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Abstract We report in situ atmospheric measurements of hydrofluorocarbon HFC-43-10mee (C5H2F10;
1,1,1,2,2,3,4,5,5,5-decafluoropentane) from seven observatories at various latitudes, together with measurements
of archived air samples and recent Antarctic flask air samples. The global mean tropospheric abundance was
0.21±0.05ppt (parts per trillion, dry air mole fraction) in 2012, rising from 0.04±0.03ppt in 2000. We combine the
measurementswith amodel and an inversemethod to estimate rising global emissions—from 0.43±0.34Ggyr�1

in 2000 to 1.13±0.31Ggyr�1 in 2012 (~1.9 TgCO2-eqyr
�1 based on a 100year global warming potential of 1660).

HFC-43-10mee—a cleaning solvent used in the electronics industry—is currently a minor contributor to global
radiative forcing relative to total HFCs; however, our calculated emissions highlight a significant difference from
the available reported figures and projected estimates.

1. Introduction

The hydrofluorocarbon (HFC) HFC-43-10mee (C5H2F10; 1,1,1,2,2,3,4,5,5,5-decafluoropentane), composed of
a mixture of the diastereomers erythro-CF3CHFCHFC2F5 and threo-CF3CHFCHFC2F5, was introduced in the
mid-1990s for cleaning applications in the electronics industry. It replaces compounds whose consumptions
are controlled under the Montreal Protocol [United Nations Environment Program, 1987], namely CCl2FCClF2
(CFC-113), CH3CCl3 (methyl chloroform), and CH3CCl2F (HCFC-141b), and is an alternative to perfluorinated
compounds (PFCs), which have global warming potentials (GWPs) >8000 [U.S. Environmental Protection
Agency, 2001]. It also replaces some uses of PFCs and CFC-113 as a solvent for lubricants applied to
computer hard disks and other minor applications. An estimated lifetime of 16.1 years, together with a
radiative efficiency of 0.4Wm�2 ppb�1, leads to a calculated 100 year global warming potential (GWP100)
for HFC-43-10mee of 1660 [Daniel et al., 2011]. Thus, it has potential to make a contribution to the Earth’s
radiative budget and is controlled under the Kyoto Protocol [United Nations Framework Convention on
Climate Change, 1997].

As a class of compounds, emissions and atmospheric abundances of the HFCs have been projected to
increase substantially in the coming decades [Velders et al., 2009, 2013]. As a result of these projections,
consideration is being given to limit future HFC consumption by including HFCs in the Montreal Protocol
[United Nations Environment Program, 2013; U.S. Environmental Protection Agency, 2013]. The abundances of
most major long-lived HFCs have now been quantified in the atmosphere and “top down” emission estimates
inferred (e.g., Miller et al. [2010]); however, HFC-43-10mee is an exception. Atmospheric measurements are
vital in providing an independent verification of reported and/or estimated emission rates [Weiss and Prinn,
2011], and in this study we provide the first observations of HFC-43-10mee. We present measurements of
archived air samples from the two hemispheres and frequent in situ air measurements from the Advanced
Global Atmospheric Gases Experiment (AGAGE) beginning in 2010, together with flask samples from
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Antarctica from 2010 to 2012. We use an atmospheric chemistry transport model and inverse method to
derive global emissions, and average abundances and growth rates, in order to understand the significance
of HFC-43-10mee in the atmosphere.

2. Methods
2.1. Instrumentation and Measurement

We used the “Medusa” preconcentration gas chromatography–mass spectrometry (GC-MS) system to
measure the dry air mole fraction of HFC-43-10mee from both ambient air and archived air samples [Miller
et al., 2008; Arnold et al., 2012]. Northern Hemisphere (NH) archived air samples, which were collected at
Trinidad Head, California (41.05° N, 124.15° W), were measured at the Scripps Institution of Oceanography
(SIO), University of California, San Diego (La Jolla, CA, USA). Southern Hemisphere (SH) archived air samples,
collected at the Cape Grim Baseline Air Pollution Station (40.68° S, 144.69° E) [Krummel et al., 2007], were
measured at the Commonwealth Scientific and Industrial Research Organisation (CSIRO), Division of Marine
and Atmospheric Research (CMAR) (Aspendale, Australia) as part of a study previously described [Ivy et al.,
2012]. Ivy et al. [2012] used a Medusa fitted with a GasPro capillary column (60m×0.32mm ID, Agilent
Technologies) for an improved resolution of the PFCs, rather than the PoraBOND Q column (25m×0.32mm ID,
Agilent Technologies) used as the main column in all other Medusas. Samples were also measured using a
Medusa at Empa, Switzerland, from flasks collected at the South Korean Antarctic station King Sejong, King
George Island, South Shetland Islands (62.2° S, 58.8° W), maintained by the Korea Polar Research Institute
[Vollmer et al., 2011].

