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Abstract. We present atmospheric sulfur hexafluorideg)SF o uncertainties) and surpassing the previous maximum in
mole fractions and emissions estimates from the 19704995. The 2008 values follow an increase in emissions of
to 2008. Measurements were made of archived air sam48+ 20% since 2001. A second global inversion which also
ples starting from 1973 in the Northern Hemisphere andincorporated National Oceanic and Atmospheric Administra-
from 1978 in the Southern Hemisphere, using the Ad-tion (NOAA) flask measurements and in situ monitoring site
vanced Global Atmospheric Gases Experiment (AGAGE)data agreed well with the emissions derived using AGAGE
gas chromatographic-mass spectrometric (GC-MS) systemsneasurements alone. By estimating continent-scale emis-
These measurements were combined with modern highsions using all available AGAGE and NOAA surface mea-
frequency GC-MS and GC-electron capture detection (ECD)surements covering the period 2004-2008, with no pollution
data from AGAGE monitoring sites, to produce a unique filtering, we find that it is likely that much of the global emis-
35-year atmospheric record of this potent greenhouse gasions rise during this five-year period originated primarily
Atmospheric mole fractions were found to have increasedfrom Asian developing countries that do not report detailed,
by more than an order of magnitude between 1973 andannual emissions to the United Nations Framework Conven-
2008. The 2008 growth rate was the highest recorded, ation on Climate Change (UNFCCC). We also find it likely
0.29+ 0.02 pmol mot1yr—1. A three-dimensional chemical that Sk emissions reported to the UNFCCC were underesti-
transport model and a minimum variance Bayesian inversanated between at least 2004 and 2005.

method was used to estimate annual emission rates using
the measurements, with a priori estimates from the Emis-
sions Database for Global Atmospheric Research (EDGAR, .
version 4). Consistent with the mole fraction growth rate 1 Introduction

maximum, global emissions during 2008 were also the high- , . . .
. u . . 11, With a global warming potential of around 22800 over a
estin the 1973-2008 period, reaching £.6.6 Ggyr™= (1 100-year time horizon, sulfur hexafluoride 3#s the most

potent greenhouse gas regulated under the Kyoto Protocol
(by mass, Forster et al.2007 Rinsland et al.1990. The

Correspondence tayl. Rigby concentration of SEin the atmosphere is currently rela-
BY (mrigby@mit.edu) tively low, leading to a contribution to the total anthropogenic
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radiative forcing of the order of 0.1%. However, its long life- tory emissions estimates and economic factors, they postu-
time of ~3200 years means that levels will only increase overlated that emissions were likely to be under-reported to the
human timescaleR@avishankara et al1993. Given these United Nations Framework Convention on Climate Change
considerations, it is important that estimates of emissions ofUNFCCGC 2010, and that a recent emissions increase was
this compound are well constrained using both “bottom-up” probably driven by non-reporting countries.
(where emissions are calculated based on production, sales Some studies have derived regional emissions fos. SF
and usage information) and “top-down” methods (where at-Emissions for Northern China were investigated using a La-
mospheric measurements are used to derive emissions) gangian model, and GC-ECD measurements at the Shangdi-
that emissions reduction strategies can be properly designeanzi station byvolimer et al.(2009. Airborne Sk measure-
and evaluated. ments were also used to determine North American emis-
Sulfur hexafluoride is primarily used as a dielectric and sions in 2003 iurst et al, 2006.
insulator in high voltage electrical equipment, from which  Given that it is highly chemically inert and relatively easy
it is released to the atmosphere through leakage and duto measure, many geophysical applications have been found
ing maintenance and refilNjemeyer and Chul992. It is for SFs. These include validation of chemical transport
also released from a variety of more minor sources includ-model advection schemeSénning et al.1999 Gloor et al,
ing the magnesium and aluminum industries and semicon2007% Peters et al2004), determination of the age of strato-
ductor manufacturdMaiss and Brenninkmeije998. Nat- spheric air (e.gHall and Waugh1997), investigation of the
ural sources of Sfare very smallDeeds et a.2008, lead-  relative importance of atmospheric transport proceRasd
ing to a very low estimated pre-industrial concentration, de-et al, 2009 and groundwater dating (e.gunsenberg and
rived from firn air measurements, 6f6x10~3 pmol mol-1 Plummer 2000. Each of these applications rely on an ac-
(Vollmer and Weiss 2002, compared to more than 6 curate knowledge of the atmospheric history o SBEmall
pmol mol1 in 2008. Its overwhelmingly anthropogenic ori- amounts of SFare also intentionally released to the atmo-
gin means that Sfemissions are very highly weighted to the sphere for a variety of purposes, including the tracking of
Northern Hemisphere (NH), with previous studies estimat-urban air movements and the detection of leaks in reticulated
ing a 94% NH contribution to the global totad\éiss et al, gas systems.
1996. In this paper we use a three-dimensional chemical trans-
Previous work has examined the concentration and growttport model to derive annual hemispheric emission rates from
of atmospheric S§-during various intervals, using measure- 1973-2008 using new measurements of archived air sam-
ments made with different instrumentdMaiss and Levin  ples collected at Cape Grim, Tasmania, and NH archived
(1994 and Maiss et al.(1996 reported an increase in the air samples mostly collected at Trinidad Head, California,
global atmospheric burden throughout the 1980s and earlylong with modern ambient measurements from the Ad-
1990s using GC-ECD measurements of air samples taken atanced Global Atmospheric Gases Experiment (AGAGE,
a number of background sites. They found that mole frac-Prinn et al, 2000. We then use additional data from the
tions increased almost quadratically with time during this pe-NOAA-ESRL flask and in situ network®{ugokencky et al.
riod, implying a near-linear rise in emission&eller et al. 1994 Geller et al, 1997, Hall et al, 2007 to derive annual
(1997 confirmed this finding using GC-ECD measurementshemispheric and then regional-scale emissions using data
of air samples collected at the NOAA Earth System Re-from both networks. This work improves on the approach of
search Laboratory (ESRL) sites. Using a two-box modelLevin et al.(2010 by extending the NH record 18 years fur-
of the troposphere they derived a global emission rate ofther back, by using a three-dimensional chemical transport
5.940.2Ggyr?! for 1996 (1e uncertainties are used un- model to derive emissions with an inverse approach that con-
less specified otherwiselrraser et al(2004) reported high-  siders measurement error and allows for the incorporation of
frequency in situ GC-ECD measurements at Cape Grim, Tasuseful prior information, and by resolving regional sources.
mania starting in 2001. They deduced that global emis- The derived emissions are compared to the Emissions
sions had remained relatively constant from 1995 to 2003Database for Global Atmospheric Research (EDGAR v4,
within £ 10%. Most recentlylevin et al.(2010 extended JRC/PBL, 2009 and reports to the UNFCCC. The 39 (so-
the pioneering work oMaiss and Levin(1994, by report-  called “Annex-1") countries that report detailed, annual
ing Southern Hemisphere (SH) measurements beginning irmissions to the UNFCCC are Australia, Austria, Belarus,
1978 and NH measurements beginning in 1991, showing &8elgium, Bulgaria, Canada, Croatia, Czech Republic, Den-
renewed increase in the rise rate from 1997 to 2008. Theymark, Estonia, Finland, France, Germany, Greece, Hungary,
inferred global SE emissions by estimating the atmospheric Iceland, Ireland, Italy, Japan, Latvia, Liechtenstein, Lithua-
burden and taking its derivative with respect to time. A two- nia, Luxembourg, Monaco, Netherlands, New Zealand, Nor-
dimensional atmospheric box model was then used to simway, Poland, Portugal, Romania, Russia, Slovakia, Slovenia,
ulate atmospheric mole fractions based on these emission§pain, Sweden, Switzerland, Turkey, UK and the USA. We
which were compared to the measurements to check thatefer to countries that do not make detailed annual reports as
the derived emissions were reasonable. By studying inven*non-reporting”, or “non-UNFCCC” throughout this paper.
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2 Archived and ambient measurements ESRL and NILU), and Barrow, Alaska (University of Cali-
fornia, Berkeley). In contrast to the CGAA samples, which
2.1 AGAGE measurements were filled to create an air archive for the SH, the NH samples

