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Abstract. We report the first measurements of 1,1,1,2,3,3,3-1 Introduction

heptafluoropropane (HFC-227ea), a substitute for ozone de-

pleting compounds, in air samples originating from remoteHydrofluorocarbons (HFCs) are second-generation replace-
regions of the atmosphere and present evidence for its adhents for compounds responsible for the anthropogenic
celerating growth. Observed mixing ratios ranged from be-stratospheric ozone depletion. As they do not contain any
low 0.01 ppt in deep firn air to 0.59 ppt in the current north- chlorine, bromine or iodine their Ozone Depletion Poten-
ern mid-latitudinal upper troposphere. Firn air samples col-tials are virtually zero. Due to the phase-out of chloroflu-
lected in Greenland were used to reconstruct a history of atorocarbons (CFCs) and also their first-generation replace-
mospheric abundance. Year-on-year increases were deduce®€nts (i.e. hydrochlorofluorocarbons, HCFCs, e.g. Clerbaux
with acceleration in the growth rate from 0.029 ppt per yearand Cunnold (2007)) HFCs have become increasingly im-
in 2000 to 0.056 ppt per year in 2007. Upper troposphericPortant. In return atmospheric growth has been reported in
air samples provide evidence for a continuing growth until the recent past for many HFCs (e.g. Montzka et al., 1996;
late 2009. Furthermore we calculated a stratospheric lifeOram et al., 1998; Volimer et al., 2006; Greally et al., 2007;
time of 370 years from measurements of air samples col-Stemmler et al., 2007; O’Doherty et al., 2009). HFC-227ea
lected on board high altitude aircraft and balloons. Emis-(i.e. CRCHFCR; or 1,1,1,2,3,3,3-heptafluoropropane) has
sion estimates were determined from the reconstructed atmdeen proposed for various applications such as a propellant
spheric trend and suggest that current “bottom-up” estimate§) pharmaceutical or foam-forming aerosols (Deger, 1992;
of global emissions for 2005 are too high by a factor of three. Yquel, 1995; Jager et al., 2005), as a refrigerant (Emmen et
al., 2000; Park et al., 2001), in fire extinguishers (Hynes et
al., 1998) and also for plasma-etching (Karecki et al., 1998).
Jager et al. (2005) even state, that CFCs are already being
replaced by approximately 90% HFC-134a and 10% HFC-
227ea in metered dose inhalers (MDIs).
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Additional desirable properties of CFC replacements arehigh sensitivity tri-sector (EBE) mass spectrometer (Micro-
relatively low atmospheric lifetimes and low Global Warm- mass/Waters AutoSpec). This instrument has a proven detec-
ing Potentials (GWPs). Here, HFC-227ea shows some disadion limit < 1 attomole and was operated in EI-SIR (Electron
vantages as both its estimated lifetime as well as its reportetinpact-Selected lon Recording) mode using a mass resolu-
GWP are relatively high (34.2 years and 3220 on a 100-yeation of 1000. The GC column temperature was ramped from
time horizon, Forster et al., 2007) and comparable to those-10°C to 200°C at 10°C per minute. CECHFCR; eluted
of CFC-11. Despite these perhaps not optimal propertiesafter about 13.6 min and was measured by means of the frag-
HFC-227ea is being used, and emissions (EDGAR, 2009) rement ions @HFér (m/z151.00) and @HFj{ (m/z101.00). No
ported. Missing so far has been the actual detection of HFCehromatographic interferences were found for these ions at
227ea in the remote atmosphere, a determination of its ratéhe given retention time window. In addition, due to the rel-
of growth and “top-down” emission estimates. atively high mass resolution (as compared to common single

quadrupole mass spectrometers) a possible interference from
an unknown co-eluent is very unlikely.

