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Abstract. The short-chain non-methane hydrocarbonsNMHC suggests that different processes and emissions mit-
(NMHC) are mostly emitted into the atmosphere by an-igation measures contributed to the decline in these NMHC.
thropogenic processes. Recent studies have pointed out Bhe 60 yrrecord also illustrates notable increases in the ratios
tight linkage between the atmospheric mole fractions of theof the isomeridso-/n-butane andso-/n-pentane ratios. Com-
NMHC ethane and the atmospheric growth rate of methaneparison of the reconstructed NMHC histories with 1950—
Consequently, atmospheric NMHC are valuable indicators2000 volatile organic compounds (VOC) emissions data and
for tracking changes in anthropogenic emissions, photo-with other recently published ethane trend analyses from am-
chemical ozone production, and greenhouse gases. Thisient air Pacific transect data showed (a) better agreement
study investigates the 1950-2010 Northern Hemisphere atwith North America and Western Europe emissions than with
mospheric G—Cs NMHC ethane, propanej-butane, n- total Northern Hemisphere emissions data, and (b) better
butane,i-pentane, andi-pentane by (a) reconstructing at- agreement with other Greenland firn air data NMHC history
mospheric mole fractions of these trace gases using firmeconstructions than with the Pacific region trends. These
air extracted from three boreholes in 2008 and 2009 at theanalyses emphasize that for NMHC, having atmospheric life-
North Greenland Eemian Ice Drilling (NEEM) site and ap- times on the order of <2 months, the Greenland firn air
plying state-of-the-art models of trace gas transport in firn,records are primarily a representation of Western Europe and
and by (b) considering eight years of ambient NMHC mon- North America emission histories.

itoring data from five Arctic sites within the NOAA Global
Monitoring Division (GMD) Cooperative Air Sampling Net-
work. Results indicate that these NMHC increased$0—
120 % after 1950, peaked around 1980 (with the exceptionl Introduction

of ethane, which peaked approximately 10yr earlier), and

have since dramatically decreased to be now back close t¢he primary sources of short-chain non-methane hydro-

1950 levels. The earlier peak time of ethane vs. tge@g ~ carbons (NMHC) released into the atmosphere are an-
thropogenic processes that are linked to the extraction of
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1464 D. Helmig et al.: Reconstruction of Northern Hemisphere 1950-2010

