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We use recent aircraft measurements of a comprehensive
suite of anthropogenic halocarbons, carbon monoxide (C0O), and
related tracers to place new constraints on North American
halocarbon emissions and quantify their global warming potential.
Using a chemical transport model (GEOS-Chem) we find that
the ensemble of observations are consistent with our prior best
estimate of the U.S. anthropogenic CO source, but suggest a
30% underestimate of Mexican emissions. We develop an
optimized CO emission inventory on this basis and quantify
halocarbon emissions from their measured enhancements relative
to CO. Emissions continue for many compounds restricted
under the Montreal Protocol, and we show that halocarbons
make up an important fraction of the total greenhouse gas source
for both countries: our best estimate is 9% (uncertainty

range 6—12%) and 32% (21—52%) of equivalent CO, emissions
for the U.S. and Mexico, respectively, on a 20 year time

scale. Performance of bottom-up emission inventories is variable,
with underestimates for some compounds and overestimates
for others. Ongoing methylchloroform emissions are significant
in the U.S. (2.8 Gg/y in 2004—2006), in contrast to bottom-up
estimates (<0.05 Gg), with implications for tropospheric

OH calculations. Mexican methylchloroform emissions are
minor.

Introduction

Anthropogenic halocarbons are potent greenhouse gases and
deplete stratospheric ozone (1, 2). Methylchloroform (MCF,
CH;CCly) is also important as a widely used proxy for the
hydroxyl radical (OH) (3—6), which defines the atmospheric
lifetime of most greenhouse gases and other pollutants.
Bottom-up source estimates (e.g., ref 7) for these compounds
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rely largely on government and industry reports and have
inherent uncertainties. Here we present new top-down
constraints on halocarbon emissions from the United States
and Mexico based on recent aircraft measurements, quantify
the direct radiative forcing contribution of these emissions
relative to those of other greenhouse gases, and assess the
implications of ongoing MCF emissions for global OH
estimates.

Under the Montreal Protocol and its subsequent amend-
ments (8), production and consumption of chlorofluoro-
carbons (CFCs), halons, carbon tetrachloride (CCly), and MCF
were banned in developed countries as of 1996 (1994 for
halons), with some limited critical-use exemptions. These
compounds are also subject to a production phase-out for
developing countries, culminating in a 2010 ban (2015 for
MCF). Consumption and production of the transitional
hydrochlorofluorocarbons (HCFCs) were frozen in 1996 and
2004, respectively, for developed countries, with a 100%
phase-out mandated by 2030. For developing countries,
HCFC consumption and production will be frozen in 2013,
followed by sequential reductions culminating in a 100%
phase-out by 2030 (9).

As a result of these measures, worldwide fluorocarbon
production, weighted by global warming potential (GWP),
has fallen substantially since its peak in 1988 according to
industry and government reports (10, 11). However, reported
production and sales figures are not necessarily accurate
emission proxies in the Montreal Protocol era, as they do not
account for stockpiling, recycling, or possible illicit produc-
tion. In many cases, some postban emissions may be expected
due to chemical banks in existing applications or in landfills.

Here, we apply recent aircraft measurements over the
United States and Mexico to develop a new and robust
understanding of North American halocarbon emissions and
their atmospheric effects. The INTEX-A + ITCT-2K4 (col-
lectively ICARTT), TEXAQS-II, and MILAGRO aircraft cam-
paigns featured extensive boundary layer coverage over the
U.S. and Mexico during 2004 and 2006. We use these data
to derive halocarbon source fluxes on the basis of their
relationship to carbon monoxide (CO) and other tracers.