were filled during periods when the sites intercepted back-

AGAGE has been making high-frequency measurements ofround air, but with various filling techniques and for dif-
SFs at Cape Grim, Tasmania, using a GC-ECD system sincéderent purposes. Non-background samples were rejected in
2001 Fraser et @).2004). From 2003, AGAGE stations also  an iterative process based on their deviation from a polyno-
began measuring this compound with GC-MS “Medusa” sys-mial fit through all data. 29 NH samples had to be rejected
tems (iller et al., 2008. as outliers with mostly higher mixing ratios for reasons such

To define the growth in the global background mole frac- as initial retention of analytes on drying agents used during
tion, we used data from five AGAGE stations in the first the filling followed by breakthrough, or sampling of polluted
part of this work: Cape Grim, Tasmania (since 2001), air, leaving 100 (81%) NH samples. None of the 70 (64 at
Trinidad Head, California (since 2005), Mace Head, IrelandCSIRO and 6 at SIO) SH samples had to be rejected, which
(since 2003), Ragged Point, Barbados (since 2005) and Cafie consistent with the strict procedures adopted for the col-
Matatula, American Samoa (since 2006). Tablehows lection of the CGAA sampled.@ngenfelds et al1996.
the location of these background AGAGE sites. Additional The long-term stability of Sfin the early CGAA samples
ambient AGAGE measurements from Gosan, Korea (sincehas been evaluated empirically. Sub-samples of the CGAA
2007) and Jungfraujoch, Switzerland (since 2008) were alsavere prepared at CMAR, Aspendale, and sent to the Uni-
used for regional emissions estimation in the second part ofersity of Heidelberg for analysis of §fby GC-ECD in
our analysis. The Cape Grim GC-ECD Sieasurements 1995 (seeMaiss et al, 1996. Small corrections to the origi-
were discontinued in 2009. nally reported Sgmixing ratios were applied recently, after

To extend this time series back further than 2001, we re-a careful reassessment of the non-linear response of the ECD
port new AGAGE GC-MS Medusa measurements of sam-(Levin et al, 2010. The Medusa GC-MS measurements of
ples from the Cape Grim Air Archive (CGAA) and a collec- the CGAA samples were carried out in 2007 at CMAR, As-
tion of Northern Hemisphere (NH) archived air samples. Thependale, without the need to prepare explicit sub-samples
CGAA consists primarily of whole air compressed by cryo- (each CGAA cylinder was sampled directly, via a suitable
genic trapping and archived into 35L stainless steel cylinderspressure-reducing regulator). Comparison of both sets of
with most of the condensed water being expelled after trapimeasurements (made 12 years apart) show excellent agree-
ping (for details, see_angenfelds et al1996. 64 samples ment in the Sk trend, for CGAA samples collected in the
of the CGAA filled between 1978 and 2006 were measuredperiod 1978-1994 (see Supplement). A small average offset
at the Commonwealth Scientific and Industrial Research Orof ~1.5% between the two sets of measurements is consis-
ganisation (CSIRO) Division of Marine and Atmospheric tent with a difference of this magnitude between the two in-
Research (CMAR, Aspendale, Australia). Six additional SHdependently prepared §Ealibration scales. These results
samples filled between 1995 and 2004 were measured at the&rongly support the contention that&fas stored faithfully
Scripps Institution of Oceanography (SIO, La Jolla, Califor- in the CGAA cylinders.
nia) and were found to be in excellent agreement with the All AGAGE in situ and archived measurements are
SH samples with similar fill dates measured at CSIRO (molepresented on the SIO-2005 scale as dry gas mole frac-
fractions differed byA x=0.001-0.05 pmolmoit for sam-  tions inpmolmot?!. Details of the calibration chain from
pling time differences Ar) of 3—33 days). 124 NH sam- SIO to each station are reported Miller et al. (2008.
ples filled between 1973 and 2008 were measured at SIOThe estimated accuracy of the calibration scale is 1-2%.
Four out of five additional NH samples filled between 1980 The typical repeatability of reference gas measurements is
and 1999 were measured at CSIRO and were in excellent-0.05 pmol mot?, which was used as an estimate of the re-
agreement with the NH samples with similar fill dates mea-peatability of each in situ measurement. Typical repeatabil-
sured at SIO 4 x=0.003-0.05 pmol mott, Ar=0-12 days). ity for archived air samples was0.02 pmol mot?, with 3—
The fifth NH sample measured at CSIRO had a unique fill4 replicates for most older samples and 10-12 replicates for
date (Ar=194 days to other tanks). These tests show thamore recent samples. Any non-linearity of the response of
measurements at the two sites are in agreement, at least fthe Medusa GC-MS and any potential for system blank con-
mixing ratios in the range 0.9-5.1 pmolmél The 129 NH  tamination in the analysis of the CGAA samples was exper-
samples originate mostly from Trinidad Head, California andimentally determined to be negligible over the mole fraction
to a smaller extent from La Jolla, California (laboratories of range of the CGAA.
R. F. Weiss, C. D. Keeling, and R. F. Keeling at Scripps In-  Figure 1 shows the S mole fractions from the CGAA
stitution of Oceanography), Cape Meares, Oregon (NOAA-and NH archive from 1973-2008. From 2001, monthly
ESRL, Norwegian Institute for Air Research (NILU), and mole fractions from the Cape Grim GC-ECD are presented
CSIRO, originally collected by R. A. Rasmussen and theand starting around 2004 the Cape Grim and Trinidad
Oregon Graduate Institute), Niwot Ridge, Colorado (NOAA- Head AGAGE Medusa measurements are shown, following
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Table 1. Site identification codes, names and locations. An asterisk (*) in the first column denotes a site used in the AGAGE-only global
inversion, and a plus (+) denotes a site used in the AGAGE-NOAA global inversion. All sites are used in the regional inversion.