petroleum from geological reservoirs, the distillation and dis-the inferred decline differs. Further evidence linking declin-
tribution of oil and gas products, and incomplete combus-ing atmospheric NMHC background levels to anthropogenic
tion of fossil fuel (Pozzer et al., 2010). For ethane, the light-emissions stems from urban region data sets. For instance,
est NMHC, anthropogenic sources constitute approximatelycomparisons of long-term monitoring data from London and
75 % of global emissions; this fraction increases to 98 % forLos Angeles have shown significant declines in NMHC rang-
the butanes and pentanes. NMHC are also by-products ahg from 3—12 % per year (von Schneidemesser et al., 2010;
biomass burning; however, biomass burning associated emidAarneke et al., 2012) during the lasts decades. Declining
sions make up a relatively small fraction of the short-chainNMHC mole fractions have also been noted in rural envi-
alkanes on a global scale, estimated at up to 22% and 7 %onments, such as at Hohenpeissenberg, a semi-rural site in
for ethane and propane, respectively (Pozzer et al., 2010)Southern Germany close to Munich, however, at somewhat
Another study found that natural degassing through geologidower rates than in inner cities (von Schneidemesser et al.,
seeps could contribute significantly to the global budget 0f2010).
ethane and propane (Etiope and Ciccioli, 2009). In their anal- Recent comparisons of ethane ambient air mole fractions
yses of 238 observations of surface gas seepage, the authdrem a Pacific transect with the growth rate of methane
concluded that up to 17 % of ethane released into the atmoSimpson et al., 2012) have shown a tight coupling be-
sphere is the result of geologic microseepage. tween these two variables. Decadal trends in ethane have
In the atmosphere, NMHC are oxidized primarily by the therefore been used to estimate the contribution of anthro-
OH radical (Parrish et al., 1992), with rate constants in-pogenic emission changes to the observed slowdown of the
creasing with molecule size. Resulting NMHC atmosphericmethane atmospheric growth rate during the late 1990s and
lifetimes range from a few days (for thesQIMHC) to a  first decade of the 21st century (Aydin et al., 2011; Simpson
few months (ethane). NMHC removal rates vary by seasoret al., 2012).
and latitude, resulting in seasonal cycles that are of opposite In this work we investigate, besides ethane, five additional
phase in the Northern and Southern Hemispheres (Montzk&IMHC, i.e., propane;j-butane n-butane,i-pentane, ana-
et al., 2000). Due to the preponderance of anthropogenipentane (see Table 1 for physical properties), in firn air sam-
NMHC sources in the Northern Hemisphere, NMHC atmo- ples withdrawn from three boreholes at the North Greenland
spheric mole fractions exhibit a strong latitudinal gradient Eemian Ice Drilling (NEEM) site. These data are used to re-
with the highest atmospheric mole fractions observed in theconstruct year~ 1950-2010 atmospheric histories of these
Arctic, where atmospheric removal rates are relatively low,compounds. Recent records from regular ambient air sam-
and lower levels near the Equator and in the Southern Hemipling at five Arctic locations are used to further evaluate
sphere (Ehhalt et al., 1985; Singh et al., 1988). the results of the firn air modeling by comparison of mod-
Peroxy radicals formed in the course of NMHC oxida- eled NMHC trends and ratios with the more recent ambient
tion can contribute to ozone production both on local andrecord.
regional scales (Sillman et al., 1990; Kleinman et al., 1995;
Carpenter et al., 1997). Consequently, NMHC emissions are
of concern for air quality and radiative forcing. A number 2 Experimental
of recent studies have investigated atmospheric concentra-
tion trends of NMHC species, with the objective of using 2.1  Firn air sampling
such observations for deciphering emission changes and the
effectiveness of volatile organic compound (VOC) emissionAir was extracted from firn boreholes near the NEEM deep
controls that have been implemented in most industrializedce core site in Northern Greenland. Two boreholes, located
nations during the past several decades (e.g., Gautrois et aht 77.43 N, 51.10 W, 2484 ma.s.l., and separated by 64 m
2003; Aydin et al., 2011; Simpson et al., 2012). There iswere sampled in July 2008. One of these was sampled with a
little information on the pre-industrial atmospheric NMHC firn air system from the University of Bern (Schwander et al.,
burden, as retrievals from ice cores have been hampered b}Q93) and is referred to as “2008 EU hole”. The other bore-
analytical problems (Aydin et al., 2007). Long-term atmo- hole was sampled with a firn air system from the US (Bat-
spheric monitoring programs and comparisons of earlier amétle et al., 1996) and is referred to as “2008 US hole”. The
bient records with newer data have indicated a decline inUS hole was sampled to a depth of 75.6 m; the EU hole was
atmospheric ethane in recent years (Simpson et al., 2012xampled to a depth of 77.8 m. More details on sampling pro-
This tendency was confirmed by two recent firn air studiescedure and other measurements on air from these two bore-
that sampled air in boreholes from two sites (Summit andholes can be found in Buizert et al. (2012). Further firn air
North Greenland Ice Core Project NGRIP) on the centralsampling took place during July 2009 from a borehole lo-
Greenland ice sheet (Aydin et al., 2011; Worton et al., 2012).cated~ 250 m away from the 2008 boreholes (Zuiderweg et
Both studies show increases in ethane in the first part of thal., 2013). This borehole was sampled to a depth of 76.0m
record, a flattening out of the growth rate in the late 1970s,with a firn air device from CSIRO and is referred to as “2009
and the onset of a decline thereafter, although the extent dfiole”. Sampling system blanks and analyte recoveries were

Atmos. Chem. Phys., 14, 1463483 2014 www.atmos-chem-phys.net/14/1463/2014/
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Table 1.NMHC included in this study with pertinent physical variables.