Each Medusa measurement cycle lasts 60–65min, and each sample is bracketed by analyses of a compressed
reference gas, resulting in a calibrated ambient air measurement every 120–130min [Miller et al., 2008; Arnold
et al., 2012]. For archive samples, at least three separate measurements weremade, and themeasurement error
was estimated as the standard deviation (s.d.) of these replicate analyses. Typically, the mass spectrometer (MS)
(Agilent 5975 or 5973) is set to continuously acquire the relevant ions (single-ion mode) during elution of
specific compounds. HFC-43-10mee was typically acquired with a target ion of mass to charge ratio (m/z) 183
(C4H2F7

+) and a qualifier ion of 133m/z (C3H2F5
+) or 119m/z (C2F5

+). The MS response with the 119m/z
fragment was ~1.8 times larger than thatwith either the 183 or 133m/z fragments; however, for real air samples,
the 119 or 133m/z fragments had more poorly defined or variable baselines (Figure S1 in the supporting
information). Under a Medusa setup with the PoraBOND Q column, the threo isomer eluted at 458 s and the
erythro at 449 s—between CFC-11 at 424 s and CFC-113 at 489 s. With a GasPro column substituted for the
PoraBOND Q, the threo isomer eluted at 796 s and the erythro at 745 s—later than both CFC-11 at 583 s and
CFC-113 at 675 s. The PoraBOND Q and GasPro performed equally well in terms of chromatogram quality. The
evidence for the integrity of samples collected and the methodology for measurement is presented in Text S1
and Figure S2 in the supporting information, including the data to test the linearity of instrument response
across a range of mole fractions and volumes sampled (Figure S3 in the supporting information).

2.2. Calibration

A primary gravimetric standard was prepared at SIO to identify and quantify HFC-43-10mee using the
Medusa. This standard was prepared in 2010 (SIO-2010 scale) together with the PFCs C4F10, C5F12, C6F14,
C7F16, and C8F18, following the bootstrap method by stepwise dilution [Prinn et al., 2000], with nitrous oxide
(N2O) used as the bootstrap gas and using high-purity (>98%) HFC-43-10mee (SynQuest Laboratories, USA).
The PFCs only were recalibrated in 2012 (SIO-2012 scale) by making four additional standards for each of the
five gases [Ivy et al., 2012]. The average uncertainty on the calibration of these four PFC standards was
6.6 ± 1.6% (1 s.d.), which includes the reproducibility after preparation and measurement, an assessment of
reagent purity, and consideration of possible handling losses/gains during preparation. The average
difference between the independently prepared SIO-2010 and SIO-2012 calibration scales for the five PFCs
was 7.6 ± 3.8% (1 s.d.). Thus, given the closeness of the two scales for the PFCs, we are confident that the use
of the SIO-2010 scale is appropriate for this first study of HFC-43-10mee, and based on the difference found
for the PFCs between SIO-2010 and SIO-2012, we assign an uncertainty on this primary calibration of 8%.

In order for HFC-43-10mee’s total atmospheric abundance to be quantified via measurement of only the
major isomer, we needed to demonstrate that the relative proportion of the two isomers was constant
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between standards and samples. The MS detector relative response of the threo isomer to the erythro isomer
was within the measurement precision for both the synthetic dilution made from a pure purchased aliquot
and a recent ambient air sample (Table 1). Thus, themeasurement of the higher-abundance threo isomer was
sufficient for the calibration of air measurements for total HFC-43-10mee. We found that the ratio of the
isomers in a selection of atmospheric samples from 2004 to present day is constant; however, the absence of
reliable measurements of the erythro isomer in samples collected prior to 2004 means that we could only
infer this same ratio for older samples. The reported ratios of isomers we give in Table 1 reveal a significant
difference with the estimated ratio from the manufacturer (provided by C. Deigl, SynQuest Laboratories,
2010) and to other measurements [Chen et al., 2010]. This could be due to the fact that the two isomers elute
into the MS at different times when the MS has developed a different sensitivity, or that the isomers have
slightly different fragmentation patterns in the MS, or that there are discrepancies in the isomer ratio of the
synthesized HFC-43-10mee.