Code Name Network Site type L&) Lon.°E) Alt.(masl)
ALT+ Alert, Nunavut NOAA  Flask 82.4 297.5 200
ASCT  Ascension Island NOAA  Flask -7.9 345.6 54
ASK Assekrem NOAA  Flask 23.2 5.4 2728
AZR Terceira Island, Azores NOAA Flask 38.8 332.6 40
BAL Baltic Sea NOAA Flask 55.3 17.2 3
BAO Boulder Atmospheric Observa- NOAA  Tower 40.0 255.0 1584
tory, Colorado
BKT Bukit Kototabang NOAA  Flask -0.2 100.3 864
BME St. Davids Head, Bermuda NOAA  Flask 324 295.4 30
BMW™  Tudor Hill, Bermuda NOAA  Flask 32.3 295.1 30
BRWT  Barrow, Alaska NOAA In situ 71.3 203.4 11
BSC Black Sea, Constanta NOAA  Flask 44.2 28.7 3
CBA Cold Bay, Alaska NOAA  Flask 55.2 197.3 21
CGO*t Cape Grim, Tasmania AGAGE In situ, flask —40.4 144.6 104
NOAA
CHR Christmas Island NOAA Flask 1.7 202.8 3
CRZz Crozet Island NOAA Flask —46.5 51.8 120
EICt Easter Island NOAA Flask -27.1 250.6 50
GMI Mariana Islands NOAA  Flask 13.4 144.8 1
GSN Gosan, Korea AGAGE Insitu 33.3 126.2 47
HBAT  Halley Station, Antarctica NOAA Flask —75.6 333.5 30
HUN Hegyhatsal NOAA  Flask 47.0 16.6 248
ICE* Storhofdi, Vestmannaeyjar NOAA  Flask 63.4 339.7 118
Izot Tenerife, Canary Islands NOAA  Flask 28.3 343.5 2360
JFJ Jungfraujoch, Switzerland AGAGE Insitu 46.5 8.0 3580
KEY Key Biscayne, Florida NOAA  Flask 25.7 279.8 3
KUM Cape Kumukahi, Hawaii NOAA Flask 19.5 205.2 3
KZD Sary Taukum NOAA  Flask 44.1 76.9 601
KZM Plateau Assy NOAA  Flask 43.2 77.9 2519
LEF Park Falls, Wisconsin NOAA Flask 46.0 269.7 472
MHD** Mace Head, Ireland AGAGE In situ, flask 53.3 350.1 25
NOAA
MIDT  Sand Island, Midway NOAA Flask 28.2 182.6 3
MLOT Mauna Loa, Hawaii NOAA Insitu 19.5 204.4 3397
NWR Niwot Ridge, Colorado NOAA  Insitu 40.0 254.4 3025
NWR Niwot Ridge, Colorado NOAA Flask 40.0 254.4 3523
PAL Pallas-Sammaltunturi, GAW NOAA  Flask 68.0 24.1 560
Station
POC Pacific Ocean Cruise NOAA  Flask - - -
PSAT  Palmer Station, Antarctica NOAA  Flask —64.9 296.0 10
RPB'* Ragged Point, Barbados AGAGHIn situ, flask 13.2 301.0 42
NOAA
SEYT  MaheIsland NOAA  Flask —4.7 55.2 3
SHM Shemya Island, Alaska NOAA  Flask 52.7 174.1 40
SMO*t Cape Matatula, Samoa AGAGEIn situ, flask -14.2 189.4 77
NOAA
SPO"  South Pole, Antarctica NOAA Insitu -90.0 335.2 2810
STM Ocean Station M NOAA Flask 66.0 2.0 0
STR? Sutro Tower, San Francisco, NOAA  Tower 37.8 237.6 254
California
SUMT  Summit NOAA In situ, flask 72.6 321.5 3238
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Table 1. Continued.

Code Name Network Site type L&) Lon.°E) Alt.(masl)
SYOt  Syowa Station, Antarctica NOAA  Flask —69.0 39.6 11
TAP Tae-ahn Peninsula NOAA  Flask 36.7 126.1 20
TDF Tierra Del Fuego, Ushuaia NOAA  Flask —54.9 291.5 20
THD*+ Trinidad Head, California AGAGE In situ, flask 41.1 235.9 140
NOAA
UTA Wendover, Utah NOAA Flask 39.9 246.3 1320
UuM Ulaan Uul NOAA  Flask 445 111.1 914
WBI West Branch, lowa NOAA  Tower 41.7 268.6 241
WGC?  Walnut Grove, California NOAA  Tower 38.3 238.5 0
WIS Sede Boker, Negev Desert NOAA  Flask 31.1 34.9 400
WKT Moody, Texas NOAA  Tower 313 262.7 251
WLG Mt. Waliguan NOAA  Flask 36.3 100.9 3810
ZEPt Ny Alesund, Svalbard NOAA  Flask 78.9 11.9 474

& Air samples at these sites were collected in collaboration between NOAA and the US Department of Energy, Environmental Energy
Technologies Division at Lawrence Berkeley National Laboratory.

removal of local pollution events using the statistical filtering .
algorithm described iRrinn et al.(2000.

The measurements show that theg $ading of the at-
mosphere has increased by more than a factor of 10 be-
tween 1973 and 2008. Close examination of the data in-
dicates a steady acceleration of the mole fraction growth
rate throughout the 1970s and 1980s, indicating a gradual
rise in emission rate. This approximately quadratic increase
with respect to time was previously noted Maiss et al.
(1996. The growth rate was seen to stabilize during the
1990s before accelerating again from around 2000, reaching _— T R et v aenissions
0.294 0.02 pmol mottyr—1 in 2008 (lower panel, Figl). L ‘ ‘ ‘ ‘ o
This recent acceleration in growth was previously noted by 025 .
Elkins and Dutton(2009 andLevin et al.(2010.
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Fig. 1. AGAGE archived air and in situ measurements at Cape
Sk data are from surface air samples collected as part of thesrim, Tasmania (red) and NH sites (mostly Trinidad Head and La
NOAA Global Cooperative Air Sampling Network. Surface Jolla, CA, blue). The dashed lines show the atmospheric mole frac-
samples are collected in duplicate, approximately weeklytion predicted by MOZART using EDGAR v4 emissions (extrap-
from a g|oba||y distributed network of background air sam- olated for 2006—-2008), and the solid lines show the mole fraction
pling sites Dlugokencky et al.1994. Daily samples are col- computed using the_ optimally-esti_mated emissio_ns. Error b_ars on
lected at tall tower sites using flask and compressor package§€ Measurements include sampling and modeling uncertainty, as
built into suitcases for portability. The flask package contains>"W" in Ed. D). The inlay in the upper panel shows the measured
12 borosilicate glass flasks and a microprocessor to controrlnoIe fractions at the five background AGAGE sites used in the

flask val Flask lindrical in sh 0.7L vol global inversion and modeled mole fractions using the optimally-
ask valves. -lasks are cylindrical in shape, 0. VOIUME ggtimated emissions. The lower panel shows the optimized growth

and have glass-piston, Teflon-O-ring sealed stopcocks ORyte at Cape Grim and the NH sites, with the line thickness denoting
each end. Materials used in the flasks collected at tall towershe 14 uncertainty.

are identical to those used in the surface network. Custom-

built actuators, controlled by the microprocessor, are used to

open and close stopcocks. The compressor package contaits get air from the compressors to the flasks. For each sam-
two compressors connected in series. During sampling, flasle, 10L of ambient air is flushed through a flask, then it
and compressor packages are connected by cables to transferpressurized to 0.28 MPa. The entire flask package is re-
power and instructions from the microprocessor, and tubingurned to Boulder, Colorado for trace gas analysis, while the