Compound Molecular Molecular Approximate Atmospheric Relative

Name Formula Mass Lifetime at 24 h [OH] Diffusion
(gmol 1)  6.5x 10° moleculescm®  Coefficient
(days) D/,
Ethane GHg 30.1 66 0.905
Propane GHg 441 15 0.702
i-Butane GH1o 58.1 7.6 0.583
n-Butane GH1o 58.1 7.0 0.584
i-Pentane GH12 72.2 4.6 0.511
n-Pentane GH1o 72.2 4.5 0.544

tested for the 2008 EU and US firn air sampling systems. Aand Atmospheric Research Utrecht (IMAU), Netherlands.
cylinder of ultra-zero air, containing low (below typical am- The measurement system used is described in Zuiderweg et
bient) mixing ratios of the NMHC was used on site at NEEM al. (2011). This instrument features a novel method of remov-
to either directly fill the sampling flasks or to fill them via ing unwanted compounds that would otherwise interfere with
the firn air device, by connecting the gas cylinder to the firnanalysis (e.g., C®and CH,) by use of a 3 nx 6.35 mm Po-

air device intake line. Flask flushing and filling procedure for rapak Q column. Subsequent peak separation of compounds
these tests mimicked normal sample collection, except conprior to mass spectrometry detection (HP 5970 quadrupole
sideration of possible leaking and outgassing from the bladMS) was accomplished with a 52.5x10.25 mm Poraplot Q

der. column. The calibration scale was established by prefocus-
ing distinct volumes of two reference gases: a 5-compound
2.2 NMHC analyses (ethane, propane, methyl chloride, benzene and toluene)

) NMHC working standard with mole fractions of 100 to
Air extracted from the three bo.reholes was sampled and SUbZOO nmol mot ™ + 5%, and a 9-compound gas standard with
sequently analyzed by three different laboratories. a mix of G, to Cs alkanes, alkenes and alkynes with mole
fractions ranging from 30-50 nmol mdl + 5 %. Measure-
ment precision was determined to£& %. Routine calibra-

For the 2008 US and 2008 EU holes air was sampled intotion of the instrument was accomplished by me_aguring the
2.5L glass flasks. Analysis of these samples was performe&"MHC standard before_ the start and after the finish of the
at the Institute of Arctic and Alpine Research (INSTAAR) at daily measurement series. Blank measurements showed no
the University of Colorado, Boulder, USA. 0.5L of air was "€Mnant compounds or interfering peaks (Zuiderweg et al.,
extracted from the flasks, dried to a dewpoint#0°C, and 2012).

NMHC were then preconcentrated on a Peltier-cooled micro- o . . )
adsorbent trap. After thermal desorption, NMHC were Sep_2.2.3 Max Plank linstitute/University of East Anglia

arated on an AlO3 porous layer open tubular (PLOT) col- ) ) )

umn by temperature-programmed gas chromatography (Gc§amples were collected into 3.0L stainless steel canisters
with flame ionization detection (FID). The GC was calibrated and anglyzed_at the Max Planck Institute for Chemistry
by analyzing a series of gravimetrically prepared synthetic(MPIC) in Mainz, Germany. For each flask a 1L (STP)
and whole air standards. The INSTAAR lab was audited by2/iquot of sample was pretreated by drying with magne-
the World Calibration Center (WCC) for Volatile Organic Sium perchlorate (Mg(Cl@)z) followed by cryogenic pre-
Compounds (VOC) in 2009 and 2011 and found to meet gliconcentration on a Carbopack adsorbent trap. The sample
quality criteria set by the World Meteorological Organiza- Was then thermally desorbed, cryofocused on a 1.75m loop

tion (WMO) Global Atmospheric Watch (GAW) program for wall coated open tubular (WCQOT) column and then intro-

