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The atmospheric histories of two potent greenhouse
gases, tetrafluoromethane (CF,;) and hexafluoroethane
(C5Fg), have been reconstructed for the 20th century based
on firn air measurements from both hemispheres. The
reconstructed atmospheric trends show that the mixing
ratios of both CF, and C,Fg have increased during the 20th
century by factors of ~2 and ~10, respectively. Initially,
the increasing mixing ratios coincided with the rise in primary
aluminum production. However, a slower atmospheric
growth rate for CF, appears to be evident during the 1990s,
which supports recent aluminum industry reports of
reduced CF; emissions. This work illustrates the changing
relationship between CF, and C,Fg that is likely to be
largely the result of both reduced emissions from the
aluminum industry and faster growing emissions of CyFg
from the semiconductor industry. Measurements of CyFg in
the older firn air indicate a natural background mixing
ratio of <0.3 parts per trillion (ppt), demonstrating that
natural sources of this gas are negligible. However, CFy
was deduced to have a preindustrial mixing ratio of 34 +
1 ppt (~50% of contemporary levels). This is in good
agreement with the previous work of Harnisch et al. (78)
and provides independent confirmation of their results. As
a result of the large global warming potentials of CF,

and C,Fg, these results have important implications for
radiative forcing calculations. The radiative forcings of CF4
and C,Fs are shown to have increased over the past 50
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years to values in 2001 of 4.1 x 1073 Wm~2 and 7.5 x
10~* Wm~2, respectively, relative to preindustrial concentra-
tions. These forcings are small compared to present day
forcings due to the major greenhouse gases but, if the current
trends continue, they will continue to increase since

both gases have essentially infinite lifetimes. There is,
therefore, a large incentive to reduce perfluorocarbon
emissions such that, through the implementation of the
Kyoto Protocol, the atmospheric growth rates may decline
in the future.

Introduction

Tetrafluoromethane (CF4) and hexafluoroethane (C.Fe) are
the most abundant perfluorocarbons (PFCs) in the contem-
porary atmosphere with reported mixing ratios of ~78 and
~3 parts per trillion (ppt), respectively (1—4). Both species
strongly absorb infrared radiation in the “atmospheric
window” region (5—7) and have long atmospheric lifetimes
(Table 1) (8, 9). These long lifetimes arise from their high
stability in the atmosphere, with the only significant loss
processes being photolysis and/or ion reactions in the
mesosphere (10) and destruction in the high-temperature
combustion zones of power plants and automobiles (9, 11).
The estimated 100 year global warming potentials for CF,
and C,Fg are several thousand times larger than that of carbon
dioxide (Table 1) (8), making these two species among the
most potent greenhouse gases emitted on a per molecule
basis as a result of human activity.

Primary aluminum production is recognized to be the
major anthropogenic source of CF; and C,F¢ (8, 12—14). CF,4
and C,Fs are not emitted during normal operating conditions
and only occur during brief upset conditions known as “anode
effects” (14—16), which occur when the aluminum oxide level
within the electrolytic bath drops below a critical threshold
necessary for electrolysis. CF, and C,Fs have also been used
as dry etching and plasma cleaning agents in the semicon-
ductor industry since the early 1970s (17). They are emitted
into the atmosphere as the result of fugitive emissions unless
abatement technologies are employed to scrub the waste
streams (13).

Harnisch et al. (18) have shown evidence for a CF,
preindustrial background of ~50% of contemporary mixing
ratios from the analysis of air trapped in glacial ice. The
estimated natural CF, flux of <0.01 Ggyr~! (4, 18), necessary
to maintain a background of 39 + 6 ppt, is believed to be
geochemical in origin as a result of CF,; emissions being
detected following the heating, crushing, and aqueous
dissolution of certain rocks and minerals (19, 20). C,Fs was
not observed to be released from these rock samples (19, 20)
and has previously been hypothesized to be entirely an-
thropogenic in origin (21). Neither species was observed to
be present in volcanic degassing (22). The estimated natural
flux of CF, is insignificant relative to the estimated anthro-
pogenic flux of >10 Gg yr~!, reportedly emitted by the
aluminum industry (23).