2.3. Modeling and Inversion Calculation

For the inversion, we computed the sensitivity of atmospheric mole fractions to global emissions using the
AGAGE 12-box model [Cunnold et al., 1997; Rigby et al., 2013]. This model has been successfully implemented
in recent studies to simulate the atmospheric behavior of other long-lived anthropogenic species [O’Doherty
et al., 2009;Miller et al., 2010;Mühle et al., 2010; Vollmer et al., 2011; Arnold et al., 2013; Rigby et al., 2014]. Sinks
for HFC-43-10mee include reaction with the hydroxyl radical (OH) in the troposphere [Zhang et al., 1992;
Schmoltner et al., 1993; Chen et al., 2010] and stratospheric loss [Naik et al., 2000]. Chen et al. [2010] recently
reported that the two diastereomers of HFC-43-10mee have identical lifetimes in the troposphere due to
reaction with OH (the dominant sink), therefore ruling out the need to consider the two diastereomers
separately in terms of global atmospheric chemistry. The lifetime of HFC-43-10mee is currently reported at
16.1 years [Montzka et al., 2011], which is short compared to many other halogenated compounds, such as
the longest-lived HFC (HFC-23), with a total atmospheric lifetime of 228 years [SPARC, 2013]. We used an
atmospheric lifetime due to reaction with OH in the troposphere of 17.9 years and a stratospheric lifetime of
157 years [Montzka et al., 2011]. The model transport parameters, and OH concentrations (previously
determined) are seasonally varying and interannually repeating [Prinn et al., 2005].

Given that emission rates of HFCs are often significantly undereported [Rigby et al., 2014], and as our
atmospheric measurements are sparse prior to 2010, we utilized a growth-based Bayesian inverse method to
optimally derive global emissions [Rigby et al., 2011]. Instead of using absolute a priori emission rates, this
method uses the more reliably understood year-to-year growth in emissions, thus largely eliminating the
sensitivity of the a posteriori emission rates to the often poorly estimated independent estimates. The
Emissions Database for Global Atmospheric Research (EDGAR) v4.2 was used as the source of a priori
emissions growth rates in this study [European Commission, Joint Research Centre/Netherlands Environmental
Assessment Agency, 2013]. This database has published global emissions based on summed estimates from
just three countries: Canada, France, and Austria from 1994 to 2008 (France and Austria since 1990). The
inversion calculation included years 1985 to 2013, with initial modeled atmospheric mole fractions before
this time assumed to be zero.

We calculated an a priori annual growth rate of emissions using EDGAR and assigned the maximum growth
rate as the uncertainty to each annual growth rate. From 2008 onward, when EDGAR v4.2 did not provide
estimates, the growth rate was assumed constant. The total observational uncertainty used in the inversion

Table 1. Percentage of Threo Isomer in HFC-43-10mee Mixture With Associated 1 σ Uncertainties

Sample Description GC–Flame Ionization Detector Manufacturer’s Range a Medusa GC-MS b

Ambient air sample (this study) 83.8 ± 1.7
Artificial whole air standard (this study) 85–90 82.71± 0.07
Pure sample (Chen et al. [2010]) 88

aAs given by the supplier of the sample used to make our primary standard (C. Deigl, SynQuest Laboratories, 2010).
bThe ratio measured by our Medusa GC-MS is possibly inaccurate; however, given that the measured ratios for all the

samples in this study (both the artificial standard used for calibration, archived samples, and ambient air samples) are
identical within the measurement precision, we were able to calculate the total HFC-43-10mee atmospheric mole frac-
tions based on the routine measurement of the threo isomer only.
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method was calculated as the square root of the sum of the following squared errors: errors resulting from
sampling frequency, measurement-model mismatch, measurement precision, and scale propagation [Chen
and Prinn, 2006]. The sampling frequency error was estimated as the variability in the in situ monthly mole
fractions divided by the square root of the number of observations, with scaled values applied to the archive
measurements. The measurement-model mismatch error, which provides an estimate of how well the
measured value reflects what the model is trying to simulate, was estimated from the observed variability of
the in situ measurements within each month with a scale factor applied for estimating the error on the
archive samples. Precisions on the air samples were estimated from the bracketing standard measurements,
and precisions on archive samples were calculated directly from themultiple repeat measurements. The scale
propagation error was calculated by considering the typical measurement precision at each step of the
calibration from the primary standard to the working standard.

Following the Prinn et al. [2005] Monte Carlo approach, uncertainties in the optimally derived emissions due
to model systematic uncertainties were simulated by repeating the inversion using randomly perturbed
model parameters and the model OH concentrations within the estimated ranges of their systematic
uncertainties. The elements of the measurement vector were also randomly perturbed by ±8% (1 σ, normal
distribution assumed) to simulate uncertainty in the calibration scale. The inversion was carried out 1000
times using 1000 alternative sensitivity matrices and measurement vectors constructed from the randomly
perturbed parameters in the model and calibration scale, respectively. The uncertainty associated with the
average emissions from the 1000 inversions was combined with the inherent uncertainty from the inversion
to produce the final 1 σ uncertainties for the global emission estimates.

To estimate the annual average global tropospheric mixing ratios and related uncertainties (Table 2), the
model was run 1000 times using the annual emissions with normal distributions based on the associated
uncertainties derived from the inversions. Each run produced modeled mole fractions for the lower
troposphere in each of the latitudinal semihemispheres. The growth rates and associated uncertainties
were calculated similarly using the first derivative of each of the 1000 model outputs fitted with a cubic
spline curve.