In order to confirm the identity of the compound and to
. assign mixing ratios to the air samples we prepared static
Cgrif)i?%izt\i’giﬁ collected from a range of platforms and atdilutions of CRCHFCR; in Oxygen-free Nitrogen (OFN)

’ obtained from BOC Gases, UK. For this purpose we con-

1. On board a Lufthansa aircraft at cruising altitudes of g Structed a dedicated drum dilution system based on an ex-

to 13 km between Frankfurt (Main), Germany and CapeiSting system described in Fraser et al. (1999). To evaluate
Town, South Africa on 27 and 28 October 200@ngw.  this system CECl, was added as an internal reference and
caribic-atmospheric.com diluted similarly. The resulting mixing ratios (which are dry

air mole fractions) agreed with the internationally recognized
2. In the mid- and high-latitudinal upper troposphere and calibration scale of NOAA (2001 scale) within 1.3%. Sum-
stratosphere (10 to 20 km) on board the Geophysicaming up all uncertainties that could affect the calibration val-
high altitude aircraft during two flights from and re- ues gives about 14%. However, taking into account the good
turning to Oberpfaffenhofen, Germany on 30 October agreement with the NOAA scale for @El, as well as the
and 4 November 2009 (48-5Ml, 7-12E) and one  small variability between calibrations for HFC-227ea4%)
flight from and returning to Kiruna, Sweden on 22 Jan- we estimate our scale uncertainty to be not larger than 5%.
uary 2010 (68—77N, 20-22 E). The air standard used to assign mixing ratios to the samples

was found to contain 0.354 ppt HFC-227ea and the respective

3. Inthe tropical upper troposphere and stratosphere with aaverage b measurement precision was 1.4%. More details

balloon-borne whole-air-sampler launched in June 2008 : : : .
. . on configuration and evaluation of the calibration system can
near Teresina, Brazil (84 S, 4252 W) by the French 9 4

. , be found in the supplemental information.
Eggg)e Agency CNES (Centre National d'Etudes Spa- To ascertain the potential presence of contaminants, one

of the dilutions was measured while running the MS in scan

4. From deep firn air in Greenland at 77.44%, mode across the range/z47 to 200. The chromatogram
51.066 W and 2484ma.s.l. in July 2008 (the North confirmed the purity of both compounds as no significant
Greenland Eemian Ice Drilling project; NEEM). Four of @mounts of other halocarbons were observed. The obtained
the 17 measured samples were contaminated with HFCSPectrum can be found in Table 1 and was compared to the
227ea which is attributed to a different type of close-off One reported by Reizian-Fouley et al. (1997). All major

valve used on those particular sample canisters. ThesBeaks were present except anrdZ117 Wh.ich we Qid not
samples were excluded from further analysis. observe. However, no ion is assigned to this peak in Reizian-

Fouley et al. (1997) and there is no possible primary frag-
Please refer to Brenninkmeijer et al. (2007), Kaiser etmentof1,1,1,2,3,3,3-heptafluoropropane with such a mass to
al. (2006), Laube et al. (2008) as well ashtitp://neem.nbi.  charge ratio. Therefore we suggest that its occurrence is very
ku.dk/for further details on sample collection. likely to have been an instrumental artefact. The observed
All samples were analysed using gas chromatography withrelative abundances are of limited comparability due to the
mass spectrometric detection (GC-MS). After drying usingdifferent experimental setups. We generally observed much
an on-line drying tube with Mg(Cl@», condensable trace higher relative abundances for ions with lower mass to charge
gases were pre-concentrated from about 300 ml of air atatios which could be caused by different mass discrimina-
—78°C in a 1/16 sample loop filled with an adsorbent tion effects of the mass spectrometers or the use of a non-
(Hayesep D, 80/100 mesh) which was heated to°T0n- fluorinated internal reference compound (i.e. n-hexadecane)
mediately after injection. Separation was carried out within our study.
an Agilent 6890 gas chromatograph using an Agilent GS- Finally, 1,1,2,2,3,3,3-heptafluoropropane as a potential
GasPro column (length 30m, ID0.32mm) coupled to aisomeric impurity is unlikely as the chromatographic system

