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Plate 2. Composite gridded annual emissions of CH;CCl; from industrial sources and biomass burning.

account for only about 2% of total emissions (Figure le).
Tropospheric CH;CCl; concentrations rose through the 1970s
and 1980s as industrial production expanded but decreased
sharply (12.5% year) following implementation of the Mont-
real Protocols in the late 1980s and early 1990s [Prinn et al.,
1995; Khalil, 1999]. Atmospheric concentrations are now
declining [e.g., Montzka et al., 1996]. In 1990, ambient mix-
ing ratios averaged about 125 pptv [Prinn et al, 1995],
yielding a tropospheric burden of about 2.3 Tg Cl yr”'. At that
time, concentrations were about 20% higher in the Northern
than in the Southern Hemisphere; the interhemispheric differ-
ence decreased to about 4% by 1995 in response to decreased
emissions [Khalil, 1999]. The lifetime of CH;CCl; in the
atmosphere is about 4.8 years [Prinn et al., 1995]. Reaction
with OH is the principal sink; losses to the stratosphere and to
the surface ocean are also significant (Table 1, Fig. 1e). The
budget imbalance between sources and sinks (Figure le) is
consistent with increasing atmospheric concentrations during
the 1990 reference year.

The global distribution of integrated annual CH;CCl; emis-
sions in 1990 is depicted in Plate 2; deposition fluxes to the
ocean have not been gridded. Emissions peak in industrial-
ized regions of North America, Europe, and Japan.

3.5. C,Cl,, CHCL,, and CH,Cl,

Industrial production and subsequent emission to the atmo-
sphere [McCulloch and Midgley, 1996; McCulloch et al., this
issue (b)] are major global sources of tropospheric perchloro-
ethylene, trichloroethene, and methylene chloride. Mixing
ratios of C,Cl, in the Northern and Southern Hemispheres are

about 17 and 3 pptv, respectively; those for C,HCI, are about
3 and 0.7 pptv, respectively; and those for CH,Cl, are 40 and
17 pptv, respectively [Khalil, 1999; Khalil et al., this issue;
and references therein]. These large interhemispheric
differences reflect the significant contributions of
anthropogenic emissions to ambient concentrations in the
Northern Hemisphere. The corresponding tropospheric bur-
dens are approximately 0.16 Tg Cl C,Cl,, 0.0053 Tg Cl
C,HCl,, and 0.25 Tg Cl CH,Cl,.

The potential importance of C,Cl;, C,HCl;, and CH,Cl,
production by biological processes in the surface ocean is
uncertain; some incubation studies suggest significant pro-
duction [e.g., Abrahamsson et al., 1995a, b] and others do not
(R. M. Moore, unpublished manuscript, 1998, and D. B.
Harper, unpublished manuscript, 1998). Emissions from
marine macrophytes appear to be insignificant on a global
scale (W. T. Sturges et al., unpublished manuscript, 1998, and
references therein, Table 1). However, measured supersatura-
tions of C,Cl,, C,HCl;, and CH,Cl, in surface seawater [Singh
et al, 1983b; V. Koropalov, unpublished data, 1998; J. M.
Lobert and J. H. Butler, unpublished data, 1998], indicate sig-
nificant fluxes of all three compounds from the ocean to the
atmosphere. Fossil-fuel combustion (C,Cl; and C,HCl,) and
biomass burning (CH,Cl,) represent additional minor sources
(Table 1, Figures 1f, 1g, 1h). C,Cl,, C,HCl;, and CH,Cl, are
removed from the atmosphere primarily by reaction with OH
yielding atmospheric lifetimes of about 113, 6, and 150 days,
respectively. Significant C,Cl; may also be oxidized by Cl
atoms in the marine boundary layer although the magnitude of
this flux is very poorly constrained [Singh et al., 1996] and
not considered in this analysis.
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Production data provided by industry allow anthropogenic
emissions to be estimated with a high degree of confidence
(within about £6%) [McCulloch and Midgley, 1996]. In con-
trast, the corresponding natural emissions are based on very
limited data and thus are considered preliminary. The oceanic
flux of C,Cl, estimated by Khalil et al. [this issue] (0.016, Tg
Cl yr', Table 1) is within a factor of 2 of that inferred by
Singh et al. [1996] (0.030 Tg Cl yr™") based on surface-water
supersaturations, measured mixing ratios in surface marine
air, and model calculations. Aucott [1997] applied an inver-
sion modeling approach to explicitly solve for the natural
emissions of C,Cl;, C,HCl,;, and CH,Cl, required to balance
the global budgets. Those results suggest a somewhat higher
combined flux of C,Cl, (0.086 Tg Cl yr') from all natural
sources. Khalil et al's [this issue] estimate of the oceanic
C,HCl, flux (0.020 Tg Cl yr,Table 1) is about a factor of 8
lower than natural emissions from all sources estimated by
Aucott [1997] (0.16 Tg Cl yr'"); the RCEI estimate of CH,Cl,
emitted from the surface ocean (0.16 Tg Cl yr', Table 1) is
within the tight range of previous estimates by Singh et al.
[1996] (0.15 Tg Cl yr'") and Aucotr [1997] (0.17 Tg Cl yr™).