www.atmos-chem-phys.net/10/10305/2010/ Atmos. Chem. Phys., 10, 11038532010
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compressor package remains at the sampling site. 3 Emissions inversion method
SFs dry-air mole fractions (pmol molt) are determined at
NOAA in Boulder by GC-ECD (for details, segeller et al, In order to use the measurements to estimate emission rates,
1997. The ECD response to $ks calibrated against the an atmospheric chemical transport model is required, along
NOAA 2006 (gravimetrically-prepared) standard scale. Eachwith a suitable inverse method, and prior estimates of global
aliquot of sample is bracketed by aliquots of natural air from Sk emissions. Here we outline these individual components
a reference cylinder; repeatability of the analytical systemof the inversion.
is 0.04 pmol mot?, determined as one standard deviation of
multiple measurements of air from a cylinder containing nat-3.1  Atmospheric chemical transport model
ural air. In addition to S§; samples are also analyzed for
CHa, COp, CO, Hy, N>O, ands13C ands180 in COp. The Model for Ozone and Related Tracers (MOZART v4.5,
Six NOAA field sites (SPO, SMO, MLO, BRW, NWR and Emmons et a)2010 was used to simulate three-dimensional
SUM, see Tablel) are equipped with GCs that sample air SFs atmospheric mole fractions. The model has previously
from a 10 m tower once an hour. Each in situ GC is fit- been demonstrated to accurately represent the variability and
ted with four electron capture detectors and packed or capinter-hemispheric and vertical gradients of this species at
illary columns tuned to measure a variety of trace gases inNOAA sampling sites, assuming EDGAR v3.2 emissions
cluding Sk. To separate § two 1.59 mm outer-diameter (Gloor et al, 2007). Meteorological data from the Na-
packed columns of Porapak Q are used (2 m pre-column antlonal Centers for Environmental Prediction/National Center
3 m main column) and are thermally controlled aP@0 The  for Atmospheric Research (NCEP/NCAR) reanalysis project
air samples are compared to two on-site calibrated referencéalnay et al, 1996 were used to simulate the transport of
tanks with values assigned on the NOAA-2006 S€ale that ~ SFs, which was assumed to exhibit no chemical loss in the
are sampled once every two hours g®5timated repeatabil- atmosphere or at the surface (i.e. an infinite lifetime was as-
ity ranges from 0.03 to 0.05 pmol mdl at each in situ sta- sumed).

tion. We present two types of inversion in this paper, one
_ _ estimating hemispheric emissions from 1970-2008 using
2.3 Measurement intercomparison the archived air samples and modern background measure-

. ) ments, and a second, from 2004-2008, in which continent-
Coincident AGAGE GC-ECD and GC-MS Medusa high- ccale emissions were estimated, also incorporating non-
frequency measurements made at Cape Grim were foungl, .y around sites. NCEP/NCAR reanalyses were available
to compare very well with each other, with a mean bias, g6 ith MOZART from 1990-2008 at 6-hourly intervals
of approximately 0.01 pmol mof, and a standard deviation 441 g1 g resolution, with 28 vertical sigma levels extend-
of 0.07pmolmot ™. Coincident AGAGE archive and high- 4 from the surface to approximately 3hPa. For reasons of
frequency GC-MS Medusa measurements at Cape Grim anflomntational efficiency, these dynamics data were interpo-
at Trinidad Head/Mace Head also agree with each other Qe 1 5 latitude/longitude for the hemispheric 1970-2008
better than 0.1 pmolmof. i inversion, and monthly average background mole fractions

AGAGE measurements are regularly compared with theyere compared to the measurements. Since it is assumed
NOAA-ESRL in situ and flask networks where coincident ¢ 5| the measurements represented background values in
measurements exist (NOAA flask samples are collected afyis nart of the work, the resolution was not expected to
Mace Head, _Trlnldad Head,_ Ca_pe Matatula, Ragged PO'msignificantly influence the derived emissions. Annually re-
and Cape Grim and NOAA in situ measurements are mad?)eating 1990 dynamics was used between 1970 and 1990,
at Cape Matatula). Data from the two networks generallyy g the error associated with this limitation was incorporated

agree very well for this species with a nean bias (AGAGE jni4 our inverse estimates using the method described below.
minus NOAA) of around-0.02 pmol mof * and standard de- For the regional 2004—2008 inversion, we ran MOZART at

viation of 0.05 pmol mot™ (~ 1%) between coincidentmea- 1 & 1 g resolution and output weekly average mole frac-
surements (defined as being within 3 hours of each other); o

This offset between the networks is consistent with measure-
ments of air samples exchanged between NOAA-ESRL ands 2 Prior emissions
SIO, for which a mean AGAGE minus NOAA difference

l .

of —0.02+0.01 pmolmot~ has also been derived. Where |, yoth inversions, prior emissions estimates from EDGAR

data from both networks are used in the inversions below, thg 4 (JRC/PBL 2009 were used and interpolated to the re-

NOAA-ESRL measurements were adjusted to the SI0-200%,ireq grid resolution. These estimates currently exist only

scale by multiplication by a constant factor (0.988.005) | 2005, so we extrapolated the EDGAR values through

determined from the described comparisons of coincidenty. final years (2006-2008). The extrapolation was carried

measurements. out by breaking the emissions field into separate continents
and then subdividing continents into countries that report

Atmos. Chem. Phys., 10, 1030B332Q 2010 www.atmos-chem-phys.net/10/10305/2010/
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to the UNFCCC and those that do not. Emissions werel.24+0.4Ggyr! and 0.4-0.4Ggyr! respectively, and
then linearly projected in these regions using 2004 and 2003vere identified as unaccounted-for sales to utilitie®$
EDGAR values. 1997). These quantities have been added as unknown sources
The Sk consumption data used in EDGAR v4 is based onin the USA, Canada and Russia, and represent about 20% of
the global sales and emissions dataset constructéddaiss  global reported sales in 1995.
and Brenninkmeije(1998 for the period 1953-1995. To From the size of the adjustments made in the RAND data
compile this dataset they considered production data, salegue to incomplete reporting, the uncertainty in global total
into six end-use categories, other end-use estimates, angroduction and sales data is estimated at 5 to 10% for the pe-
atmospheric observations. For EDGAR v4 (1948-2005),riod 1970-2000 and could be as high as 15% in 2005 i{2-
global sales data were used that were collected by the RANDRerval). Additional uncertainty in global emissions arise from
corporation through surveys of six major producers o SF sources where SHs partially banked, mainly in switchgear
(SPS 1997 Smythe 2004 Knopman and Smythe2007), stocks, but also, from the 1990s onwards, in soundproof win-
and modified as described iMaiss and Brenninkmeijer dows, soles of sport shoes and car tires. Taking into ac-
(1998. The data cover all producing countries except for count the estimated uncertainty in the emission factors of
Russia and China (and possibly a very small contributionswitchgear, in other applications with delayed emissions and
from India). From this dataset, supplemented with esti-in the factors for Chinese and Russian consumption, we ob-
mates for Russia and China (R. Bitsch personal commuiain an average global emission factor uncertainty of about
nication, 1998;Cheng 2006, annual emissions were esti- 10% in 1970, about 20% in the 1990s, and more than 25%
mated as the sum of prompt releases and delayed emissioms 2005 (2¢ interval). The resulting uncertainty in global
from banked Sk. For recent years, national consumption EDGAR v4 emissions is estimated at about 10% for the pe-
data have also been incorporated, including for examplg, SFriod 1970-1995, increasing to over 15% in 2005(inter-
use in semiconductor manufacture, the magnesium industryal). This uncertainty was incrementally increased to 20%
sound-insulated windows, soles of sport shoes and automdsetween 2005 and 2008, since we expected that our simple
bile tires UNFCCC 201Q ESIA, 2007 SIA, 2006 Nike, extrapolation of the EDGAR emissions was an increasingly
2005. For end-use applications whereg3d& stored in prod-  poor approximation of the “true” emissions in later years.
ucts, and for semiconductor manufacture, which exhibits re-Global EDGAR v4 and projected emissions are shown in
duced emissions due to §Hestruction during the manufac- Fig. 2.
turing process, default emission factors and banking times Compared to global total SFemissions, regional and na-
were used as recommended by the Intergovernmental Pangibnal estimates are more uncertain. Due to uncertainty in-
on Climate ChangelRCC, 2006. The regional amounts troduced by the proxies used and differences in equipment
of Sk banked in switchgear in 1995 and the identifica- and maintenance practices, uncertainty in regional emissions
tion of countries within each region that useg8&fontaining  may be twice as high as for global estimates. For the regional
switchgear was based on industry estimates (R. Bitsch pefemissions inversion presented in the second part of our analy-
sonal communication, 1998). Per-country estimates of ansis (Sect5), we therefore assume a 40% error on the EDGAR
nual stock changes of §fn switchgear were based on their v4 emissions (& interval). It is estimated that on national
relative share in regional electricity consumption changes inscales EDGAR v4 emissions will have an uncertainty of up
1995, while the trend in this proxy was used to estimateto 100% or more (2 interval).
stock changes in other years. Regional and global total stock
build-up over time was estimated such that regional stocks3.3 Sensitivity estimates and inverse method
and stock emissions matched industry estimates for 1995
(R. Bitsch personal communication, 1998). Each inversion requires an estimate of the sensitivity of
Estimates of the time delay between the sale of &d  the atmospheric mole fractions at each measurement site
its release to the atmosphere from insulated electrical equipto changes in emission rate from each region. A model
ment, and the global fraction of sales that were banked irreference run was performed using the EDGAR emis-
such equipment in 1995, were obtainedMgiss and Bren-  sions. The emissions were then perturbed in each hemi-
ninkmeijer (1999 through comparison with atmospheric sphere/continental region uniformly throughout each year
measurements. Independent estimates of these quantities g.f. Chen and Prinn2006. These “pulses” were tracked
equipment manufacturers in Europe and Japan, which weréor two years and compared to the reference; one year during
used in EDGAR v4 to calibrate the accumulated regiongl SF which the emissions were increased, and a further year where
stock through 1995, were found to agree well with the top-the emissions were returned to the reference value. After the
down values derived. second year the excess mole fraction due to the perturbation
In their analysis,Maiss and Brenninkmeijef1998 ob-  was similar at each station (in other words the excess SF
served a discrepancy betweengS$ales and end-use es- was almost fully mixed throughout the troposphere). For all
timates in 1995 for two regions. In North America subsequent times the perturbed mole fractions at each mea-
and Europe (including Russia) these discrepancies totaledurement site were assumed to tend exponentially towards
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Here omeasuremeniS the estimated total uncertainty on each
measurement, which includes measurement repeatability and
scale propagation errors. Since we did not know the lat-
ter term exactly, we estimated it by comparisons of the co-
located AGAGE and NOAA measurements. It was assumed
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o
000000,