Materials and Methods
Measurements. Over the U.S., we use data from the NASA
DC-8 aircraft during INTEX-A and the NOAA WP-3 aircraft
during ITCT-2K4 and TEXAQS-II. INTEX-A and ITCT-2K4
took place during Jul-Aug 2004 as part of ICARTT (12, 13);
INTEX-A was a broad-scale study extending across North
America, whereas ITCT-2K4 was mainly in the U.S. Northeast
and focused more on sampling urban plumes. TEXAQS-II
took place over southern Texas during September—October
2006. Over Mexico, we use data from the NASA DC-8 and
NSF C-130 aircraft during MILAGRO (March 2006). Sup-
porting Information Figure S1 shows the flight-tracks for the
above campaigns. For some compounds we compare the
MILAGRO aircraft halocarbon:CO enhancement ratios (ERs)
with data from the TO0 (99.15°W, 19.49°N) and T1 (98.98°W,
19.70°N) ground sites in and downwind of Mexico City.
Halocarbons were measured by whole air sampling, with
canisters shipped to the home laboratory postflight for
analysis. Measurements were made by the UCI group for
INTEX-A and MILAGRO, and by the Miami group for ITCT-
2K4 and TEXAQS-II. Airborne CO measurements were made
in situ on the aircraft, and by whole air canister sampling at
the T0 and T1 ground sites. See the Supporting Information
for details on the above measurements. Other in situ
measurements used here to screen fresh biomass burning
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FIGURE 1. CO (top) and HCFC-141B (bottom) enhancements
measured in the boundary layer (<2 km) during the ICARTT,
MILAGRO, and TEXAQS-II aircraft campaigns.

and pollution plumes (NO, NO,, NOy, CH3CN, HCN) are
described in detail elsewhere (14—21). For comparison with
canister data, in situ measurements have been averaged over
the canister fill times (or for some measurements the value
for the corresponding minute has been used).

Figure 1 shows boundary layer (<2 km radar altitude) CO
and HCFC-141B enhancements measured over North
America. We calculate boundary layer pollution enhance-
ments AX for each compound X by subtracting background
levels (derived for each campaign by interpolating the 0.1
concentration quantiles in 10° latitude bins) from the
observed concentrations. Biomass burning plumes (diag-
nosed by CH3CN > 225 ppt or HCN > 425 ppt) and statistical
outliers (>0.98 quantile) are removed prior to calculating
background levels and enhancements. The TEXAQS-II data
are strongly influenced by near-field halocarbon emissions
from the large petrochemical complex in the Houston Ship
Channel; we apply in this case a more stringent statistical
filter (excluding data >0.80 quantile) to ensure a regionally
representative signal.

CO Simulation and Comparison to Observations. We
use the GEOS-Chem (http://www.as.harvard.edu/ctm/geos/,
see the Supporting Information) chemical transport model
to evaluate and optimize current CO emission estimates on
the basis of atmospheric observations, in order to then derive
halocarbon emissions from measured halocarbon:CO ERs.

The GEOS-Chem CO simulation is as described by Duncan
at al (22). with the following modifications. Emissions of
biogenic hydrocarbons are as described by Millet et al. (23).
Biomass burning emissions are from the GFEDv2 inventory
(24), though in all comparisons that follow we filter out fire
plumes. The U.S. anthropogenic CO source is based on the
work of Hudman et al. (25), who showed that emissions are
60% lower than specified in the U.S. EPA inventory for 1999.
That work is supported by other studies showing that the
EPA anthropogenic CO source is too high (25—28). As we
show later, the corresponding GEOS-Chem simulation is
consistent with the INTEX-A, ITCT-2K4, and TEXAQS-II
aircraft observations. The resulting U.S. anthropogenic CO
source is 34 Tg/y. For more details on the U.S. anthropogenic
CO inventory used here, see Hudman et al. (25).

Anthropogenic CO emissions in northern Mexico are from
BRAVO (29), a bottom-up emission inventory for CO and
other pollutants covering the 10 northern Mexican states
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plus Mexico City. Over southern Mexico, anthropogenic CO
emissions are as described by Duncan et al. (22). Both of
these inventories have been described in detail elsewhere
(22, 29—31), and we refer the reader to those publications for
more information. Here, we evaluate these inventories using
the MILAGRO aircraft measurements.

Initial GEOS-Chem simulations revealed a low bias over
Mexico, with a reduced major axis (RMA) (32) slope of 0.87
relative to the MILAGRO observations. We attribute this
discrepancy to an underestimate of Mexican anthropogenic
CO emissions as other possibilities do not appear tenable.
MILAGRO took place in March, so that biogenic VOC
oxidation is not likely a major CO source. Biomass burning
plumes have been screened from the data, and Yokelson et
al. (33) estimated that pyrogenic CO was in any case only
15% of the urban source during MILAGRO. For comparison,
in our base-case GEOS-Chem simulation, the Mexican fire
contribution to CO mixing ratios along the MILAGRO flight-
tracks is 19% (median value) of that from Mexican fossil fuel.
The main sink for near-surface CO is boundary layer
ventilation (chemical oxidation is slow in comparison), and
previous work with GEOS-Chem argues against a persistent
model bias in this process (23, 25, 34).