Khalil et al. (3) have also shown evidence for a CF,
preindustrial background of ~44 ppt, within the reported
uncertainties of Harnisch et al. (18). Khalil’s estimate was
based on extrapolating the CF,:C,Fs relationship to zero C,Fs
concentrations from ambient air samples collected at Cape
Meares, Oregon, Point Barrow, Alaska, and Palmer Station,
Antarctica, between 1978 and 1990. This period was recog-
nized to be when the major source of these two gases was
from aluminum smelting and before there was a significant
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TABLE 1. Atmospheric Lifetimes (8), Relative Glohal Warming
Potentials (GWP) Used in the IPCC (8) and in This Work

(7, 37), and the Estimated Diffusion Coefficients, as
Determined from Le Bas Molecular Volumes (34), Used in
the Firn Modeling for CF, and CF;

GWP relative GWP relative diffusion
to CO,(100 year  to CO,(100 year  coefficient
lifetime time horizon); time horizon); relative
(years) IPCC this work to CO,
CF4 50000 58207 7200° 0.711
C,Fs 10000 120102 12100¢ 0.595

a Reference 8. » Reference 7. ¢ Reference 37.

contribution from the semiconductor industry. Interestingly,
as our results will show, the CF, to C,Fs slope has changed
since 1990 providing evidence of the increased contribution
of C,F emissions from the semiconductor industry. Our firn
air measurements provide older air, which enables improved
constraints on the natural CF, background estimation based
on only the early gradient of CF, versus C,F.

Experimental Approach

Firn Air Measurements and Modeling. Firn air samples were
collected at the North Greenland ice core project site (NGRIP),
Greenland (75° N, 42° W; 2001), and Berkner Island, Antarctica
(80° S, 46° W; 2003). Details of the NGRIP (24) and Berkner
Island sites (25), sampling procedures (26, 27), and analytical
methodologies (26, 28, 29) have been given elsewhere. More
details of the analytical method are given in the Supporting
Information (SI). The associated experimental uncertainties,
as illustrated by the error bars in subsequent figures, were
determined as the total analytical precision through duplicate
analyses of samples at each depth and the measurement
precision of the working standard (ambient air filled in the
Colorado Mountains in 1994 by the National Oceanic and
Aeronautical Administration—Climate Monitoring and Di-
agnostics Laboratory); see the SI.

The calibration was performed (CF,, this work; C,Fs (30))
using a static dilution of the pure gases (29). Following this
calibration, values of 72 + 10 ppt CF, and 2.2 £ 0.22 ppt C,Fs
were assigned to the working standard. The uncertainties in
the assigned numbers reflect the absolute errors of the
calibration including all systematic and random errors. The
response of the mass spectrometer was observed to exhibit
linearity across all concentrations. More details of the
calibration procedure are given in the SI.

The measured concentration depth profiles were inter-
polated into atmospheric trends using an iterative approach
(31) in conjunction with a firn physical transport model (32)
that accounts for gravitational fractionation and gaseous
diffusion within the firn. More details of this iterative
modeling methodology are given in the SI. The required
tortuosity profile for the firn modeling was determined by
inverse modeling of the CO. profile (33). Diffusion coefficients
of CF, and C,Fg relative to CO; (Table 1) were estimated from
Le Bas molecular volumes (34). Thermal fractionation effects
were not included in the model and are not believed to be
significant. The best fit firn model outputs, for each gas at
each site, are shown in Figure 1. These equate to the best
estimate time trends discussed thereafter.