2 Experimental methods
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Table 1. Mass spectral data for HFC-227ea obtained from a 143 ppt : 0
dilution in nitrogen as measured on a GC-MS system in scan | | —z:j‘fncv';:f'se ”””””””””””” 705 =
mode which gives only low mass resolution (see text for details). [~ cozimese | o o4 =
The spectrum was background-corrected, but some minor residual . B Lo &
peaks resulting from the internal mass axis calibration gas (.e.n- | »> | o2 §
hexadecane) remain. The major peaks are the same as in the mass =
spectrum reported by Reizian-Fouley et al. (1997) except foranad- | -~ ol
ditional peak reported an/z117 which is a very untypical mass ‘ 0.0
fragment for HFC-227ea and was not observed in this study. 80 60 40 20 0
Depth [m]
m/z Normalised Suggested 07
abundance fragment 0.6 -

69 999 CH 5051

51 272 CHE S 0.4

82 128 GHF} N 03

50 25 CH 2 021

T

151 24 GHFE o1 |

55 21 residual n-ggHza 0.0 1> ‘ ‘ ‘ ‘

32 ii’ 1%(|:_|F+ 1993 1997 2001 2005 2009

3 Time

54 9 res. n-GgHzas

56 8 res. n-GeHag Fig. 1. Mixing ratios of HFC-227ea as a function of depth as mea-

53 8 res. n-GgHag sured in air samples collected from deep firn in Greenland in 2008

101 6 GHF, (upper part) alongside with three modelled diffusivity profiles as de-

100 6 GF; scribed in Sect. 3.1. The lower part shows the northern hemispheric

temporal trend inferred from these mixing ratios via inverse mod-
elling. The short-dashed lines represent the maximum of the two
o root mean square deviations while the continuous line shows the

i i+ qiemean of the three corresponding best estimate trends. The lack of
should be able to separate the compounds (boiling point dlf.data between 62 and 74 m leads to high uncertainties in the trend be-

ference of about 2 K between isomers). However, as an addi:

. | check lculated th i0 of th . CLore 1999 which is why it is displayed as a long-dashed line. The ad-
tional check we calculated the ratio of the two lons measure itional red points are all from northern mid-latitude samples. They

in SIR mode (n/z151.00 and 101.00). It was found to be qriginate from upper tropospheric aircraft samples (2009), and an
comparable for all samples and dilutions. archived air sample collected at Niwot Ridge near Boulder, USA
(1994).

3 Results and discussion

solution) unaffected in the firn over the time periods repre-
3.1 Firn air measurements and results sented by the measured trends. Here we use direct and in-

verse models that are developments of those described by
The Greenland firn air samples showed good measuremermRommelaere et al. (1997), Fabre et al. (2000) and Martinerie
precisions for HFC-227ea and revealed that mixing ra-et al. (2009). The following is a brief description whereas
tios were monotonically decreasing with increasing deptha fuller description will be given in a forthcoming publi-
(Fig. 1). As the age of the air also increases with depth thiscation from the NEEM project community. The firn dif-
indicates a recent growth in the atmosphere. Moreover, thdusivity is first evaluated using three reference gasess,CO
very low mixing ratios are observed around 74 m indicate aCH, and CHCCls, for which measurements were made by
recent onset of emissions and thus an entirely anthropogenilOAA-ESRL, CSIRO Marine and Atmospheric Research,
origin of the compound. IUP Heidelberg and UEA and atmospheric time trends es-

The relationship between past atmospheric time trenddimates have been determined. For the latter we used pub-

and concentration profiles in firn can be established usindicly available atmospheric data from NOAA-ESRht{p:
models of trace gas transport in firn (e.g. Schwander et al.//www.esrl.noaa.gov/gmd AGAGE (http://cdiac.ornl.gov/
1993; Butler et al., 1999; Sturrock et al., 2002 and refer-ndps/alegage.htmPrinn et al., 2000), the GAW database
ences therein). Please note, that all of the trends derive@WMO Global Atmospheric Watch, World Data Centre for
from measurements of air entrapped in firn are dependenGreenhouse Gasdsttp://gaw.kishou.go.jp/wdcgpand firn
on the assumption that the respective compound is chemiand ice records from McFarling-Meure et al. (2006) forCO
cally (no destruction) and physically (no adsorption or dis-and CH, as well as emission-based atmospheric modelling
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(Martinerie et al., 2009) for CECCls. For HFC-227ea we 5