3. Results and Discussion

In situ measurements of HFC-43-10mee started in the NH in mid-2010 at Trinidad Head, USA; Mace Head,
Ireland; Jungfraujoch, Switzerland; Zeppelin, Norway; and Ragged Point, Barbados, with SH measurements
beginning at Cape Grim, Australia in August 2010 and more recently at Cape Matatula, Samoa, in February
2013. In Figure 1, we show the monthly means of the data—following a statistical filter algorithm—

representative of the well-mixed atmosphere in that latitudinal band [O’Doherty et al., 2001; Cunnold et al.,

Table 2. Average Global Tropospheric HFC-43-10mee Dry Air Mole Fractions, Mole Fraction Growth Rates, and Global
Emissions Flux, Together With Associated 1 σ Uncertainties for Each

Year Mole Fraction (ppt) Mole Fraction Growth Rate (ppq yr�1) Emission Rate (Gg yr�1)

1997 0.022± 0.034 3.8 ± 2.8 0.26 ± 0.35
1998 0.028± 0.032 2.6 ± 2.9 0.30 ± 0.35
1999 0.033± 0.034 6.5 ± 3.1 0.35 ± 0.35
2000 0.041± 0.034 9.5 ± 2.5 0.43 ± 0.34
2001 0.052± 0.035 11.2 ± 3.1 0.53 ± 0.33
2002 0.063± 0.036 11.2 ± 2.7 0.63 ± 0.32
2003 0.074± 0.037 11.1 ± 2.6 0.73 ± 0.31
2004 0.085± 0.036 12.7 ± 2.1 0.83 ± 0.31
2005 0.101± 0.036 18.6 ± 1.9 0.93 ± 0.31
2006 0.119± 0.037 16.7 ± 1.9 1.02 ± 0.30
2007 0.135± 0.036 15.2 ± 3.1 1.10 ± 0.29
2008 0.150± 0.034 14.8 ± 2.5 1.15 ± 0.29
2009 0.165± 0.035 14.4 ± 2.4 1.17 ± 0.29
2010 0.179± 0.037 15.0 ± 3.2 1.16 ± 0.29
2011 0.195± 0.040 16.7 ± 3.6 1.14 ± 0.29
2012 0.211± 0.046 15.1 ± 3.2 1.13 ± 0.31
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2002]. For the length of the in situ record (i.e., since 2010), a hemispheric gradient is observed (~0.03 ppt)
between the measurements at the high northern latitude sites and Cape Grim, and a difference between at
least three of the four semihemispheric latitudinal bands is also clear. A significant improvement in precisions
is observed in the middle of 2012 for measurements at Cape Grim (Figure 2), which is also evident in the
calculatedmonthly averages (Figure 1). This change in precisions resulted from amass spectrometer upgrade
on the Medusa instruments from the Agilent 5973 to the Agilent 5975C, which produced improved signal-to-
noise ratios for low-abundance compounds. Mass spectrometer upgrades were also made at the Trinidad
Head, Mace Head, Ragged Point, and Cape Matatula observatories during 2012–2013. Figure 2 includes
measurements from samples filled at King Sejong (Table S1 in the supporting information), Antarctica, giving
an independently measured verification of the in situ SH record.

Significant pollution episodes for HFC-43-10mee were not evident at the observatories used in this study
except at Mace Head, where measurements over 0.6 ppt have been observed on<10 occasions over 3 years.
Measurements at SIO of up to 10 ppt have been observed during certain meteorological conditions that
occur in the winter months; however, understanding the possible local or regional sources of pollution
detected at SIO’s urban site is beyond the scope of this work.

Based on the archived air samples (Tables S2 and S3 in the supporting information), Figure 3 shows
the atmospheric history of HFC-43-10mee. The earliest detection of HFC-43-10mee was from a Trinidad

Head sample in February 1999 at
36 ± 2 parts per quadrillion (ppq) (1 s.d.)
and in the SH at Cape Grim in February
2000 at 30 ± 13 ppq (Figure 3). Since
then, the abundance has risen over
sixfold (with the growth rate peaking in
2005 at 19 ppq yr�1) to the monthly
mole fractions on June 2013 of
0.240 ± 0.012 ppt (1 s.d. of 263
measurements) at Trinidad Head and
0.208 ± 0.008 ppt (252 measurements)
at Cape Grim. Measurements continue
to be made by AGAGE, and the
calculated monthly mole fraction data
from this time forward will be released
on a six-monthly basis to the Carbon
Dioxide Information Analysis Center
(http://cdiac.ornl.gov/).