Data from the two deepest samples (61 and 63 m) at
Berkner Island have been excluded from this work due to
contamination issues as indicated by anomalously high CFC-
113 and HCFC-142b concentrations in these samples. The
contamination was believed to be the result of a leak in the
pumping system at the surface that developed during the
collection of these samples.
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FIGURE 1. (a) Firn air concentration—depth profiles of CF; and C,Fs
at NGRIP and Berkner Island. The solid and dashed lines are modeled
best fits corresponding to the atmospheric scenarios shown in
Figure 2. (b) CF, and C,F; plotted against SF;. The years 1990 and
2003, determined through iterative dating of SF; at NGRIP, are shown.

Radiative Forcing Calculations. The radiative forcing
calculations were carried out using the Intergovernmental
Panel on Climate Change (IPCC) formula (35). This involves
multiplying the radiative efficiency (the radiative forcing per
parts per billion per volume (Wm™2 ppbv!)) by the gas
concentrations derived from the Laboratoire de Glaciologie
et Géophysique de 'Environnement’s 2D chemistry transport
model (36). The radiative efficiencies used for CF, and C,Fs
were 0.10 Wm~2 ppbv!and 0.27 Wm™2 ppbv !, respectively.
The efficiencies were calculated using spectral infrared
absorption cross sections measured at the Ford Motor
Company (Michigan) and radiative transfer codes (see ref 7
for CF, and ref 37) for C.;Fe). This method can be used for
long-lived gases such as CF, and C,Fs, which have small
variations in their vertical profiles. The difference in radiative
forcing between assuming a constant vertical profile of
concentration and a vertically varying profile was found to
be <1% for CF, and C.Fs. The CF, forcing has been shown
to be sensitive to the amount of both CF, and other species
that absorb in the same spectral region (7). We have used
values appropriate to the present day atmosphere.

Results and Discussion

Figure 1 shows the CF, and C,Fs measurements at the NGRIP
and Berkner Island sites versus depth (Figure 1a) and sulfur
hexafluoride (SFs) (Figure 1b). SFs was used to give an axis
that is more linear with time and that allows comparisons
between the two different sites. This is because SFg is very
long-lived in the atmosphere, T = 3200 years (8), and has
increased in both hemispheres at the same rate. By plotting
CF,and C,Fs against SFgit is possible to more clearly illustrate
the differing growth rates of CF, and C,Fs relative to SFs,
which increased exponentially in the atmosphere over the
period 1970—1997 (38, 39), as illustrated by the apparent
leveling off of CF, at SFs concentrations >3 ppt (Figure 1b).
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FIGURE 2. Atmospheric trends of (a) CF, and (b) C,F; reconstructed
from iterative modeling of the firn air profiles at NGRIP and Berkner
Island. Solid lines are the average of the NGRIP and Berkner Island
best fit trends for each gas. Data from Harnisch et al. (2) and Khalil
et al. (3) are also shown.

There is excellent agreement for both CF, and C.Fs
between both sites, as expected for very long-lived species
that are well mixed throughout the atmosphere. Approximate
dates at several depths in the profiles are also shown in Figure
1. These dates were determined through iterative modeling
of the SFs data from NGRIP and are only approximate as a
result of the differing diffusion rates for the different species
through the firn, hence the requirement to use the firn
modeling technique to determine time trends independently
of SFs dating.

The reconstructed atmospheric trends of CF; and C,Fs
(Figure 2) clearly show their increasing atmospheric burdens.
The atmospheric abundance of CF, is observed to have
increased by a factor of ~2 from 40 to 78 ppt between ~1955
and 2003 while C,Fs has increased by a factor of ~10 from
0.3 to 2.9 ppt between ~1940 and 2003. For CF, the
uncertainties in the dating of the sampling depths, illustrated
by x-axis error bars (Figure 2a), reflects the uncertainty in
the estimation of the preindustrial CF, value (34 + 1 ppt
determined from Figure 3) used in the model runs.