2.2.1 INSTAAR

VOC. duced to the GC, where components were separated on a
Petrocol DH capillary column and detected using an FID.
222 IMAU Calibration was based on individual compound response fac-

tors determined from analysis of a gravimetrically prepared
Samples drawn from the 2009 hole were pumped directlysynthetic mixture of NMHC (accuracy af 2 %) purchased
into Luxfer (Nottingham, United Kingdom) 5L stainless from the National Physical Laboratory (NPL, United King-
steel flasks, pressurized to 120 bar. The contents of each afom) and whole air standards. Analytical precision errors are
the sample flasks were measured twice, on different daysompound dependent, and are less than 2% for theC§
at the stable isotope laboratory of the Institute for Marine alkanes. The MPIC lab was audited in 2009 by the World

www.atmos-chem-phys.net/14/1463/2014/ Atmos. Chem. Phys., 14, 14683 2014
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Calibration Center for VOCs and found to meet the qual- £ y >
ity guidelines set by the WMO-GAW VOC program. This is - ”; e N ‘4

the same analytical system used to analyze samples collecte
aboard the Civil Aircraft for the Regular Investigation of the

atmosphere Based on an Instrument Container (CARIBIC) -
flying observatory; a more detailed description of the project e AV
and analyses can be found in Baker et al. (2010). (4aP

2.2.4 NOAA/INSTAAR Flask Network Analyses =
Since 2004 NOAA and INSTAAR have been operating a | / : o Ei .
global VOC monitoring program building on the NOAA | ‘Afs o -Neri;f’ %{i«#y—A|esun&::/:<
Global Cooperative Air Sampling Network. VOC are quan- |+ /,4<‘“§“mmit ° %@,f’ 5
tified in pairs of glass flasks that are collected weekly to bi- | { ”r

500 km

weekly at 44 global background monitoring sites. These sam-|= "
ples are analyzed on the same system as used for the NEE N

firn air flasks. More analytical and program details are Pro-Fig. 1. Map of the Arctic Region showing the locations of the
vided by Pollmann et al. (2008) andfdtp://instaar.colorado.  NEEM and NGRIP drilling sites and of the ambient monitoring sites
edu/arI/GIobaI_VOC.htmI In this paper data from Alert, ysed for comparison in reference to the NEEM data.

82.5 N, 62.32 W, 200 ma.s.l., Nunavut, Canada; Barrow,

71.32N, 156.60 W, 11 ma.s.l., Alaska, USA; Ny-Alesund,

78'9_0 N, 11.88 E, 475ma.s.|., Svalbard, Spitgberggn, NOT 4ata sets can be placed on the same calibration scale given
way; Pallas 67.97N, 24.12 E, 560ma.s.l., Finland; Sto- ¢ poth laboratories were audited and found to meet the
hofdyi, Vestmannaeyjar, 63.38l, 20.29 W, 118 mas.l, yai5 quality criteria of the WCC.

Iceland, and Summit, 72.3N, 38.48 W, 3238 mas.l, The differences in gas age distributions between the 2008
Greenland; are used in conjunction with the firn air resultsgy and US boreholes are relatively small (Buizert et al.
(Fig. 1). Glass flask samples from these Arctic sites are typi-1 ) and are not expected to result in significant differences
cally analyzed 3-9 months after sample collection, and aftef, NvHC mole fraction profiles with depth. Data from the
the flasks have undergone prior analysis for other greenhousgnng s porehole were thus used to help test four suspected
gases on three other instruments. outliers from the 2008 EU borehole. The NMHC depth pro-
L files are also expected to be very similar for the 2008 and

2.2.5 INSTAARin situ analyses 2009 boreholes (based on gas age distributions). Data from

From summer 2008—2010 continuous in situ analysesef C 2008 boreholes were thus used to help test two suspected