further needed to know its diffusion coefficient in air. We :Egg:f;gg“ebd emissions

used the Chen and Othmer (1962) calculation to derive an_ 41
estimate for this, not the more commonly used method of £
Fuller et al. (1966), due to the reportedly greater robustnesss 3 1
of the former (Massman, 1998). For HFC-227ea a diffusion
coefficient relative to that of C£ of 0.465 was obtained. A
very similar ratio of 0.471 was calculated using the Fuller et
al. (1966) parameterisation. e
Both a Monte-Carlo approach (@unlich et al., 2001)
and a linear inverse approach (Rommelaere et al., 1997) °°
were used to infer the atmospheric time trend for the HFC-
227ea mixing ratios. Consistent results (within the respec-
tive model uncertainties) were obtained with the two meth-Fig. 2. Emission estimates as derived from trends of HFC-227ea in
ods. The time trend obtained with the inverse model (Rom-firn air in comparison with those reported by the EDGAR emission
melaere et al., 1997) is shown in Fig. 1 alongside with thedatabase (EDGAR, 2009). The primary sink for HFC-227ea is re-
actual measurements as a function of depth_ It is most |ike|y§Cti0n with the OH radical in the troposphere. Therefore error bars
that the emissions started in the early 1990s or late 19804Vere calculated as the root of mean of the squares of the summed
Please note, that below 0.1 ppt the scenario essentially religdcertainty in the OH concentration and in the respective reaction
on the last two data points. The data gap in this region of théate coefflcn_an_t as well as flrr_l air related u_nce_rtal_ntles (correspond-
firn creates high uncertainties and does not allow further con™"¥ to the minimum and maximum scenarios in Fig. 1).
straints on the emission start date or the trend prior to 1999.
However, good agreement of the early trend (1993/1994) was )
observed with a northern hemispheric air sample (Coloraddransportscheme (Hough, 1989) typically reproduces the ob-
mountains, USA) remotely collected in 1994 (see Fig. 1) a|_ser\{ed concentrations in the Arct|ct_o W|th!n 10%, When_ con-
though this sample can not be directly compared with the ﬁmstramed to observed southern hemispheric concentrations.
air data (different locations). The more recent part of the sce- The major known atmospheric sink of HFC-227ea is the
nario is better constrained and shows a sustained growth deaction with the OH radical (Zellner et al., 1994). The
HFC-227ea since 1999 until mid 2008. The average growtimodel's OH field was adjusted to give a partial lifetime
rate accelerated continuously from 0.029 pptyin 2000 to ~ for CH3CCls, with respect to reaction with OHrgr), in
0.053 pptyr?in 2005 and 0.056 pptyt in 2007. The firn ~ agreement with Clerbaux and Cunnold (2007) (6.1 years)
air itself was collected in July 2008, therefore an averagedvhen using a reaction rate coefficient of (k20719
growth rate cannot be provided for 2008, but mixing ratios €XP[—1440/T]cn? molecule *s™* (Atkinson et al., 2008).
continued to increase. Please also note that these growthhe model then gives a value of 46.5 yearsdey for HFC-
rates represent only best estimates and contain considerabf27€a when using a reaction rate coefficient of (¢ 1013)
uncertainties within the envelopes shown in Fig. 1. Addi- €P[-1770/T]cn? molecule® s~ (Atkinson et al., 2008).
tional data from samples collected on board aircraft flying The diffusive transport out of the top of the model is then
in the Northern Hemispheric upper troposphere in late 20092djusted to account for stratospheric loss equivalent to a par-
clearly indicate a further growth since during this period (seetial lifetime (zsra) of 450 years which is within the range