= unree ™ ] to be equal to the unbiassed root-mean-square (RMS) differ-
of ‘ ‘ ‘ ‘ ‘ ‘ ‘ ] ence between the networks (equal to around 1% of the mole
z oal ] fraction). Where weekly or monthly average mole fractions
AR S ] were used, the repeatability error was reduced if multiple
1970 1980 1990 2000 2010 measurements were available. The reduction in this com-

ponent was calculated as the square root of the number of
Fig. 2. Optimized global SEemissions derived using AGAGE data days for which measurements were available in an averaging
only (solid line) and AGAGE and NOAA-ESRL data (dotted line). period. The one-day unit was chosen since this is the typical
EDGAR v4 emissions are shown as a dashed line, with UNFCCC-order of magnitude of the autocorrelation timescale of the
reported emissions as diamonds, and EDGAR v4 estimates of UNdata at the hlgh_frequency SI'[eS, and |S therefore a measure

FCCC emissions as the dash-dotted line. Shaded areas show tlgﬁ how many “independent” estimates contributed to each
1-0 uncertainties in the optimized AGAGE-only emissiolhgvin (weekly/monthly) average mole fraction

et al. (2010 top-down emissions are shown as crosses. UNFCCC Since the high-frequency data provided a more rep-

reported emissions have been adjusted prior to 1995 akqvén tati timat f th le fracti d
et al.(2010. The lower panel shows the percentage emission in the'€Sentative estimate o € mole Iraction averaged over

NH, according to our AGAGE-only inversion (solid) and EDGAR SOMe period, we also included a sampling frequency term
v4 (dashed). (sampling frequengy€qual to the standard deviation of the vari-

ability divided by the square root of the number of measure-
ments in that time period. This term was estimated at the
flask sites (for which no high-frequency data were available)

(the inversions were not found to be sensitive to this MIXING ¢ om the standard deviation of the variability at the closest

time, since most of the updates of the emissions OccurWithimigh-frequency measurement site, scaled by the ratio of the
the first two years). The sensitivity to a change in emissionsﬂask and high-frequency mole fraétions

was then found by dividing the magnitude of these increases The transport model-data mismatch uncertaisiysmatch

;?O:?ole fraction by the magnitude of the emissions perturba—WaS estimated as the standard deviation of the difference be-

. . - . tween the model grid cell containing the measurement site
A recursive Bayesian minimum variance (Kalman-type)

filter was implemented to determine emissions using thesggg@the eight surrounding grid cells (&€hen and Priny
sensitivities Prinn 2000. This technique provides an op- i

. . L S In the hemispheric 1970-2008 inversion, the use of an-
timal estimate of the true emission rate by combining thenuaII repeating meteoroloav before 1990 was found to in-
prior estimates with the information provided by the mea- yrep 9 9y

: ) : . crease the uncertainty in the derived emissions by only a
surements, with each weighted by their respective uncer- Y y only

tainties. Using this method we show that the annual globalSmall amount, compared to the ot_her telrm.s n th? By (
T . ) >~ "1t affects two components of the inversion; the simulated

emission rate can be constrained very well using the in SItumole fractions and the derived sensitivities. The magnitude

measurements from the AGAGE and NOAA networks and j 9

the archived air samples, which together cover the perioaOf the first componenigynamicsin Eq. 1) was determined by

from 1973 to 2008. Regional emissions estimates for 2004—runnlng a one-year simulation multiple times with constant

2008 were also obtained using all available AGAGE andem|SS|ons, and identical initial conditions, but with different

. . . . wind fields. This term was found to introduce a mean un-
NOAA observations with no pollution filtering, but were . ; :
) certainty of approximately 0.01 pmol md! at the grid cells
more poorly constrained than the global values.

used, and was included in the inversion through B}jj. The
influence of the choice of meteorological year in the derived
sensitivities was investigated by running the inversion 1000
The assumed total uncertainty on each monthly/weekly avertimes with randomly perturbed sensitivities. The standard
age mole fraction measurement included contributions frondeviation of the random perturbations was again found by
the measurements themselves, sampling frequency, modeperforming multiple runs for one year with different dynam-

data mismatch and a repeating dynamics uncertainty (wheris. This process introduced an uncertainty of approximately
required): 1% of the global emissions in each hemisphere, and is added

to the pre-1990 emissions uncertainty presented.

the completely well mixed value with a timescale of one year

3.4 Measurement-model uncertainty estimation
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The total estimated uncertainties, as calculated using The mole fractions predicted using MOZART with
Eq. @), are shown as error bars in Fifj.at the five back- EDGAR v4 emissions were generally found to agree well
ground AGAGE stations. with the observations (Fidl, upper panel), indicating that

A further uncertainty must be added to the derived emis-global EDGAR v4 estimates are reasonably reliable for at
sions, linked to the uncertainty in the SIO-2005 scale. Thisleast the pre-2001 period. From 2001 onwards a growing dis-
was estimated as approximately 2% in S@1l. Two po-  crepancy can be seen to emerge between the measurements
tential sources of error are unaccounted for in the emissionand the model run with the EDGAR and extrapolated emis-
derived below. Firstly, by solving for emissions from aggre- sions, suggesting that emissions were somewhat underesti-
gated continental regions, we must assume that the EDGARnated.
spatial distribution within each region is correct. This leads Using the sensitivities estimated with the transport model,
to “aggregation” errors that cannot be quantified here, butwe derive a new estimate of emissions using EDGAR v4
may be substantial, given the large estimated national-leveds a prior. The estimated annual emissions are shown in
uncertainty derived above. Secondly, whilst we attemptFig. 2 and are tabulated in Tab2 The global emission
to account for random short-range transport uncertaintiesate can be seen to grow steadily from below 1 Gglyin
through the mismatch term in Eql)( transport model bi- 1970 to 6.3:0.6 Ggyr ! in 1995. The emissions then drop
ases and large-scale transport errors cannot be fully estimated 5.0+0.6 Ggyr! 2001 before increasing by 4820%
here, since only one transport model is used. from 2001 through 2008. The global emission rate of