C7 NMHC were conducted at Summit with a fully automated °utliers in the 2009 borehole. _ _
and remotely controlled GC/FID instrument, using a similar  SuSPected outliers or spurious data points were rejected

method and instrument components as described in TanndY @Pplying Peirce’s criterion (Ross, 2003). Additionally, if

et al. (2006). On average six samples were analyzed daily? suspected (_)utll_er did not meet the criterion but was very
Calibrations and blank runs were conducted every 12 day<C!0S€ to meeting it and the same flask showed elevated val-
Calibration standards were cross-calibrated against the lag{€S for other species, it was also rejected. Furthermore, sev-

oratory calibration scale for the network flask program de-€ral points were rejected because mole fraction results de-
scribed above. viated from the seasonal cycle behavior of the species and

values seen at adjacent depth levels. Overall, applying the
2.3 Data quality control and filtering data filtering resulted in 6, 5, 1, 1, 3, and 6 eliminated data

points for ethane, propanebutanen-butanej-pentane, and
Figure 2 shows firn air NMHC measurements from all n-pentane, respectively.
boreholes and laboratories after removal of data that were Forthe 2008 EU borehole, the MPI-UEA data were placed
clearly influenced by analytical problems during measure-on the INSTAAR scale by determining the average offset be-
ment. While the different boreholes and data reported fromtween the two data sets. These two data sets were then aver-
the three laboratories agreed on the main features of theged, and the combined data set was used for atmospheric
depth mole fraction profiles, some samples appeared to bhistory reconstructions. Data from the 2008 US borehole
affected by contamination. Because the number of availabl@nd the 2009 borehole were treated separately for the atmo-
data points at any given depth level in a single borehole isspheric history reconstructions (Sect. 3.2).
small, the different data sets were combined to allow for bet- The NOAA-INSTAAR network data were subjected to
ter statistics for outlier testing. This approach is well justified data curve fitting protocols, then filtered for outliers, and
for the 2008 EU borehole, as the INSTAAR and MPI-UEA fit to a function comprised of a harmonic component and

» :
S [

B
©-Stohofdyi >
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Fig. 2. Firn air depth profiles of ethane, propameyutane n-butane,i-pentane ana-pentane (in pmol moil) from the three boreholes.

Two sets of samples were collected from the EU hole and analyzed independently by two laboratories as indicated in the figure legend. Data
points that failed the quality control filters and that were excluded from the data set used for atmospheric trend reconstruction are shown as
open symbols.

polynomial term as described by Thoning et al. (1989) and2.4 Firn air modeling and inverse modeling
Masarie and Tans (1995). Short-term variations in the data

were smoothed by applying a Fourier-transform algorithmre econstruction of atmospheric trace gas histories from
and long-term trends were determined after removing et air measurements involves two main steps. First, the
short-term fluctuathns and the e_lnnual harmonlc cycle Co,m'transport and mixing of trace gases in the firn column must be
ponent. After applying the quality control filters, approxi- 4 cterized for each site by determining the effective gas
mately 500 data points remained for each site and NMHC i, \qjvities at each depth level in the fim in “forward” gas

Figure 3 shows for example the results for ethane determine ansport models (Buizert et al., 2012). Such models take a

in samples from Summit. Displayed are all available flasky ;e gas history at the surface as input and produce a depth —
data. Data points that were rejected from the trend analyseg, e fraction profile for a given sampling date as the output.

are displayed as open diamonds, retained data are shown g ansyre that the models contain an accurate parameteriza-
fu!l dlamo_nds. The re_zsult for the trend analy5|s,_usegl Ia_ter Mion of the gas transport processes, they are tuned and tested
this work in conjunction with the reconstructed firn air histo- ,gjng trace gases with well-known atmospheric histories (see
ries, is displayed as the black line. Buizert et al., 2012). Once the forward models are tuned and
tested, they can be used to generate depth — gas age distri-
bution matrices for the gas of interest. The measured depth —
mole fraction profiles are then combined with the depth — gas

www.atmos-chem-phys.net/14/1463/2014/ Atmos. Chem. Phys., 14, 14683 2014
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3500 3 Results and discussion

Summit

excluded data
° + data retained

—function 3.1 Depth prOﬁleS

—trend Y
¢

3000

——smoothed

2500

There are some subtle differences in the four data sets shown
in Fig. 2; however, there is overall good agreement in the
absolute levels and the vertical depth profile behavior. All
NMHC species show sharp increasing NMHC mole frac-
tions from the surface to a depthf20 m. Below 20 m, the
NMHC depth profiles show relatively little change to a depth
of ~55m. Below 55 m NMHC mole fractions increase by on