Figure 2 also shows the measurements of Harnisch et al.
(2) (CF4) and Khalil et al. (3) (CF, and C;Fe). There is excellent
agreement of these two datasets with our firn air measure-
ments for CF, (Figure 2a). Our C,Fs measurements are in
reasonable agreement with those reported by Khalil et al. (3)
(Figure 2b) although they are lower by ~20%. Harnisch et al.
(4) showed C;Fs rising by a factor of ~2, from 1.5 to 2.6 ppt,
between 1982 and 1995 broadly in agreement with our
measurements. Khalil et al. (3) showed that there are
significant calibration differences between the datasets of
different groups. Therefore, we consider our results to be in
approximate agreement with expectations and any observed
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FIGURE 3. Changing relationship between CF, and C;Fs from NGRIP
and Berkner Island firn air. The solid lines are best fit lines to the
two obvious trends determined through a linear least-squares curve
fitting routine.

differences in the absolute numbers between different
datasets are likely to be the result of calibration uncertainties.

The lowest mixing ratios of CF, and C,Fs observed from
the firn measurements were 40 and 0.3 ppt, respectively
(Figure 1). This strongly suggests that while CF, has a
preindustrial background, natural emissions of C,Fs are
negligible. The relationship between CF, and C,Fs was
investigated by plotting them against each other (Figure 3).
From this figure it is possible to estimate the natural
background of CF; by extrapolating the early CF,:C.Fs
relationship (<1992) to zero C,Fs concentrations (Figure 3).
Using a linear least-squares curve fitting routine a value of
34 + 1 ppt was determined as the natural background of CF,.
This value is within the uncertainty range of 39 + 6 ppt found
by Harnisch et al. (18) but lower than the 44 ppt reported by
Khalil et al. (3). The greater age range of the firn air
measurements constrains this extrapolation leading to an
improved value for the preindustrial CF, background relative
to previous estimates.

Itis clear from Figure 3 that the relationship between CF,
and C,Fg has changed significantly during the last ~15 years,
with the steeper gradient implying that the current atmo-
spheric growth rate of C,F is greater than that of CF,. Since
the major atmospheric sources of these two PFC’s are
understood to be from aluminum smelting and semicon-
ductor production, this result would suggest that the emis-
sions of CF, and C.Fs from these two industries have recently
changed.

Primary aluminum production has increased from a few
thousand metric tonnes in 1900 to >23 million metric tonnes
in 2003 (23, 40) with the greatest increases occurring in the
latter part of the century. As a result of both the environmental
and economic benefits of reducing “anode effects”, there
hasbeen an industry wide voluntary commitment to a variety
of national level governmental PFC emission reduction
programs. The International Aluminum Institute (IAI), which
represents the majority of global aluminum producers (~80%
in 2000), has undertaken a program called the “PFC emissions
and anode effect survey” to evaluate the specific emissions
from as many of the smelters that are in operation as possible,
as described previously by Khalil et al. (3).

The PFC emissions reduction program (15) describes the
newest technology, point feed prebake (PFPB), as being the
smelter technology responsible for the majority of the current
reported global aluminum production. The PFPB technology
was not described or discussed in the previous Khalil et al.
(3) publication. This technology incorporates multiple “point
feeders” and other computerized controls for precise alu-
minum feeding, which minimizes the occurrence of “anode



effects” and reduces the production of CF, and C,Fgs. Another
key feature of these production cells is their enclosed nature
coupled with the presence of gas and particle scrubbers,
which significantly reduce the fugitive emissions.

Since the early 1990s the quantity of aluminum being
produced by smelters utilizing the PFPB technology has
shown the largest growth in production output, increasing
by afactor of 3 from ~5 million tonnes in 1990 to > 15 million
tonnes in 2003 (40). This increase is complemented by the
decline in the emission factor (i.e., kg CF, emitted per tonne
of aluminum produced) from PFPB smelters by a factor of
>3 over the same time period. This means that, in 2003,
while PFPB smelters accounted for over half of total global
primary aluminum production they generate only around
one-third of the PFC emissions (40).