7.4+ 0.6 Ggyr! in 2008 is the highest in this record. Our
) ) o estimates generally agree with the top-down estimates of
4 Global and hemispheric emissions Levin et al.(201Q also shown in Fig2) who estimate a 6%
error on their annual emissions. They also agree well with

We first estimated global and hemispheric emissions gf SF . : o
between 1970 and 2008 using the AGAGE measurementsE.DGAR v4 until around 2002. After 2002, the derived emis

and inverse method outlined above. MOZART was run ata;gﬁstr?ere disé?:rn;f';irglynrg?ehde;tbh;ltggt\'/cgggtz:é’ ngf'iigt_
5°x5° using EDGAR v4 and extrapolated emissions to pro- bancy P

. . . . . eled mole fractions and the measurements. Annual mean

vide a prediction of atmospheric mole fractions and to esti- : : .

. . : . . background mole fractions obtained by running MOZART
mate sensitivites of the mole fractions to hemispheric emis- " - o . .
. .~ with optimized emissions are given in Tale Annually-
sions changes. Monthly average modeled mole fractions . . . . .
. averaged, three-dimensional optimized mole fraction fields
were stored at each grid cell, to be compared to monthly aver; . .
have also been extracted from the model and are available in
ages of the measurements. To ensure that the modeled mo )
etCDF format in the Supplement.

fractions were representative of background air, the values . o . .
A second hemispheric inversion was performed, incor-

in the oceanic grid-cell *upwind of_the actual cell contain- orating several NOAA-ESRL background sites in addition
ing the measurements were used (i.e. we used the cell to the

West of the coastal sites in the high latitudes, and to the Ea 0 the AGAGE high-frequency and archive data (Tabje

: . 4 hese measurements begin from 1997, and therefore pro-

of the coastal tropical sites). This strategy was necessary,. . . ) o
. . - vide a slightly longer time series than the AGAGE in situ

since at the low resolution used, some of the cells contain-

; . : o . instruments. Several sites were not used, since their proxim-
ing a measurement site also contained a significant contribu:

. . ty to pollution sources, at the coarse model resolution used,
tion from local land sources, thereby preventing the modele e . : .

) - . . . made it difficult to identify nearby model grid cells that could
mole fractions within the cell from simulating truly “back-

ground” values. For simplicity, we assume that all of the be thought to represent background air. The emissions de-

NH archive samples were taken at Trinidad Head (where therlved using bqth measur_ement networks are ShOV.V” !nz:'g'
L . . as a dotted line. The figure shows that the emissions de-
majority of the samples were collected), since the difference.

. T . rived using both networks do not deviate significantly from
between background values at NH archive sites is typlcallythe AGAGE-onlv estimates in most vears. adding confidence
much less than 0.1 pmol Mol (the typical magnitude of the y y ’ 9

total measurement-model uncertainty given by B to our global estimates.
o . Y9 yHa. EDGAR places a higher percentage of emissions in the
An initially well mixed atmosphere was assumed in 1970, . ) .
: ' NH than previous estimates, being between 96% and 100%,
thereby allowing three (model) years before the first mea- . . ;
: : : .depending on the year (for exampaiss et al. 1996 esti-
surement, to allow a reasonable inter-hemispheric and verti-
. : . mated a 94% NH source between 1978 and 1994, compared
cal profile to emerge. A longer spin-up period was not usedto an average of 97% in EDGAR during this period). Our es
since EDGAR v4 emissions begin in 1970. Therefore, a 9 9 P X

: timates do not deviate significantly from these values (Eig.
. . : \ ower panel). However, it should be noted that some correla-
first few years, due to an incomplete stratospheric profile be-

ing set up before the incorporation of the first measurementFIon exists between our hemispheric estimates (with an aver-

- . . . ageR? of around 0.2). Therefore, whilst some hemispheric
The initial well-mixed mole fraction was solved for in the o . ; .
inversion emissions information may be obtained from the measure-

ments, one cannot be quite as confident in their value as one
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Table 2. Annual optimized emissions and associated uncertainty, and surface background mole fractions in each semi-hemisphere, 1970-
2008. Mole fractions are output from MOZART run with optimized emissions. Background values are defined as the median mole fraction
of oceanic grid cells at the lowest model level.

Year Emissions Uncertainty Surface background mole fraction (pmotHol
(Ggyrl)  (Ggyrl) B30°N-9°N 0°N-3C°N 30°S-0S 90 S-30S
1970 0.73 0.08 0.29 0.28 0.27 0.27
1971 0.85 0.09 0.34 0.32 0.29 0.29
1972 0.91 0.10 0.37 0.35 0.33 0.32
1973 1.06 0.11 0.41 0.39 0.36 0.36
1974 1.11 0.12 0.46 0.44 0.40 0.40
1975 1.32 0.14 0.51 0.49 0.45 0.44
1976 1.59 0.17 0.57 0.55 0.50 0.49
1977 1.79 0.19 0.65 0.62 0.56 0.55
1978 1.98 0.21 0.72 0.69 0.63 0.62
1979 2.39 0.24 0.82 0.78 0.71 0.70
1980 2.57 0.26 0.92 0.88 0.81 0.79
1981 2.73 0.27 1.03 0.99 0.91 0.89
1982 2.98 0.29 1.15 1.10 1.01 0.99
1983 3.06 0.30 1.28 1.22 1.13 1.11
1984 3.50 0.34 1.42 1.35 1.25 1.23
1985 3.85 0.37 157 1.50 1.39 1.36
1986 4.10 0.39 1.73 1.66 1.54 1.51
1987 4.32 0.41 1.91 1.83 1.70 1.67
1988 4.56 0.43 2.10 2.00 1.87 1.84
1989 4.98 0.49 2.30 2.19 2.04 2.01
1990 5.08 0.49 251 2.39 2.23 2.20
1991 5.42 0.55 2.72 2.60 2.43 2.39
1992 5.61 0.56 2.95 2.82 2.64 2.60
1993 5.68 0.55 3.18 3.04 2.86 2.82
1994 5.94 0.57 3.42 3.27 3.08 3.04
1995 6.34 0.58 3.67 351 3.31 3.26
1996 6.13 0.60 3.92 3.75 3.55 3.50
1997 5.97 0.58 4.14 3.98 3.79 3.75
1998 5.44 0.58 4.32 4.21 4.02 3.98
1999 5.23 0.58 4.53 4.40 4.23 4.20
2000 5.07 0.58 4.71 4.59 4.44 4.40
2001 5.00 0.57 4.89 4.78 4.63 4.60
2002 5.48 0.59 5.10 4.99 4.83 4.80
2003 6.05 0.57 5.35 5.23 5.05 5.01
2004 5.76 0.54 5.56 5.45 5.28 5.24
2005 6.36 0.52 5.80 5.69 5.51 5.47
2006 6.50 0.50 6.07 5.94 5.75 5.71
2007 7.14 0.53 6.34 6.22 6.01 5.96
2008 7.42 0.63 6.65 6.51 6.29 6.24

is in the global total. Between 2005 and 2008, our inver- ports use a “bottom-up” methodology, and therefore have not
sion indicates an increased weighting of the NH in the globalincorporated any information from atmospheric data. The
total, showing that the increased emissions most likely orig-EDGAR inventory has been compiled using “bottom-up”
inated predominantly from the NH. methods, and draws on practical experience of European and