. average 20-30 %, reaching maximum values & m. Be-

2005 2008 2007 2008 2000 2010 2011 2012 low 70m NMHC mole fractions decline steeply, eventually

Fig. 3. Ethane in ambient air determined in flask samples coIIectedtO lower levels than seen in the entire, non-seasonally influ-

at Summit, Greenland, between 2005 and 2011. The graph displaﬁ”ced portion of the borehole. Ethane deviates from the other

all individual data points as diamonds. Points that were rejected foNMHC; its mole fraction in the lowest portion of the profile
the trend analyses are displayed as open symbols. Also shown aié about the same as in the 20-50 m zone. The agreement seen

the best fit solutions for the smoothed annual cycle, the seasondtetween the three different holes is consistent with the hy-
harmonic fit component (function) and the trend for the period of pothesis that these gases are well preserved in the NEEM firn
the available data. air and there is only little spatial variability in the scale of the
separation of these three boreholes. The obvious increases
in NMHC mole fractions in the 60—70 m zone indicate that
KIMHC levels increased in the past, then reached a maximum
and have since declined in recent years. Furthermore, the
similar behavior displayed by these six NMHC suggests sim-
Nar histories and likely common emission sources of these
ases.

2000

1500

Ethane (pmol mol')

1000

500

age matrices in an inverse model to reconstruct atmospheri
histories.

The LGGE-GIPSA firn gas transport model was the pri-
mary forward model used for this study; this model has bee
described in detail in Witrant et al. (2012). NMHC diffu-
sion coefficient ratios with respect to GQvere calculated g The utility of using firn air records of NMHC for recon-
with the parameterization by Chen and Othmer (1962), usingst y g

itical t ; d vol data f Daubert (1996 ructing their past atmospheric mole fractions relies on the
critical temperature and volume data from Daubert ( ).assumption that NMHC do not undergo chemical changes in
and Ambrose and Tsonopoulos (1995) and are presented

Table 1, and compared with the values used by Worton e%e firn. This was investigated by two different approaches.

. %irst, a study was conducted involving a full year of weekly
al. (301221”1' Séjp_pler:letnt ISe;:(t).l'I;able Sl.IThe IN(?-]I:AAtR ft(_)r- in situ measurements of NMHC in the atmosphere and in
ward model (Buizert et al., ) was also used for tes N%ir withdrawn from fim air at~1m depth (Helmig et al.,

t_he depe.ndence of reconstr.ucted at.mosphejnc NMHC hIStO'2013) at Summit. These measurements showed that light
ries on different representations of firn physics and for com-

alkenes including ethene and propene were produced in the

paring upper firn hydrocarbon data with recent atmOSphenCsnowpack, with production being linked to solar irradiance.

hls(tjotrrl]eslggrp&rs(;t meazurergeln ts. Both thte I}:GGE'GLF;_SALight alkanes, however, including all gases considered in the
and the orward models were part ot a recent im e e i porehole analysis, did not show significant differ-

g“igel m(;elrcompar;sonde;(ermic_e for thedNEEI\TIt S'tBe’ .Wh?reences in their mole fraction between the atmosphere and the
oth models were found to achieve good results (Buizer ®tirn air throughout the year. These findings show that these

al., 2012). : . X
! ! . . i .. NMHC do not undergo rapid chemical or physical changes
The inverse model described in Witrant and Martinerie in the upper firn.