On the basis of the RCEI results, oceanic emissions
account for significant fractions of C,Cl, (about 5%), C,HCl;
(about 10%), and CH,Cl, (about 25%) emitted from known
sources to the atmosphere on a global scale (Table 1, Figures
f, 1g, 1h). Aucott's [1997] calculations suggest substantially
higher relative contributions of C,Cl, (22%) and C,HCl,
(44%) from all natural sources. Because anthropogenic
sources are concentrated in the Northern Hemisphere, natural
emissions are relatively rhore important sources for all three
species in remote southern hemispheric regions.

As described in section 2.2, we applied simple model cal-
culations to provide additional constraints on the contribu-
tions of oceanic sources to global burdens. This approach is
based on the assumptions that (1) southern hemispheric con-
centrations are in steady state with respect to oceanic emis-
sions and chemical destruction (i.e., anthropogenic sources in
the Southern Hemisphere are insignificant) and (2) oceanic
emissions per-unit area in the Southern Hemisphere are the
same as those in the Northern Hemisphere. Resulting esti-
mates are considered upper limits for the actual emissions
from the surface ocean. These calculations ?'ielded fluxes of
0.077 Tg Cl yr' of C,Cl,, 0.073 Tg Cl yr~ of C,HCl,, and
0.21 Tg Cl yr"' of CH,Cl, corresponding to 18%, 21%, and
42%, respectively, of the total source strengths required to
balance modeled sinks.

On the basis of RCEI results, modeled sinks exceed esti-
mated sources for both C,Cl, and C,HCl; (Table 1).
Decreasing atmospheric concentrations of C,Cl, [e.g.,
McCulloch and Midgley, 1996) and greater oceanic (or other
natural) emissions of both compounds may account for these
discrepancies. However, apparent imbalances for all three
compounds are within overall uncertainties for their respec-
tive budget-closure calculations.

3.6. CHCIF,

CHCIF, is an interim replacement for some chlorofluoro-
carbons restricted under the Montreal Protocols; industrial
production for use in air conditioning, refrigeration, and foam
generation is the only known source [Houghton et al., 1992;
McCulloch, 1994]. Moderate increases in production of
CHCIF, (and associated leakage from equipment) coupled
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with an atmospheric lifetime of about 13 years have lead to
rapidly increasing tropospheric concentrations (7% yr"
[Montzka et al., 1993]). Average northern hemispheric con-
centrations in 1990 were about 95 pptv; those in the Southern
Hemisphere were about 12% lower [Montzka et al, 1993,
1996]. The global burden in 1990 was about 0.65 Tg. The
major tropospheric sinks are reaction with OH and transport
to the stratosphere (Table 1, Figure 1g) [Khalil, 1999].
Although potentially important, losses to the surface ocean
and soils have not, to our knowledge, been critically evalu-
ated. The imbalance in the global tropospheric budget for
CHCIF, (Table 1) is approximately equal to that expected on
the basis of increasing tropospheric concentrations.

4. Conclusions

1. Conventional acid-displacement reactions involving Sy,
+ 03, Sqvy + H;0; and H,SO, and HNO, gas scavenging
account for minor fractions of sea-salt dechlorination
globally. Other important chemical pathways involving sea-
salt aerosol apparently produce most volatile chlorine in the
global troposphere.

2. The combined contributions from biomass burning, oce-
anic emissions, wood-rotting fungi, coal combustion, incin-
eration, and industrial emissions estimated by the RCEI
account for about half the CH;Cl emission source inferred
from inversion modeling. These results suggest that either
emissions from known sources have been substantially under-
estimated, the atmospheric sink from oxidation by OH has
been substantially overestimated, or other as yet unidentified
sources produce large fractions of tropospheric CH,CI.
Anthropogenic emissions, primarily biomass burning, account
for about 50% of known CH;Cl sources considered in this
analysis.

3. Anthropogenic emissions account for about 10% of tro-
pospheric CHCI;. Although relative magnitudes and associ-
ated distributions are uncertain, emissions of CHCl; from the
surface ocean and soils appear to be the principal global
sources.

4. Emissions from the surface ocean are very poorly con-
strained but apparently account for significant fractions of
CH,Cl, (25%), C,HCI; (10%), and C,Cl, (5%) in the global
troposphere; the combined contributions of C,Cl, and C,HCl,
from all natural sources may be substantially higher.

5. Access to On-Line Data

All gridded inventories generated by the RCEI are avail-
able online through the project web site at <http://groundhog.
sprl.umich.edu/geia/rcei>. We plan to update these invento-
ries as new information becomes available.
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