The upper panel of Fig2 shows the emissions reported Japanese switchgear manufacturers on the fraction gf SF
by 39 countries to the UNFCCC, along with the EDGAR lost during manufacture, commissioning and maintenance.
estimate of UNFCCC emissiongevin et al.(2010 found Atmospheric measurements have been used to confirm global
that Japanese emissions were likely to be overestimated b&stimates by manufacturers of the banked fraction of SF
fore 1995 in the reported UNFCCC values, and we appliedn insulated electrical equipment in 1998l¢iss and Bren-
their correction to the 1990-1994 values here. UNFCCC reninkmeijer, 1998.
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UNFCCC-reported emissions are substantially lower thanestimate the sensitivity of weekly-average mole fractions to
the global totals for all years, derived in the inversion. Whilst changes in annual emission rates from each of the regions.
this is to be expected given that the reported emissions leavé/eekly averages were used in order to extract emissions in-
out many large emitters, the EDGAR estimates suggest thalormation from synoptic-scale “pollution events” at the high-
these countries may also be significantly under-reporting (agrequency measurement sites. In order to reproduce the flask
postulated inLevin et al, 2010. Both sets of bottom-up es- measurements as accurately as possible, we compared the
timates indicate that since 1995, the trend amongst UNFCCQveekly minimum rather than the mean, to represent the con-
countries has been to report dramatically reduced emissionglitional background sampling at these sites. Periods shorter
If this trend in the reports and in EDGAR are reliable, it than one week were not thought to be as well modeled at
therefore seems likely that the growth since 2000 has beethe spatial resolution of the global model used. Further, for
mostly driven by non-UNFCCC reporting regions. In the measurements averaged over timescales shorter than that of
next section we discuss the possibility of verifying these es-typical synoptic variability (about 1 week) the assumption of
timates using the atmospheric measurements. independent measurements, used here, may not be as valid.

Modeled mole fractions were output at the location of each
AGAGE, NOAA flask and in situ station. However, it was
5 Continental emissions estimation found that significant biases existed between the modeled
and measured mole fractions at some sites, which were diffi-
We have identified a new surge in §Bmissions between cult to explain through changes in emissions alone. In many
2000 and 2008, of a similar magnitude to that previouslyinstances, the bias could be reduced by moving the measure-
derived byLevin et al.(2010. For the last three years of ment location to an adjacent grid cell in the model. It there-
this period there is no global EDGAR v4 information avail- fore seems likely that some measurement locations shared
able, only UNFCCC national inventory data for industri- model grid cells with significant local sources, which would
alized countries. Here we ask whether this increase carhen “pollute” the simulated measurements at all times. To
be attributed to specific regions using all available (unfil- correct this effect, the RMS difference between the model
tered) data from AGAGE and NOAA networks and the three-and the measurements was calculated at each grid cell in
dimensional transport model. which the station truly resided and at surrounding grid cells.

The global emissions field was split into eight regions cho- A site was moved if a lower RMS error could be obtained
sen to separate continents and UNFCCC reporting countriesy positioning the measurement in an adjacent grid cell. The
The regions were: North America, South and Central Amer-error associated with the site relocation was investigated and
ica, Africa, European countries reporting to the UNFCCC, included in our final error estimate. This was achieved by
non-UNFCCC European countries, Asian UNFCCC coun-performing the inversion 1000 times, each time with a bias
tries, non-UNFCCC Asian countries and Oceania (B)g. randomly added to the modeled mole fraction at each site.
Therefore, only Asia and Europe are splitinto UNFCCC andThe magnitude of the added bias was randomly chosen from
non-UNFCCC regions as they are the only continents withthe mean difference between the grid cell containing the site
significant emissions from both reporting and non-reportingand the eight surrounding cells. The bias was used here,
countries (although non-reporting European countries reprerather than the standard deviation of the difference (for ex-
sent a very small source). As above, the emissions in each aimple), to avoid duplication of the “mismatch” uncertainty
these regions were linearly extrapolated from 2006 to 2008n Eq. (1), which accounts for normally distributed, random
using the EDGAR 2004 and 2005 values. A priori uncertain-mismatch errors, but will not account for model biases. The
ties of 40% were were assumed for each region in each yealincertainty associated with these biases was added to the un-
(Sect.3.2). certainty derived in the inversion. The mole fractions pre-

In addition to the five AGAGE measurement sites de- dicted by the model with the a priori emissions estimates are
scribed above, additional AGAGE Medusa measurementshown in the Supplement.
from Jungfraujoch, Switzerland and Gosan, Korea were in- Using the inversion technique described above, emissions
corporated along with all in situ and flask measurementsfrom the regions were estimated in each year, using a total
from the NOAA network. NOAA flask data are collected at of ~12 000 weekly-average measurements. The optimized
a frequency of approximately one pair of flasks per week atemissions fields are provided in NetCDF format in the Sup-
surface sites, and daily at tall tower sites, whilst the NOAA plement, along with plots showing the the mole fractions
in situ measurements are approximately hourly. Samplingobtained from the transport model run using the estimated
locations for the three networks are shown in H@nd co-  emissions. The prior and optimized emissions are shown in
ordinates and names of the sites are given in Table Fig. 4, broken down into two periods of interest: 2004—2005

MOZART was run at 1.8x 1.8 resolution for the period (for which EDGAR estimates are available) and 2006—2008
2004-2008, using inter-annually varying meteorology. This(for which EDGAR estimates are extrapolated). Significant
period was chosen because AGAGE GC-MS Medusa meaerror reduction was achieved in the inversion only for emis-
surements of S§began in 2004. The model was used to sions from the three major source regions: non-UNFCCC
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North America Europe, UNFCCC Europe, Asia, UNFCCC
1.90G 0.91Gg/yr non—UNFCCC 0.48Gg/yr
= + 0:02 Gg/yr P

/YT,

Fig. 3. Eight regions whose emissions were estimated in our regional inversion. Colored areas show grid €altb.&1.&solution)

where EDGAR predicts non-zero emissions. Measurement locations are shown for AGAGE (triangles), NOAA in situ (asterisks), tower
(diamonds), surface flask sites (crosses) and NOAA Pacific Ocean Cruise tracks (dots). The site location shown here refers to the assume
position within the model and may differ from the true location as outlined in the text. The quoted emissions are the regional EDGAR v4
estimates for 2005.