CF, and C,Fg along with several other fluorinated species
(e.g., CsFs, c-C4Fg, SFs, NF3, and CHF;3) are critical to current
semiconductor manufacturing methods because their unique
characteristics when used in a plasma cannot be duplicated
by alternatives. The industry’s technical reliance on high
global warming potential (GWP) gases increased significantly
(~61%) from 1990—1997 (13). However, as a result of the
initial implementation of PFC emission reduction methods
such as process optimization and abatement technologies
the emissions growth rate, for the United States atleast, began
to slow after 1997 and has reportedly declined during the
period 1999—2004 by ~35% (13).

We hypothesize that the observed changing relationship
between CF,; and C:Fs (Figure 3) is the result of reduced
emissions of CF4 and C,Fs per tonne of aluminum produced
and differing increases in the emissions of both species from
the semiconductor industry. The Emissions Database for
Global Atmospheric Research (EDGAR) has recently been
updated (version 3.2) to incorporate emissions of the new
“Kyoto” greenhouse gases (i.e., SFs, PFCs, and the hydrof-
luorocarbons) for the period 1970—1998 (41). The estimated
annual global emissions of CF, and C,Fs reported in EDGAR
are shown in Figure 4 along with the global primary aluminum
production (23). The estimated CF, emissions derived from
the atmospheric trend in Figure 2 is shown as the solid line
in Figure 4a. These emissions were determined by multiplying
the annual concentration changes by the approximate
conversion figure reported by Khalil et al. (3), i.e., 1 ppt yr—!
= 14.7 Gg yr ! for CF,. The reported conversion figure for
CFe, used in subsequent calculations, was 23 Gg yr ! for 1
pptyr!(3).In general, there is good agreement between our
work and EDGAR for CF, (Figure 4a).

It is possible to make an estimation of the individual
contribution of the aluminum and semiconductor industries
to the total C,Fs emissions from the relationship observed
in Figure 3. The early linear slope of CF, versus C,Fg can be
assumed to be characteristic of the aluminum industry since
there was no significant semiconductor production at this
time and the natural emission rate is negligible. Therefore,
the CF,:CyFg ratio can be calculated, assuming all CF, comes
from aluminum smelting, for the years 1970—2001 from the
early slope (Figure 3) giving a constant value of 13 & 0.8 from
our work, which is in reasonable agreement with the values
of 10 from EDGAR and 10—12 used by Khalil et al. (3).

However, it is important to note that the different smelter
designs have been observed to exhibit different CF,:CyFs
emission ratios (15) and that the CF,:C,Fs mass emission
ratio has been estimated to have declined between 1970—
1995 by ~25% from 12 to 9 (42). This decline was not included
in our extrapolation of the C;Fs emissions from the aluminum
industry and as a result our estimated emissions are biased
to lower values. Taking this estimate of the C,Fs emissions
and comparingit to the total estimated emissions, determined
from the later trend in Figure 3, gives an estimate of the
contribution of the semiconductor industry to global C.Fs
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FIGURE 4. Combined emissions of (a) CF; and (b) C,F; from the

aluminum (empty bars) and semiconductor (solid bars) industries

for the period 1970—1998 as estimated by EDGAR (47). The estimated

CF; emissions as predicted from the firn air modeling for 1970—2001

(solid black line) and the trend in global primary aluminum production

for the period 1970—2001 (23) (dashed black line) are shown in

panel a. The estimated emissions of C;Fs from the aluminum and
semiconductor industries (solid black line) and just the aluminum
industry (dashed black line), as determined from the extrapolation
of the early slope of CF4:C,Fs (Figure 3), are shown as a dashed line
in panel b. The solid gray lines show the estimated uncertainties
in these emission estimates derived from the errors in (i) the
reconstructed CF, trend and (ii) both CF;:C,Fs ratios (Figure 3).

emissions (Figure 4b). As a result of the bias in the estimated
C,Fg emissions from the aluminum industry, these estimated
emissions from the semiconductor industry should be
interpreted as upper limits.