Figure 1. Time series of atmospheric HFC-43-10mee (in parts per trillion dry air mole fraction) using monthly mean mixing
ratios calculated from in situ measurements of the Advanced Global Atmospheric Gases Experiment that were filtered to
remove pollution episodes. The vertical bars denote the 1 s.d. of the monthly means, and for clarity, only those from
the Cape Grim data have been included—the standard deviation of the monthly means at other sites are similar. Mass
spectrometer upgrades were made at the Trinidad Head, Mace Head, Ragged Point, Cape Matatula, and Cape Grim
observatories during 2012–2013, which are visible in the Cape Grim record shown here as a decrease in the standard
deviation of the monthly means starting in August 2012. Modeled mole fractions are from the AGAGE 12-box model using
the optimized emissions as input (shown in Figure 3 as black line).

Figure 2. In situ measurements (made every 120–130min) of
HFC-43-10mee (in parts per trillion dry air mole fraction) from Cape
Grim, Australia (black dots), together with flask samples from King
Sejong, Antarctica (open circles). Measurements from Mace Head,
Ireland (gray dots), are shown for comparison.
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A modeled time series of monthly
mole fractions in the lower
troposphere for the Earth’s four
latitudinal semihemispheres is plotted
alongside recent in situ measurements
in Figure 1. Only the extratropical
semihemispheres were plotted for the
full time series in Figure 3. Annual
average global mole fractions have
risen from below 0.05 ppt in 2000 to
just above 0.2 ppt in 2012, with the
global average annual growth rate
remaining relatively constant at
~15 ppq since 2007 (Table 2). Using the
atmospheric histories to constrain
emissions, Figure 3 shows the global
annual emissions of HFC-43-10mee.
Annual emission rates have risen
from year to year between 2000 and
2008, from 0.43 ± 0.34 Gg yr�1 to
1.15 ± 0.29 Gg yr�1 (1 σ uncertainties),
with a plateauing of emissions
thereafter (Table 2 and Figure 3). This
change in the emission growth rate
has not been investigated in terms
of changes in production, supply, or
end use practices. The current emission
rate of ~1.15 Gg yr�1 equates to
~1.9 Tg CO2-eq yr

�1 (CO2-equivalents
based on a GWP100 of 1660). This
is within the range of estimates
(1–2 Tg CO2-eq yr

�1, based on a
GWP100 of 1590) made in a special
Intergovernmental Panel on Climate
Change report in 2005 projecting for
the year 2015 [Intergovernmental Panel
on Climate Change, 2005]. The
projections made in the Special Report
on Emissions Scenarios (SRES)
significantly overestimated
HFC-43-10mee emissions
[Intergovernmental Panel on Climate
Change, 2000]. The emissions from
SRES were used as the basis in
calculating the greenhouse gas
concentrations for the Representative
Concentration Pathways (RCPs)

[Meinshausen et al., 2011], and are displayed in Figure 3 alongside our calculated emissions. The current
atmospheric burden of HFC-43-10mee has been significantly overestimated: Between 2001 and 2010, the
emission growth rate used for calculating the RCP greenhouse gas concentrations is significantly higher
than our estimate. In 2010, however, the predicted emission rate growth decreases to a level comparable
to the average we observe from a large proportion of the atmospheric record (0.1 Gg yr�2 between 1999
and 2007). We therefore suggest that whatever feature was driving the rapid growth in the SRES emission
projections to 2010 should be revised downward.

Figure 3. (top) Full time series of atmospheric HFC-43-10mee mole frac-
tions (in parts per trillion dry air mole fraction) showing the monthly
averaged data from the in situ measurements of the four semihemispheres
(see Figure 1) and from measurements of Northern Hemisphere and
Southern Hemisphere archived air samples (see Tables S2 and S3 in the
supporting information). Vertical bars on the archive measurements are
calculated as the total measurement uncertainty, which includes mea-
surement error and the ability of the measurement to reflect well-mixed
air. The most recent archive samples in which HFC-43-10mee could not be
detected are indicated by the red (NH) and blue (SH) solid rectangles
within the shaded gray region representing the estimated detection limit.
Trends were calculated using the AGAGE 12-box model with emissions
from the inversion as input. (bottom) Top down HFC-43-10mee emissions
estimated optimally using the atmospheric measurements and indepen-
dent emission growth rates (calculated from EDGAR v4.2) as constraints.
The shaded area represents the 1 σ uncertainty band for the optimized
emissions. Emissions used in the Representative Concentration Pathways
(RCP3-PD, RCP4.5, and RCP6) byMeinshausen et al. [2011] are shown in red
(available online at www.pik-potsdam.de/~mmalte/rcps).
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4. Conclusions

We present the first atmospheric measurements of HFC-43-10mee and show that the global atmospheric
abundance of this greenhouse gas has risen since its first appearance, reaching a mean concentration in the
global background troposphere of 0.21± 0.05 ppt during mid-2012. The atmospheric growth rate and emission
rate however have plateaued since 2008 at ~15ppq yr�1 and ~1.15Gg yr�1, respectively. In terms of CO2

equivalents based on a GWP100 of 1660, the 2012 HFC-43-10mee emission rate equates to ~1.9 TgCO2-eq yr
�1.

