98, 2831–2838,
1993.

Sturges, W. T., McIntyre, H. P., Penkett, S. A., Chappellaz, J.,
Barnola, J.-M., Mulvaney, R., Atlas, E., and Stroud, V.: Methyl
bromide, other brominated methanes and methyl iodide in polar
firn air, J. Geophys. Res., 106, 1595–1606, 2001a.

Sturges, W. T., Penkett, S. A., Barnola, J.-M., Chappellaz, J., At-
las, E., and Stroud, V.: A long-term record of carbonyl sulphide
(COS) in two hemispheres from firn air measurements, Geophys.
Res. Lett., 28, 4095–4098, 2001b.

Sturrock, G. A., Etheridge, D. M., Trudinger, C. M., Fraser, P. J.,
and Smith, A. M.: Atmospheric Histories of halocarbons from
analysis of antarctic firn air: major montreal protocol species,
J. Geophys. Res., 107, D24, 4765, doi:10.1029/2002/JD002548,
2002.

Atmos. Chem. Phys., 5, 2055–2064, 2005 www.atmos-chem-phys.org/acp/5/2055/