We find that increasing the Mexican anthropogenic CO
source by 30% (to 12 Tg/y) gives a model:measurement slope
which is statistically indistinguishable from one (0.92 +0.12,
Supporting Information Figure S2), and we adopt this as
best estimate for deriving Mexican halocarbon emissions
from halocarbon:CO ERs. Here and below, quoted uncer-
tainties reflect 95% confidence intervals (CIs) determined by
bootstrap resampling (subsampling with replacement, 10 000
trials, n=sample size). Two independent constraints provide
further support for our optimized Mexican CO source. First,
the 30% adjustment yields annual CO emissions for the
Mexico City grid cell which agree well with the latest emission
inventory from the Mexico City Secretary of the Environment
(35) (both 2.0 Tg/y for 2006). Second, the median ratio of
firezurban CO (for Mexican sources) along the MILAGRO
flight-tracks in the model is then 16%, in agreement with the
Yokelson et al. findings.

Supporting Information Figure S2 shows simulated vs
observed boundary layer CO concentrations during ICARTT,
TEXAQS-II, and MILAGRO. Biomass burning and fresh
pollution plumes (NO, > 4 ppb or NO.:NO, > 0.4) have been
removed since they are not captured at the 2 x 2.5° model
resolution. In all cases the RMA slopes are near-unity (+0.08)
indicating that we can use the CO source terms above to
derive robust top-down U.S. and Mexican halocarbon
emission rates. The TEXAQS-II comparison is the only case
with a statistically significant offset (25 + 5 ppb). This reflects
a bias in the modeled CO background for this location and
season, but not in the regional CO emissions (these are
validated by the slope of 1.03 £ 0.05).

Quantifying Halocarbon Sources and Uncertainty Es-
timates. Supporting Information Figures S3 and S4 show
boundary layer AX:ACO correlations for each halocarbon X
over the U.S. and Mexico, with ERs and correlation coef-
ficients given in Supporting Information Tables S1 and S2.
As above, quoted uncertainties reflect 95% ClIs (bootstrap
method). Biomass burning plumes and statistical outliers
have been removed as above. While U.S. CO sources during
summer include a significant contribution from the oxidation
of biogenic hydrocarbons (25), the halocarbon:CO ERs are
determined by the ratio of the anthropogenic sources:
biogenic CO sources will generally degrade the correlation
coefficients but not affect the slopes.

We derive a best estimate of the average national ER for
each halocarbon from the mean of the individual aircraft
data sets. See Supporting Information Tables S1 and S2. ERs
not distinguishable from 0 with 95% confidence are assumed



TABLE 1. Halocarhon Emissions from the U.S. and Mexico and Their Global Warming Potential®

U.S. GWP (TgCO, equiv)

Mexico GWP (TgCO, equiv)