This emission rate is comparable to two other low-abundance HFCs, HFC-365mfc, and HFC-236fa, with
emissions in 2010 of ~2.3 TgCO2-eq yr

�1 and ~1.1 TgCO2-eq yr
�1, respectively [Vollmer et al., 2011]. Atmospheric

measurements of HFC-43-10mee will continue within the AGAGE program over the coming years in order to
assess its future emission rates and impact on radiative forcing.

References
Arnold, T., J. Mühle, P. K. Salameh, C. M. Harth, D. J. Ivy, and R. F. Weiss (2012), Automated measurement of nitrogen trifluoride in ambient air,

Anal. Chem., 84(11), 4798–4804.
Arnold, T., et al. (2013), Nitrogen trifluoride global emissions estimated from updated atmospheric measurements, Proc. Natl. Acad. Sci.

U. S. A., 110, 2019–2034.
Chen, Y.-H., and R. G. Prinn (2006), Estimation of atmospheric methane emissions between 1996 and 2001 using a three-dimensional global

chemical transport model, J. Geophys. Res., 111, D10307, doi:10.1029/2005JD006058.
Chen, L., T. Uchimaru, S. Kutsuna, K. Tokuhashi, and A. Sekiya (2010), Kinetics study of gas-phase reactions of erythro/threo-CF3CHFCHFC2F5

with OH radicals at 253–328 K, Chem. Phys. Lett., 488(1–3), 22–26.
Cunnold, D. M., R. F. Weiss, R. G. Prinn, D. Hartley, P. G. Simmonds, P. J. Fraser, B. Miller, F. N. Alyea, and L. Porter (1997), GAGE/AGAGE

measurements indicating reductions in global emissions of CCl3F and CCl2F2 in 1992-1994, J. Geophys. Res., 102(D1), 1259–1269.
Cunnold, D. M., et al. (2002), In situ measurements of atmospheric methane at GAGE/AGAGE sites during 1985–2000 and resulting source

inferences, J. Geophys. Res., 107(D14), 4225, doi:10.1029/2001JD001226.
Daniel, J. S., et al. (2011), A focus on information and options for policymakers, in Scientific Assessment of Ozone Depletion: 2010, Global Ozone

Research and Monitoring Project, Rep. 52, chap. 5, pp. 5.1–5.56, World Meteorological Organization, Geneva, Switzerland. [Available at
http://ozone.unep.org/Assessment_Panels/SAP/Scientific_Assessment_2010/07-Chapter_5.pdf.]

EC-JRC/PBL (2013), Emission Database for Global Atmospheric Research (EDGAR), version 4.2, European Commission, Joint Research Centre
(JRC)/Netherlands Environmental Assessment Agency (PBL). [Available at http://edgar.jrc.ec.europa.eu/.]

Intergovernmental Panel on Climate Change (2000), Emissions Scenarios. Special Report of the Intergovernmental Panel on Climate Change,
edited by N. Nakicenovic and R. Swart, pp. 570, Cambridge Univ. Press, Cambridge, U. K., and New York.

Intergovernmental Panel on Climate Change (2005), IPCC/TEAP Special Report on Safeguarding the Ozone Layer and the Global Climate System:
Issues Related to Hydrofluorocarbons and Perfluorocarbons, edited by B. Metz et al., pp. 478, Cambridge Univ. Press, Cambridge, U. K.

Ivy, D. J., et al. (2012), Atmospheric histories and growth trends of C4F10, C5F12, C6F14, C7F16 and C8F18, Atmos. Chem. Phys., 12, 4313�4325.
Krummel, P. B., R. L. Langenfelds, P. J. Fraser, L. P. Steele, and L. W. Porter (2007), Archiving of Cape Grim air, in Baseline Atmospheric Program

Australia 2005-2006, edited by J. M. Cainey, N. Derek, and P. B. Krummel, pp. 55–57, Bureau of Meteorology, Melbourne, Victoria, Australia.
Meinshausen, M., et al. (2011), The RCP greenhouse gas concentrations and their extensions from 1765 to 2300, Clim. Change, 109(1–2),

213–241.
Miller, B. R., R. F. Weiss, P. K. Salameh, T. Tanhua, B. R. Greally, J. Mühle, and P. G. Simmonds (2008), Medusa: A sample preconcentration and

GC/MS detector system for in situ measurements of atmospheric trace halocarbons, hydrocarbons, and sulfur compounds, Anal. Chem.,
80(5), 1536–1545.