Asia, North America and UNFCCC-Europe, with little error non-UNFCCC Asian emissions, which shows a large upward

reduction in the more minor emissions regions. trend in emissions from 20.3Ggyr ! in 2004-2005 to
When discussing the derived regional emissions, it is im-4.140.3Ggyr in 2008. This rise would account for all of

portant to note that highly significant correlations were ob-the required global emissions growth between the two peri-

tained between the major regions (F&. In other words, ~ 0ds (1.0+0.4 Gg yr, as shown in Fig2 and Table2). It
the inversion was not able to fully resolve emissions fromis also likely that non-UNFCCC Asian emissions are under-

these areas. The reason for the inability of the inversionestimated in EDGAR for 2004-2005. Other regions show
to fully distinguish between emissions from some regions issmaller discrepancies between EDGAR and the optimized
thought to be two-fold. Firstly, most of the sites used herevalues.
measure predominantly background air. Therefore, whilst When comparing our derived emissions to the UNFCCC
the networks can constrain the global background very well estimates, we find it likely that SFemissions are under-
there is little influence of “polluted” air masses on the mea-reported. Figuredc shows the aggregated UNFCCC es-
surements, making it unclear which regions are responsibl¢gimates from the inversion, EDGAR and those reported.
for any increase in the background. This is particularly trueWhilst the uncertainties will be be larger than shown in the
of the flask sites, where the sampling strategy generally atfigure (for the reasons discussed in S&cf), the optimized
tempts to avoid intercepting polluted air (i.e. air containing UNFCCC values (2.5-0.5Ggyr 1) are almost two stan-
information on nearby emissions). The second problem maydard deviations larger than reported (1.6 Gglyr strongly
be one of low signal-to-noise. The effect of an increase insuggesting under-reporting. This agrees withvin et al.
emissions in any one year in any region is to increase th€2010, who arrived at a similar conclusion by consideration
hemispheric background, and to increase the size of polluef EDGAR emissions and economic factors. Similar discrep-
tion events (of, say, daily—weekly duration) at the monitor- ancies were obtained for 2006 and 2007, but are not shown
ing sites close the source. A regional inversion therefore rein the figure since EDGAR estimates are not yet available for
lies on being able to distinguish these “local” signals from comparison during these years.
the change in the global background that also results from There are few regional “top-down” emissions estimates
the change. However, the typical size of these signals folcurrently available, that cover similar spatial scales, with
this compound tends to be relatively small compared to theyhich we can compare our estimates. Using airborne mea-
measurement uncertainty at the existing monitoring sites (segurements, a Lagrangian transport model, carbon monox-
sensitivity estimates presented in the Supplement). ide (CO) versus Sfratios and a CO inventoryHurst
Examination of the derived emissions in Figshows that et al. (200§ found that North American emissions were
for most regions, no significant trend can be inferred be-0.64+0.2Ggyr! in 2003, compared to approximately
tween the two periods investigated. The exception is forl.6+0.3Ggyr! in 2004-2005 in this work. Whilst our
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Fig. 4. Regional Sg emission rates and & -uncertainty range for 2004—2005 (blue) and 2006—2008 (red) fadMajor emissions regions,
and(b) minor regions. Optimized values are shown as shaded bars, whilst EDGAR estimates are solid€okggregated optimized,
EDGAR and UNFCCC-reported emissions for reporting countries only.

of total reported sales, mainly in North America). There
is also increasing uncertainty in regional emissions from
switchgear for years other than 1995, the year for which
regional stock estimates were made by industry organiza-
tions (R. Bitsch personal communication, 1998). The use
of UNFCCC data after 1995 is often hindered by opaque or
incomplete reporting due to confidentiality of national sec-
toral data. We recall that while global EDGAR emissions
have estimated uncertainties of the order of 10 to 20% (1-
confidence interval, see Se8t2), regional and particularly
national EDGAR emission estimates are more uncertain due
to differences in equipment and maintenance practices, with
uncertainties in regional emissions up to 30 to 40% (i~
terval). The largest uncertainties in the years after 1990 are in
(a) unknown sources (reported as sales to utilities and equip-
ment manufacturers), (b) production level and sales mix of
Fig. 5. Average correlationsK?) between optimized emissions China and Russia (in particular the division into sources with
from the eight regions, 2004—2098. Diagonal elements (identicallybanking, e.g. switchgear, and others, e.g. magnesium), (c)
equal to 1) are set to zero for clarity. 2004—2006 data due to incomplete surveys, (d) the effec-
tive annual emission rates of §8tock in switchgear, and (e)
emissions related to $production and handling of returned

values are roughly consistent with EDGAR v4, tHerst )
et al. (2006 estimates are more consistent with emissionsCY/inders.
reported to the UNFCCC. The reasons for this apparent dis- The differences between our estimates, UNFCCC reports
crepancy are unclear. Potential sources of error could include@nd EDGAR highlight the need for improved national and
biases in either transport model used, aggregation errors, eggional emissions estimation in the future in terms of trans-
large bias in the EDGAR prior influencing our derived emis- parency and completeness, both by countries reporting to the
sions, or errors in the CO inventory or assumptions about CGJNFCCC and by SEmanufacturers. Particularly important
lifetime influencing theHurst et al. (2006 estimates. issues are the unaccounted for sales in 1995 and thereafter,
The uncertainties in global EDGAR v4 §Emissions are  SFe production and sales by Russia and China and the con-
partly due to uncertainties in global total consumption aris-Sistency of data used for estimating emissions from the elec-
ing from incomplete reporting of production and sales (pro- fical equipment sector (manufacturers and utilities).
duction data for Russia and China are largely missing) and In order for top-down regional emissions validation to be-
discrepancies in amounts sold and sectoral consumption asome more accurate for this species, more information is re-
reported by industry organizations and countries (e.g. sales iquired in the inversion. This may be achievable in a number
1995 unaccounted for in sectoral applications of about 20%of ways. Firstly, the addition of many more high-frequency
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monitoring sites in regions that regularly intercept non- Supplementary material related to this

background air should increase the number of regions thaarticle is available online at;

can be distinguished. Secondly, the use of higher resolutiomttp://www.atmos-chem-phys.net/10/10305/2010/
transport models in regions close to high-frequency monitor-acp-10-10305-2010-supplement.zip

ing sites may allow us to extract a higher information con-

tent from the existing stations. For example, weekly aver-

ages were used here since we did not have confidence thakknowledgementsThe AGAGE research program is supported
the global model would be able to resolve shorter timescaleshy the NASA Upper Atmospheric Research Program in the US with
Further, the resolution of current global models means thagrants NNX07AE89G to MIT, NNX07AF09G and NNXO7AE87G
local sources will not be well resolved at stations which areto SIO, Defra and NOAA in the UK, CSIRO and the Australian
very close to polluted regions (e.g. Gosan, Korea, or Mace®overnment Bureau of Meteorology in Australia. ¢Sfeasure- _
Head, Ireland). Therefore, it may be possible to extractMents at Gosan were supported by the Korea Meteorological

. ; . .+ Administration Research and Development Program under Grant
more information from the higher-frequency (hourly-daily) CATER 2009-4109. We wish to thank Louisa Emmons and Stacy

measurements, potentially with a higher signal-to-noise "3 \wvalters at NCAR for their invaluable help with the MOZART
tio (since the smoothing effect of averaging can be avoided), s model. We especially thank S. A. Montzka (NOAA/GMD),
provided suitable high-resolution meteorological fields arec, p. Keeling (deceased) and R. F. Keeling (SIO), and R. C. Rhew
available. (UCB) for air samples. We also thank R. A. Rasmussen and
the Oregon Graduate Institute (OGI) for originally collecting
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6 Conclusions provided by NOAA-ESRL, NILU, and CSIRO. We are grateful
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data from the AGAGE network. Global emissions of this her contributions regarding the NOAA tower measurements. We
potent greenhouse gas were obtained using the AGAGEhank Ingeborg Levin, University of Heidelberg, for providing
data alone and AGAGE plus NOAA-ESRL data, with a SFe data shown in the Supplement. We thank the EDGAR v4
three-dimensional chemical transport model and an invers&@m for compiling and providing the gridded Gemissions,
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surements. Significant correlations were found between thé&dited by: M. Heimann

emissions derived in the inversion for the three major centers

(North America, Europe, non-UNFCCC Asia). However, it

was found that much of the emissions growth between 2004¢eferences

and 2008 could most likely be attributed to non-UNFCCC

Asian countries. No significant trends could be derived from
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