Si0

Annual emis

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007

Year

Fig. 1). calculated in Sect. 3.3. Overall the model gives a total life-
time of 42.1 years for HFC-227ea. This is higher than the
3.2 Emission estimates 34.2 years reported in Clerbaux and Cunnold (2007) but the

difference is mostly due to recent changes in the reaction rate

We derived the emissions required to produce the tempora®f HFC-227ea with OH as reported in Atkinson et al. (2008).
trend in the atmospheric concentrations inferred from the Using the model the temporal trend in the global emissions
firn air data using a 2-D atmospheric chemistry-transportwas adjusted to match the trend of HFC-227ea from the firn
model. The model contains 24 equal area latitudinal bandsnodel (Fig. 2). This has been done for the best, maximum
and 12 vertical levels, each of 2km. Thus the latitude bandand minimum mixing ratios derived from the firn air. The
applicable to the NEEM firn site is the most northerly (66.4  error bars shown in Fig. 2 are the root mean squares of the
90.%) and since the altitude of the site is about 2.5 km, theuncertainties from these minimum and maximum scenarios
concentrations for the second level (2—-4 km) were used. Th@lus uncertainties in the OH loss of +59% and0%. The
emissions were assigned predominantly to the northern midkatter were derived from an uncertainty of 14% in the OH
latitudes with only 2% released in the Southern Hemisphereconcentrations (Prinn et al, 2001) and an uncertainty range
(distribution as in EDGAR, 2009). Using CFC-11, CFC-12 of —37% to +57% in the reaction rate coefficient at 298 K
and CHCCls Reeves et al. (2005) showed that the model’s (Atkinson et al., 2008). Given the relatively long lifetime
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-40 =20 o ; 20 40 60 Fig. 4. Stratospheric correlation of HFC-227ea (black) and CFC-11
Latitude [] (green) with CFC-12 as derived from measurements on air samples

) o ) collected on board the Geophysica high altitude aircraft in high and
Fig. 3. Upper tropospheric mixing ratios of HFC-227ea as a func- i |atitudes (HL and ML). The red points belong to four samples
tion of latitude in air samples collected on board a Lufthansa aircraft, e cted with a balloon-borne whole-air sampler in the tropical up-

during two flights from Frankfurt (Main), Germany (FFM) to Cape o (ronosphere and stratosphere (only CFC-12 vs. HFC-227ea dis-

Town, South Africa (CT) and back. Two samples were collected 5|5veq). The & measurement uncertainties are less than the size
at potential vorticity values indicating air from the tropopause re- of the symbols in all cases.

gion, but due to the long stratospheric lifetime of HFC-227ea this
has little influence on the correlation.

HFC-227ea mixing ratios were still increasing in 2009. As-

of HFC-227ea compared to the period of rapidly increasingsuming' that the observed mixing ratios are represenjtative
emissions, the uncertainty in this loss rate has a negligible! the global upper troposphere, we calculate that the inter-
impact on the derived emissions. hemispheric ratio (NH/SH) must be at least 1.1.

Also shown in Fig. 2 are the emissions from “bottom-up” The stratospheric data are shown in Fig. 4 as a function of

estimates based on industrial production and use (EDGAR!N€ concomitant CFEl> (CFC-12) mixing ratios. Long-lived
2009). The annual estimates for the years 1999 to 2001 fron@'g@nic compounds are known to form such compact correla-
EDGAR are around twice those derived from the firn datations in this atmospheric region (Plumb and Ko, 1992). As an

and the respective discrepancy increases with time from 200gxa@mple the correlation of CFC-12 with CEQLFC-11) is
on reaching a factor of 3.0 in 2005. The fir and emission/so displayed in Fig. 4. The slope of these correlathns_at Fhe
model uncertainties as well as the above mentioned unceffOPOPause can be used to calculate a stratospheric lifetime

tainties connected to OH cannot bridge this gap. We suspec,(tVOIK et al., 1997). However, vertical stratospheric transport

that the discrepancy is likely to be caused by an overestilimes are very slow (on the order of years). Thus, a correction

mation of the bottom-up emissions. However, the currentlyMUst be made to account for the change in the entry mixing
available data are of insufficient temporal and spatial coverftios over time. Here we use a method based on the mean
age to verify this suspicion. age of air (i.e. th_e mean strgtqspher_lc transit tlme of a given
air parcel) as derived from mixing ratios of &&nd its global
3.3 Upper tropospheric data and stratospheric lifetime ~ tropospheric trends from NOAA-ESRL which were obtained
from http://www.esrl.noaa.gov/gmd@ipdated from Geller et