U.S. emissions (Gg/y) 20 Year 100 Year Mexico emissions (Gg/y) 20 Year 100 Year
CH,Cl, 24 (16—32) 0.8 (0.5—1.0) 0.21 (0.14—-0.28) 6.8 (3.0—11) 0.2 (0.1-0.3) 0.06 (0.03—0.09)
CHCl3 13 (10-17) 1.3(1.0-1.7) 0.40 (0.29—-0.51) 2.1(1.2-3.9) 0.2 (0.1-0.4) 0.06 (0.04—0.12)
CCly ND ND
CHsCCl5? 2.8 (2.0-3.5) 1.4 (1.0-1.8) 0.40 (0.29-0.51) 0.1 (0.06—0.13) 0.05 (0.03—0.07) 0.01 (0.01-0.02)
CH,CICH,CI 7.2 (1.5—-16) 13 (2.8—45)
C,HCl3 7.6 (4.8—-10) 0.9 (0.5—-1.4)
C,Cly 26 (15—40) 8.7 (2.6—17)
HCFC-21 0.2 (0.1-0.3) 0.11 (0.05—0.16) 0.03 (0.01—0.05) NM NM NM
HCFC-22 46 (21-69) 239 (109—355) 84 (38—124) 7.5 (4.4-12) 39 (23-60) 14 (7.9-21)
HCFC-123 0.4 (0.2—0.5) 0.10 (0.07—0.14) 0.03 (0.02—-0.04) NM NM NM
HCFC-124 1.0 (0.4—1.6) 2.1 (0.9—-3.4) 0.6 (0.3—1.0) NM NM NM
HCFC-141B 4.5 (2.2—-6.8) 10 (4.9—15) 3.3(1.6—4.9) 1.6 (1.0—2.4) 3.7 (2.2-5.3) 1.2 (0.7-1.7)
HCFC-142B 5.2 (2.4-9.2) 28 (13—50) 12 (5.6—21) 0.9 (0.4-1.4) 4.9 (2.2-7.8) 2.0 (0.9—-3.3)
HFC-134A 27 (12—-39) 102 (46—148) 38 (17-55) 2.9 (1.7-4.3) 11 (6.5—-17) 4.1 (2.4—-6.2)
HFC-152A 7.6 (5.7-9.7) 3.3(2.56—4.2) 0.9 (0.7-1.2) NM NM NM
H-1211 0.6 (0.3—-0.8) 2.7 (1.6—3.8) 1.1 (0.6—1.5) 0.1 (0-0.3) 0.6 (0—1.5) 0.2 (0—-0.6)
H-1301 ND ND
H-2402 ND ND
CFC-11 11 (7.0—14) 71 (47-95) 50 (33—-67) 5.1 (2.7-8.8) 34 (18—59) 24 (13—-42)
CFC-12 8.8 (0—16) 97 (0—-177) 96 (0—175) 3.5(0—11) 39 (0—118) 39 (0—-117)
CFC-113 ND ND
CFC-114 0.2 (0—0.8) 1.9 (0—6.1) 2.3(0-7.6) 0.3 (0—0.7) 2.2 (0—-6.0) 2.7 (0—7.5)
CFC-115 0.4 (0—0.9) 2.2 (0—4.9) 3.1(0—6.8) NM NM NM
TOTAL: 563 (389—715) 292 (182—385) 135 (89—221) 87 (46—168)

? Emissions calculated based on the mean AX/ACO slope from the aircraft missions. Emission and GWP uncertainties for
each compound reflect the total range encompassed by the 95% Cls for the aircraft ERs, combined with the estimated
uncertainty of the CO emissions and halocarbon seasonality. See text. Uncertainties for the total GWP are derived by
propagating the individual errors in quadrature. ND: not detectable. NM: not measured. Data reflect a 2004—6 average for
the U.S., and 2006 for Mexico. ® Mexican CH;CCl; emissions calculated based on measurements at the TO ground station

during MILAGRO.

to be “undetectable” for that data set and included in the
average as zero. We set the overall ER to zero (undetectable
emissions) in cases where none of the individual ERs are
statistically nonzero or if the correlation coefficients are all
<0.3. Since INTEX-A and ITCT-2K4 took place in 2004, while
TEXAQS-II and MILAGRO took place in 2006, the emission
estimates that follow reflect 2004—2006 for the U.S., and 2006
for Mexico.

Supporting Information Tables S1 and S2 show that, for
a few compounds, the measured ERs vary significantly
between data sets. We attribute such cases to regional
emission ratio variability, not instrumental offsets. The UCI
and Miami groups routinely cross-compare calibration
standards, and airborne wingtip-to-wingtip double-blind
intercomparisons during the campaigns showed good agree-
ment. Expected measurement discrepancies are a few percent
or less. We use the total range encompassed by all 95% CIs
for the individual aircraft data sets as a conservative error
estimate for each national best-estimate ER (e.g., the
uncertainty range includes 0 if enhancements were unde-
tectable for any individual data set).

The national ERs are then multiplied by the corresponding
anthropogenic CO flux to obtain halocarbon emission rates
for each country, adjusting for the seasonality of emissions.
We account for emission seasonality using 3 years of
halocarbon and CO measurements in the U.S. Northeast (36)
(see the Supporting Information). The resulting U.S. and
Mexican emissions for each compound are given in Table 1.

Uncertainty ranges for halocarbon emissions are calcu-
lated by propagating (in quadrature) the uncertainties
associated with the ER, national CO flux, and seasonality
factor. We assume an uncertainty of 20% for the U.S.
anthropogenic CO source and 30% for Mexico. The Barnes
et al. (36) seasonal AX:ACO adjustment factors for any one
year are generally within 15% of their observed 3 year means,
and we use that as an estimate of the seasonality uncertainty.