Miller, B. R., et al. (2010), HFC-23 (CHF3) emission trend response to HCFC-22 (CHClF2) production and recent HFC-23 emission abatement
measures, Atmos. Chem. Phys., 10(16), 7875–7890.

Montzka, S., et al. (2011), Ozone-depleting substances (ODSs) and related chemicals, in Scientific Assessment of Ozone Depletion: 2010, Global
Ozone Research and Monitoring Project, Rep. 52, chap. 1, pp. 1.1–1.108, World Meteorological Organization, Geneva, Switzerland. [Available
at http://ozone.unep.org/Assessment_Panels/SAP/Scientific_Assessment_2010/07-Chapter_1.pdf.]

Mühle, J., et al. (2010), Perfluorocarbons in the global atmosphere: Tetrafluoromethane, hexafluoroethane, and octafluoropropane, Atmos.
Chem. Phys., 10(11), 5145–5164.

Naik, V., A. K. Jain, K. O. Patten, and D. J. Wuebbles (2000), Consistent sets of atmospheric lifetimes and radiative forcings on climate for CFC
replacements: HCFCs and HFCs, J. Geophys. Res., 105(D5), 6903–6914.

O’Doherty, S., et al. (2001), In situ chloroform measurements at Advanced Global Atmospheric Gases Experiment atmospheric research
stations from 1994 to 1998, J. Geophys. Res., 106(D17), 20,429–20,444.

O’Doherty, S., et al. (2009), Global and regional emissions of HFC-125 (CHF2CF3) from in situ and air archive atmospheric observations at
AGAGE and SOGE observatories, J. Geophys. Res., 114, D23304, doi:10.1029/2009JD012184.

Prinn, R. G., et al. (2000), A history of chemically and radiatively important gases in air deduced from ALE/GAGE/AGAGE, J. Geophys. Res.,
105(D14), 17,751–17,792.

Prinn, R. G., et al. (2005), Evidence for variability of atmospheric hydroxyl radicals over the past quarter century, Geophys. Res. Lett., 32,
L07809, doi:10.1029/2004GL022228.

Rigby, M., A. L. Ganesan, and R. G. Prinn (2011), Deriving emissions time series from sparse atmospheric mole fractions, J. Geophys. Res., 116,
D08306, doi:10.1029/2010JD015401.

Rigby, M., et al. (2013), Re-evaluation of the lifetimes of the major CFCs and CH3CCl3 using atmospheric trends, Atmos. Chem. Phys., 13(5),
2691–2702.

Rigby, M., et al. (2014), Recent and future trends in synthetic greenhouse gas radiative forcing,Geophys. Res. Lett., doi:10.1002/2013GL059099,
in press.

Schmoltner, A. M., R. K. Talukdar, R. F. Warren, A. Mellouki, L. Goldfarb, T. Gierczak, S. A. McKeen, and A. R. Ravishankara (1993), Rate coeffi-
cients for reactions of several hydrofluorocarbons with OH and O((1)D) and their atmospheric lifetimes, J. Phys. Chem., 97(35), 8976–8982.

Acknowledgments
We are very thankful to the staff at the
AGAGE and NOAA sites for their conti-
nuing dedication to the production
of high-quality measurements of
atmospheric trace gases. We also
acknowledge the many providers of
flask samples composing the archived
air sample data set of the Northern
Hemisphere and the CSIRO/Bureau of
Meteorology staff for the collection and
maintenance of the Cape Grim Air
Archive. We thank Matt Rigby and Anita
Ganesan (University of Bristol) for their
discussions of modeling and inverse
methods and Stephanie Mumma for
filling standard tanks and for the main-
tenance of laboratory instruments at
SIO. The AGAGE research program is
supported by the NASA Upper
Atmospheric Research Program in the
U.S. with current grants NNX11AF17G to
MIT and NNX11AF15G and
NNX11AF16G to SIO, the UK
Department for Energy and Climate
Change (DECC), and by CSIRO and the
Australian Government Bureau of
Meteorology in Australia. Support of the
Jungfraujoch station is provided by the
International Foundation High Altitude
Research Stations Jungfraujoch and
Gornergrat. The financial support for
the measurements is provided for
Jungfraujoch by the Swiss National
Program HALCLIM (Swiss Federal Office
for the Environment) and for Zeppelin
by the Climate and Pollution Agency
(klif ). The Antarctic flask sampling pro-
grams are supported by the research
council of Norway for Troll, and the
strategic Korean-Swiss cooperative pro-
gram in science and technology
(PN13060) and the Korean Polar
Research Program (PE13410) for King
Sejong. Jooil Kim was supported by
Basic Science Research Program
through the National Research
Foundation of Korea (NRF) funded by
the Ministry of Education, Science and
Technology (357-2011-1-C00155).

The Editor thanks two anonymous
reviewers for their assistance in evalu-
ating this paper.