(Tthls') \;\;]as use? for th? atmqsphr;\rtlﬁ hlfg)(r;yEreé:lo;gtAructtlons. The second approach addressed the possibility of rela-
IS 1S the most recent version of the i a mo'tively slow production or consumption of the alkanes in

spheric trend reconstruction model, based on Rommelaere %I : . S

=~ teeper firn. One way to examine whether a gas species is
al. (1997) and Lukas (2008), and has been been detailed i : _ vy
more depth in Sapart et al. (2013) and Petrenko et al. (2013)?@" preserved in deep firm is to compare records from dif

i L erent drilling sites that are expected to have similar at-
The inverse model cannot reconstruct seasonal variations, q’ﬁospheric histories. We present the first such comparison

discussed in Wang et al. (2012). The effect of seasonality Mor the light alkanes between the NEEM results and data
NMHC depth profiles in fim is evaluated and discussed infrom the 2001 extraction NGRIP site (Worton et al., 2012).
Sect. 3.2. NGRIP, at 75.1N, 42.3 W, 2917 ma.s.l., is slightly colder
than NEEM, with a mean annual temperature-g1.5°C
(vs. —28.9°C for NEEM). It is also located further inland
and at a higher elevation on the Greenland ice sheet than

Atmos. Chem. Phys., 14, 1463483 2014 www.atmos-chem-phys.net/14/1463/2014/
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NEEM (see Fig. 1), and for these reasons is expected to benoval of NMHC from the atmosphere is from reaction with
a cleaner site with respect to the deposition of trace organithe OH radical, which has a seasonal cycle that closely
impurities that could potentially result in some in situ pro- follows solar irradiance. Consequently, atmospheric NMHC
duction of hydrocarbons. However, we are not aware of anylevels exhibit strong seasonal cycles, the relative amplitude
studies that directly compare trace organic content betweenf which increases with increasing NMHC-OH reaction rate.
NEEM and NGRIP firn. Thus, if there were substantial in This is particularly pronounced in the Polar regions, due to
situ production or destruction of light alkanes in deep firn, the more dramatic change in the seasonal solar irradiance
one would expect to find differences between the two sites. with increasing latitude. The seasonal cycle for ethane from
Comparing records of the light alkanes vs. depth at eachthe NOAA-INSTAAR global flask network data depicted in
site is not appropriate, as the gas age distributions differ beFig. 3 shows that ethane increase8-fold from a summer
tween NEEM and NGRIP, both because of different sam-minimum of ~ 600 pmol mot® to ~ 2000 pmol mot? dur-
pling dates and because of physical differences in firn proping the winter. To further illustrate the dependence of the sea-
erties (e.g., ice accumulation rate). However, it is possible tosonal cycle on the molecule size, in Fig. 5 the mean seasonal
achieve a meaningful comparison by plotting the species 0ofC,—Cs NMHC cycles observed in the Summit in situ data are
interest vs. another trace gas species that is known to be wedhown, normalized to their maximum seasonal value. The
preserved in the firn and has a similar age distribution withrelative amplitude of the seasonal cycle increases, the on-
depth. This was demonstrated to be an effective approach foset of the spring decline occurs progressively sooner, and
carbon monoxide (CO) as was described in detail in Petrenkahe length of the summer minimum increases with increasing
etal. (2013). In the Petrenko et al. (2013) study, CO was plotmolecule size. This behavior reflects the rate of atmospheric
ted vs. CH for NEEM, Summit, and NGRIP. The small dif- oxidation, which increases with molecule size (i.e., resulting
ference in free-air diffusivities between Glnd CO (9%) in progressively shorter atmospheric lifetimes for the heavier
was found to result in negligible differences in age distribu- NMHC).
tions between the two gases. The effect of the seasonal NMHC cycle on mixing ratios
For the light alkane comparisons, we follow the approachin firn can be evaluated using the atmospheric record as input
of Petrenko et al. (2013), choosing a well-preserved “refer-in a forward model describing trace gas transport in firn air.
ence” trace gas for each of the alkane species that was me&tmospheric NMHC data are not available for the NEEM
sured at both NEEM and NGRIP and that has the most simsite. The closest site for which seasonal NMHC data ex-
ilar free-air diffusivity. For ethane, such a gas is £@ith a ist is Summit. Summit is located 650 km to the SE and,
9.5 % diffusivity difference. For propane, CFC-12 is the bestat 3200ma.s.l., at an elevation 716 m higher than NEEM.
match, with a slightly larger (15 %) diffusivity. CFC-12 is There are four other Arctic sites (defined as located north of
also an excellent reference gas femndn-butane (2% dif-  the Arctic Circle), i.e., Alert, Barrow, Ny-Alesund, and Pal-
fusivity difference), and CFC-11 far andn-pentanes (3and las, and the sub-Arctic site Stohofdyi on Iceland at 63183
4 % difference, respectively). for which NMHC records from the NOAA-INSTAAR VOC
Figure 4 shows the NEEM-NGRIP comparison for eachmonitoring program are available (Fig. 1). The 2005-2012
of the alkane species. We chose the NEEM 08 EU data sedata from these sites were used to evaluate how the season-
for this comparison, as the NEEM 09 data do not includeality in the upper firn impact the NEEM firn record. Mean
pentanes (nor CFC-11), and the NEEM 08 US data do notmonthly mole fractions were calculated, then the mean sea-
include CFC-11 and CFC-12. As can be seen in the six il-sonal cycle was defined as the average of the multi-year
lustrated comparison plots, both data series agree to withimonthly mean mole fractions.
the margins of uncertainty of each measurement. The agree- The seasonal NMHC cycles for these six sites show simi-
ment between the two sites supports the hypothesis of goothr relative seasonality; however, absolute NMHC mole frac-
preservation of these considered six light alkanes at bothions show geographic variations that are especially visible
sites. While we cannot rule out small in situ alterations thatin winter. These are high enough to affect the overall mean
are within the measurement uncertainties, overall the recordannual mole fraction. In order to illustrate the effect of atmo-
appear to be suitable for reliable atmospheric history reconspheric seasonality in NMHC mole fraction on the firn air,