The accuracy of national emission estimates depends on the
representativeness of the measured ERs. This is the most
extensive data set that has been used for such an analysis,
so that representation error should be less than in earlier
work.

North American Halocarbon Emission Rates
MCEF. MCF (atmospheric lifetime 5—6 years) is widely used
to constrain global OH abundance, and to infer its interannual
variability (3—6, 37, 38). Interannual OH trends derived from
MCEF are highly sensitive to the assumed emission rates, and
the extent of ongoing industrialized emissions since the 1996
ban is disputed (39—42). In the U.S., bottom-up calculations
by the EPA imply annual emissions <0.05 Ggsince 1997 (43).
Millet and Goldstein (41) presented evidence of significant
ongoing U.S. emissions (3.7 Gg/y in 2002) in the postban era,
based on measurements in two cities, a finding supported
by subsequent aircraft measurements during COBRA-NA (39).
However, the accuracy of both findings hinges on that of the
bottom-up CO emissions used to calculate the fluxes. Li et
al. (40) estimated a 50% lower U.S. MCF source, but using
data from a single site (on the remote Northern California
coast) which is ill-suited for assessing national emissions.
Here, we obtain statistically consistent AMCF:ACO ERs
(17, 18, and 17 ppt/ppm) from all threee aircraft over the
geographically extensive ITCT-2K4/INTEX-A/TEXAQS-II do-
main. Combining the average of these with the independently
constrained U.S. CO source, we derive U.S. MCF emissions
of 2.8 (uncertainty range 2.0—3.5) Gg/y in 2004—2006. This
is more than 50 times the EPA estimate and confirms the
earlier Millet and Goldstein (41) and Hurst et al. (39) findings,
given the estimated decay rate of residual MCF emissions
(e-folding time 3.1 y) (41). U.S. emissions thus continue to
be a significant source of atmospheric MCF despite the 1996
ban. Aswe discuss later, these emissions need to be accounted
for when inferring interannual changes in OH.
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Airborne MCF measurements are not available for MI-
LAGRO, and we instead use data from the T0 ground site in
Mexico City to estimate Mexican emissions. The measured
ER (1.7 ppt/ppm) is a factor of 10 lower than the U.S. value
(emissions are undetectable at the T1 site). Our calculated
Mexican emissions are minor: 0.1 (0.06—0.13) Gg/y in 2006,
which is consistent with data reported to the UNEP (zero
consumption since 2002) (11). However, this estimate carries
the caveat that ground-based measurements at TO may not
perfectly represent the overall Mexican source.

CFCs. CFC-11 and CFC-12 have statistically significant
correlations with CO over the U.S., and the corresponding
best-estimate emissions are 11 (7—14) and 8.8 (0—16) Gg/y.
CFC-114 and 115 emissions are barely detectable (only
detected during ITCT-2K4), and the measured ERs imply
U.S. emissions of 0.2 (0—0.8) and 0.4 (0—0.9) Gg/y (all of the
above for 2004—2006). Our results for CFC-11 and CFC-12
are consistent (within uncertainty) with estimates by Hurst
etal. for 2003 (7 £ 3 Gg/y and 14 + 4 Gg/y) (39) and the EPA
for 2004 (9 Gg/y and 13 Gg/y) (43). However, U.S. CFC-115
emissions appear to be lower than the current estimate of
2.0 Ggly in 2004 (43).

Based on the MILAGRO data set we estimate Mexican
CFC-11 and 12 emissions of 5.1 (2.7—8.8) and 3.5 (0—11)
Gg/yin 2006. Emissions for both are near detection limit: the
largest enhancements are only 2—3% above background (vs
a 1% measurement precision), and CFC-12 emissions were
only detected from the DC-8. Since CFC-11 and 12 account
for a large fraction of the total halocarbon GWP for Mexico,
we used data from the TO and T1 ground stations to further
evaluate the Mexican source of these compounds (see the
Supporting Information). Emissions are clearly detectable
at the ground sites, though the ERs are lower than the aircraft
values.

Including CFC-114 emissions of 0.3 (0—0.7) Gg/y, our best
estimate of total Mexican CFC emissions is 3—5 times higher
than reported Mexican consumption for any year since 1999
(11). However, the associated uncertainty range is large
(2.7-21 Tg/y in 2006) since measured enhancements are
such a small fraction of background levels. CFC-113 en-
hancements were not detectable during any of the aircraft
campaigns, showing that U.S. and Mexican emissions of this
compound have effectively ceased.