Mixing ratios from upper tropospheric air samples collectedal., 1997). Please refer to Engel et al. (2002) for further de-
in October 2009 (CARIBIC) are given in Fig. 3. The tran- tails on the mean age calculation. As global tropospheric
sect from 48 N (Frankfurt) to 30 S (Cape Town) was nearly trends are only available until early 2009 yet, we comple-
true north-south (between 6 and°E) and reveals a com- mented it via an extension to the values observed at the
pact linear trend of HFC-227ea with latitude. This sys- tropopause in late 2009. Subsequently the above determined
tematic behaviour with little scatter indicates that the ob-tropospheric trend of HFC-227ea was shifted by 6 months
served air masses had not been in contact with sources rée account for transport into the tropics and then propagated
cently and were representative for the upper troposphere dhto the stratosphere assuming no chemical degradation en
the given time and location. Backward trajectories (publicly route. The difference between this and the actual measured
available athttp://www.knmi.nl/samenw/campaiggupport/  mixing ratios in the stratosphere is the inorganic fraction
CARIBIC) indicate that, with the exception of the ITCZ re- released at a given altitude. This inorganic fraction rela-
gion, air masses had been predominantly advected over thiéve to the amount that initially entered the stratosphere is
Atlantic Ocean from the west. The observed north-souththen the Fractional Release Factor (FRF). Thus, FRFs repre-
gradient implies that the source regions are in the Northerrsent the detrended relative inorganic fraction released from
Hemisphere. To maintain such a gradient also implies that given long-lived compound at a given location and time in
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the stratosphere. The exact method for their calculation i$# Conclusions

described in Laube et al. (2010). If such a set of FRFs for

two compounds are multiplied by their globally representa-We report the first observations of HFC-227ea, a replacement
tive mixing ratios it yields their detrended correlation for a for ozone depleting CFCs and halons, in remote regions of
given date. After this correction it is possible to calculate thethe atmosphere (i.e. in firn air and high-altitude samples). A

stratospheric lifetimega; via the known lifetime of a refer- dilution system has been built and evaluated for quantifica-

ence compoundes Using Eq. (1) (adapted from Volk et al., tion of this and other compounds. A mass spectrum has been

1997). obtained and all high abundant ions of a spectrum reported in
the literature were found to be present except one. A recon-

5 dx | top sFruction of the atmpspheric history of HFQ-227ea from firn

Tstrat= Tstratref?ef / [ drer Xref } (1) air reveals that emissions were very low in the early 1990s.

In combination with further measurements in the upper tro-

osphere we find strong evidence for its growth until the end
The reference compounds used here were CFC-11 an f our available observations in 2009. Emission estimates in-

CFC-12 and their global average atmospheric mixing ratlos‘ferred from this trend do not agree with estimates from the

o (which take into account the loss in the stratosphere) WEr§-HGAR database (EDGAR, 2009) and even show a discrep-
inferred by adjusting the values derived by Volk et al. (1997) ncy that is increasing With,time. We can not resolve these

to t.h € m|X|nt%|ratlos obszr\ll\leg :’;tgggfp?psuff n IatehZQO isagreements with the observations and the related uncer-
(using monthly average ’ global tropOSPNENIC 4inties presented here. Further studies, which should in-

'(tjretrlo(ljs frgm I\éllgr:tzka 'Ttb?ll’f 1;:;9 ./flor detrer;ding, as l/Jp'cIude observations from global ground-based networks, are
ated and publicly availablé ITOMHp:/IWWW.ESr.n0aa.govi: naaqaq to improve the understanding of the emission pro-

gn:db.;l;\h? HS :S gezg; thg dettre.?_ded tlcolrrelatmlp a(;rtehady CIrI]:dCI cesses and patterns and the global distribution of HFC-227ea.
cates tha ~c</€a s signiicantly longer-lived than “Finally, compact correlations with other long-lived gases in

12. Therefore we performed calp qlat|on§ with values of the stratosphere have been used to derive a stratospheric life-
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