Our estimates differ from those of EDGAR although both
show increasing trends between the late 1980s and 1998.
Our results show a constant linear increase from ~1986, as
a result of the nature of the employed methodology, as
opposed to EDGAR which shows a more rapid increase after
1992. These estimates would suggest that emissions of CF,
and C,Fs from the aluminum industry (assuming a negligible
contribution of CF, from the semiconductor industry) for
the period 1970—2001 were reasonably stable at 12 + 0.5 and
0.92 &+ 0.04 Gg yr !, respectively. Over the same time frame
global primary aluminum production has continued to
increase, most notably between 1994 and 1998 (~30%) (Figure
4a), implying that the CF, and C,Fs emission factors for the
aluminum industry are declining, in agreement with industry
reports (15, 16, 40).

These estimates also suggest that C,Fs emissions from
the semiconductor industry have increased from 0.47 + 0.21
to 1.8 +0.11 Gg yr ! between 1990 and 2001. The agreement
in the magnitude of the estimated emissions from EDGAR
and this work is encouraging. The total C,Fs emissions of 2.7
=+ 0.16 Ggin 2001 are considerably higher than the standard
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IPCC Special Report on Emission Scenarios (SRES) (43) value
of 1.3 Gg for 2000, and our data and the EDGAR data do not
support the SRES assumption of a decrease from 1.6 Gg yr!
to 1.3 Ggyr! between 1990 and 2000. Similarly, SRES projects
a decrease in CF, emissions from 16 Gg yr~! to 13 Gg yr!
between 1990 and 2000, which is much greater than the
decrease derived here (Figure 4a), although the SRES value
in 2000 is similar to the EDGAR and our 2001 value.

The time history of the radiative forcings, i.e., the
perturbation resulting from the concentration change be-
tween the preindustrial (taken as the year 1750) and a given
year, of CF, and C,Fg are shown in Figure 5. The time history
of atmospheric concentrations were provided on a global
basis from a 2D chemistry transport model (36) using the
firn air measurements of CF; and C,Fe. In this method of
estimating the radiative forcing, the radiative forcing varies
linearly with the atmospheric concentration, and therefore,
the trend in radiative forcing with time of the two gases was
similar to that of the atmospheric concentration time trend.
The radiative forcing for CF, increases steadily after 1960
with a slight decrease in trend after 1990. The radiative forcing
of C,Fs shows a steady increase until the 1980s where it rapidly
increases.

The radiative forcings of CF,; and C,Fs are small in
magnitude when compared to the major greenhouse gases:
0.3, 1, and 3% of carbon dioxide (CO,) (Figure 5), methane
(CHy), and nitrous oxide (N.O) (not shown), respectively.
However, the CF, and C,Fg forcings are essentially irreversible
as a result of their long atmospheric lifetimes (Table 1). The
CO; (Figure 5), CHy4, and N,O radiative forcings (not shown)
were calculated using mixing ratios from the Goddard
Institute for Space Science (GISS) (44) and the reported IPCC
(35) formula for the gases.

The 1998 estimate for the radiative forcing of CF, is 3.9
x 1073 Wm~™2 and that of C,Fg is 6.7 x 10~* Wm™2. The IPCC
estimates, for the same year, are 3.0 x 1073 Wm~2 and 1.0 x
10*Wm2for CF, and C,Fs, respectively (35). The differences
are due to a combination of the discrepancies in the radiative
efficiencies calculated here and those quoted in the IPCC
2001 report (35) and the differences in the atmospheric
concentrations estimated for 1998 between this study and
the IPCC 2001 report (35). Multiplying the year 2000 emissions
(Figure 4) by the 100 year GWPs (Table 1) yields total CF, and
C,Fs CO»-equivalent emissions of about 110 Mt—or about
0.5% of the fossil-fuel CO, emissions in that year (35). Using
the IPCC (35) values for both the year 2000 emissions and
the GWPs would yield CO;-equivalent emissions almost 25%
smaller.
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