Halons. U.S. halon-1211 emissions continue despite the
1994 ban under the Montreal Protocol, with a total source
of 0.6 (0.3—0.8) Gg/y in 2004—2006, statistically consistent
with earlier estimates for 2003—2004 (39, 43). The U.S. EPA
estimates 2004 H-1301 emissions at 1.5 Gg (43), but in fact
we find that emissions are undetectable for H-1301 and for
H-2402 (the EPA does not provide an estimate for H-2402).
Mexican H-1211 emissions were detected from the C-130
aircraft only, yielding a national flux estimate of 0.1 (0—0.3)
Gg/y in 2006. H-1301 and H-2402 emissions were not
detectable from Mexico.

HCFCs. U.S. HCFC-22 emissions are substantial (best
estimate 46 Gg/y in 2004—2006), and as we shall see this
compound is the single largest contributor to the U.S.
halocarbon GWP. Measured ERs relative to CO differ by
more than a factor of 2 (Supporting Information Table
S1), and the uncertainty range based on the combined
95% Cls for the three aircraft campaigns is 21—-69 Gg/y.
Our best estimate for the U.S. source is 45% lower than the
EPA’s bottom-up estimate (83 Gg in 2004) (43).

Based on the combined U.S. data sets, HCFC-141B and
142B emissions were 4.5 (2.2—6.8) and 5.2 (2.4—9.2) Gg/y in
2004—2006. Our best estimates are 15 and 60% higher than
the 2004 EPA values for the two compounds (43), though in
both cases the EPA estimates fall within our uncertainty range.
We find that U.S. emissions of other HCFCs are minor in
comparison to the above compounds, with best estimates of
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0.2(0.1-0.3),0.4 (0.2—0.5), and 1.0 (0.4—1.6) Gg/y for HCFC-
21, 123, and 124 (2004—6). The EPA provides estimates for
HCFC-123 and 124 only (0.8 and 1.5 Gg/y in 2004) (43).

The major HCFCs were measured during the airborne
portion of MILAGRO, and on the basis of that data set we
derive best-estimate emissions of 7.5 (4.4—12), 1.6 (1.0—2.4),
and 0.9 (0.4—1.4) Gg in 2006 for HCFC-22, HCFC-141B, and
HCFC-142B (Table 1).

HFCs. HECs do not contain chlorine or bromine and so
do not deplete stratospheric ozone, but they are effective
greenhouse gases, with GWPs up to 15 000 x that of CO,
(44). HFC-134a is the predominant HFC emitted from the
U.S.: our best estimate is 27 Gg/y in 2004—2006, with an
uncertainty range of 12—39 Gg/y. This is significantly lower
than the EPA bottom-up estimate (57 Gg in 2004) (43). HFC-
152A was measured during TEXAQS-II but not ICARTT, and
we estimate U.S. emissions of 7.6 (5.7—9.7) Gg/y in 2006
using that data set. HFC-134a was the only HFC measured
over Mexico, and our best estimate is 2.9 (1.7—4.3) Gg emitted
in 2006.

Other Halocarbons. Table 1 gives best estimates and
uncertainty ranges for U.S. and Mexican emissions of other
anthropogenic halocarbons. In the case of C,HCl; our derived
flux may be a conservative estimate due to non-negligible
photochemical loss relative to CO prior to sampling (atmo-
spheric lifetime 2.6 days at OH = 2 x 10° molec/cm?). Other
compounds considered have atmospheric lifetimes of weeks
or longer with respect to oxidation by OH.

Our best estimate of the total U.S. CHCl; source (13 Gg/y
in 2004—2006, uncertainty range 10—17 Gg/y) agrees well
with work by Hurst et al. (39). We find that North American
emissions of CCl, are undetectable. Performance of the EPA
NEI 2002 (45) for these other halocarbons is variable.
Emissions of CHCl; and CH,CICH,CI are strongly underes-
timated (factors of 2 and 18 using our best estimates), while
those of CH,Cl, are too high (factor of 1.9). The NEI estimate
for C,Cl, (32 Gg/y in 2002) is consistent with our findings.
Over both Mexico and the U.S., ERs for CH,Cl,, C,Cl, and
CH,CICH,Cl vary quite widely, and the estimated emissions
have a correspondingly large uncertainty range.