Geophysical Research Letters 10.1002/2013GL059143

ARNOLD ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2234

http://dx.doi.org/10.1029/2005JD006058
http://dx.doi.org/10.1029/2001JD001226
http://ozone.unep.org/Assessment_Panels/SAP/Scientific_Assessment_2010/07-Chapter_5.pdf
http://edgar.jrc.ec.europa.eu/
http://ozone.unep.org/Assessment_Panels/SAP/Scientific_Assessment_2010/07-Chapter_1.pdf
http://dx.doi.org/10.1029/2009JD012184
http://dx.doi.org/10.1029/2004GL022228
http://dx.doi.org/10.1029/2010JD015401
http://dx.doi.org/10.1002/2013GL059099


SPARC (2013), Lifetimes of stratospheric ozone-depleting substances, their replacements, and related species, Rep. 6, Stratosphere-
troposphere Processes And their Role in Climate (SPARC), Zurich, Switzerland. [Available at http://www.sparc-climate.org/publications/
sparc-reports/sparc-report-no6/.]

UNFCCC (1997), Kyoto protocol to the United Nations framework convention on climate change. [Available at https://unfccc.int/
kyoto_protocol/items/2830.php.]

United Nations Environment Program (1987), The Montreal protocol on substances that deplete the ozone layer. [Available at http://ozone.
unep.org/new_site/en/Treaties/treaties_decisions-hb.php?sec_id=5.]

United Nations Environment Program (2013), Proposed amendment to the Montreal Protocol submitted by Canada, Mexico and the United
States of America. [Available at http://conf.montreal-protocol.org/meeting/oewg/oewg-33/presession/PreSession%20Documents/
OEWG-33-3E.pdf.]

US Environmental Protection Agency (2001), U.S. high GWP gas emissions 1990–2010: Inventories, projections, and opportunities
for reductions, Rep. EPA-000-F-97-000, U.S. EPA, Washington, D. C.

US Environmental Protection Agency (2013), Benefits of addressing HFCs under the Montreal Protocol. [Available at http://www.epa.gov/
ozone/downloads/Benefits%20of%20Addressing%20HFCs%20Under%20the%20Montreal%20Protocol,%20June%202012.pdf.]

Velders, G. J. M., D. W. Fahey, J. S. Daniel, M. McFarland, and S. O. Andersen (2009), The large contribution of projected HFC emissions to
future climate forcing, Proc. Natl. Acad. Sci. U. S. A., 106(27), 10,949–10,954.

Velders, G. J. M., S. Solomon, and J. S. Daniel (2013), Growth of climate change commitments from HFC banks and emissions, Atmos. Chem.
Phys. Discuss., 13, 32,989–33,012.

Vollmer, M. K., et al. (2011), Atmospheric histories and global emissions of the anthropogenic hydrofluorocarbons HFC-365mfc, HFC-245fa,
HFC-227ea, and HFC-236fa, J. Geophys. Res., 116, D08304, doi:10.1029/2010JD015309.

Weiss, R. F., and R. G. Prinn (2011), Quantifying greenhouse-gas emissions from atmospheric measurements: A critical reality check for
climate legislation, Philos. Trans. R. Soc. A-Math. Phys. Eng. Sci., 369(1943), 1925–1942.

Zhang, Z., R. D. Saini, M. J. Kurylo, and R. E. Huie (1992), Rate Constants for the Reactions of the Hydroxyl Radical with CHF2CF2CF2CHF2 and
CF3CHFCHFCF2CF3, Chem. Phys. Lett., 200(3), 230–234.

Geophysical Research Letters 10.1002/2013GL059143

ARNOLD ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2235

http://www.sparc-climate.org/publications/sparc-reports/sparc-report-no6/
http://www.sparc-climate.org/publications/sparc-reports/sparc-report-no6/
https://unfccc.int/kyoto_protocol/items/2830.php
https://unfccc.int/kyoto_protocol/items/2830.php
http://ozone.unep.org/new_site/en/Treaties/treaties_decisions-hb.php?sec_id=5
http://ozone.unep.org/new_site/en/Treaties/treaties_decisions-hb.php?sec_id=5
http://conf.montreal-protocol.org/meeting/oewg/oewg-33/presession/PreSession%20Documents/OEWG-33-3E.pdf
http://conf.montreal-protocol.org/meeting/oewg/oewg-33/presession/PreSession%20Documents/OEWG-33-3E.pdf
http://www.epa.gov/ozone/downloads/Benefits%20of%20Addressing%20HFCs%20Under%20the%20Montreal%20Protocol,%20June%202012.pdf
http://www.epa.gov/ozone/downloads/Benefits%20of%20Addressing%20HFCs%20Under%20the%20Montreal%20Protocol,%20June%202012.pdf
http://dx.doi.org/10.1029/2010JD015309


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