Global Warming Potential of Current U.S. and Mexican
Halocarhon Emissions

Figure 2 shows the weighted global warming potential
(emission rate x GWP 2, 44) of U.S. and Mexican halocarbon
emissions on 20, 100, and 500 year time horizons, expressed
as Tg of CO, equivalents. Uncertainty estimates for the total
weighted halocarbon GWP for each country are calculated
by propagating (in quadrature) those for the individual
compounds. We find that on a 20 year time scale, current
halocarbon emissions are the third largest component of the
overall long-lived greenhouse gas source from both countries,
after CO, and methane and before N,O. As above, our data
reflecta 2004—2006 average for the U.S., and 2006 for Mexico.

We estimate total U.S. halocarbon emissions of 563 TgCO,
Eq. on a 20-year time scale, with an uncertainty range of
389—715 TgCO, equiv. This is equal to 9% (6—12%), 30%
(21—38%), and 170% (110—210%) of current U.S. CO,,
methane, and N,O emissions, respectively (also on a 20 year
time scale) (43). HCFC-22, CFC-12, HFC-134a, and CFC-11
are the main contributors, and will account for 90% of the
total U.S. halocarbon radiative forcing over the next 20 years
(Table 1).

In Mexico, we find that current halocarbon emissions are
equivalent to 135 (89—221) TgCO, on a 20 year time scale.
This value is sensitive to the estimates for CFC-11 and -12,
whose emissions are near detection limit for the MILAGRO
airborne data sets. If instead we average the T0 and T1 ERs
for these compounds (see the Supporting Information), we
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FIGURE 2. Global warming potential of current U.S. and
Mexican emissions of non-C0, long-lived greenhouse gases
expressed as teragrams of CO, equivalents, over 20, 100, and
500-year time horizons. Halocarbon emissions (in red) are those
derived here, with the error-bars showing the estimated
uncertainty as described in the text. Methane (black) and N,0
(blue) emissions are based on published estimates (43, 46, 47).
Data reflect a 2004—2006 average for the U.S. and 2006 for
Mexico (Mexican CH, and N,0 emissions are for 2005, the
latest available year).

obtain an overall best estimate of 104 TgCO, equiv (20 year
time scale), still within our uncertainty range. Halocarbons
thus make up a large fraction of Mexico’s greenhouse gas
budget, equivalent to 32% (21—52%) of current CO, emissions,
21% (14—35%) of methane, and 540% (360—890%) of N,O
over the next 20 years (46, 47).

As we see, the Montreal Protocol has been very effective
atreducing global emissions of ozone-depleting substances,
but ongoing halocarbon emissions in the U.S. and Mexico
still make up an important fraction of their overall greenhouse
gas source. Our results show that both countries (Mexico in
particular) have an opportunity to make a sizable cut in their
greenhouse gas footprint by targeting these halocarbons.

U.S. MCF Emissions and Implications for OH Estimates

We find that U.S. MCF emissions were 2.8 (2.0—3.5) Gg/y in
2004—2006, versus an EPA estimate of <0.05 Gg/y (43). If the
U.S. accounts for the same fraction (44% average over
1989—-1995 (11)) of industrialized emissions as prior to the
phase-out (other developed nations are subject to the same
production and consumption restrictions under the Montreal
Protocol), this would imply 6.4 Gg/y of global unreported
emissions over this 2004—2006 time frame. Uncounted
emissions of this magnitude would bias inferred interannual
OH changes (5, 37, 38, 41). For example, 11 Gg of fugitive
emissions globally was estimated to yield an OH bias of ~5%
(4D.

As pointed out by Prinn et al. (5), the extent of the effect
depends on whether ongoing emissions reflect illegal imports
from reporting Northern Hemisphere producers rather than
a time lag between sales and emission or illicit production
and use. A recent inversion study by Wang et al. (398),
optimizing simultaneously for OH abundance and MCF
emissions, implies that earlier (1988—1994) MCF emissions
may be substantially lower than presently thought. An

underestimate of the time lag between MCF sales and
emission thus appears likely. OH inversions need to include
apriori errors that are sufficient to reflect the true uncertainty
in global MCF source estimates.
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