structions. idealized atmospheric scenarios were built by cyclically re-
producing the mean seasonal cycle at these six Arctic sites
3.2 Seasonality in the upper 40 m during the past several decades. These simulations were ini-

tiated during mid-July, the approximate date for the firn air
The declining NMHC mole fractions with decreasing depth sample collection. Figure 6 shows the results obtained when
in the upper 40 m of the profiles shown in Fig. 2 reflect the using these idealized scenarios as input to the LGGE-GIPSA
influence of fast gas exchange between the firn air and théorward firn model in comparison with the NEEM data. It can
atmosphere, which at the time of the sampling, i.e., mid-be seen that seasonality affects NMHC firn air mole fractions
summer, exhibits the seasonal minimum of the NMHC an-in the upper 30 to 40 m. Below 40 m depth, modeled NMHC
nual cycle (Fig. 3). The primary sink determining the re-
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Fig. 4. NMHC to CO, and CFC relationship in the NEEM 08 EU and NGRIP firn air data. Error bars represensthtafeard deviation in
the data where available.

mole fractions become stable, indicating the loss of a sea3.3 NMHC history reconstructions
sonal signature influence.

The results in Fig. 6 also show distinct differences in the The inverse modeling was first applied separately to data
model output depending on which of the site data sets arérom each borehole to allow for the assessment of the sen-
used. Considering both the mean level and seasonality, nongitivity of reconstructed scenarios to the slight differences
of these monitoring sites yielded consistent agreement witts€en between individual borehole data sets (see Supplement
the NEEM firn data. Due to the differences seen in abso-Fig. S1). Despite the limited number of data points and slight
lute levels between the ambient air records for different com-deviations in the data between labs and boreholes the in-
pounds at different sites and the NEEM data, and challenge¥erse modeling results display good agreement in the rep-
in applying a uniform, well-characterized scaling factor to resentation of the atmospheric NMHC histories. The years
correct for these differences, we decided not to use firn dat&f observed maximum mole fractions all fall around 1980

above 30 m depth for the trend scenario reconstruction prefor propane—pentanes and vary by less than 10 yr for individ-
sented in the following section. ual data set results. The variability for ethane is a bit larger,

but remarkably all model results show ethane peaking sig-
nificantly earlier. Secondly, reconstructed NMHC maximum

mole fractions agree to within <10 % between different bore-
holes. Since deviations between the results from different
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3.4 Comparison of reconstructed NMHC histories with
modern observations
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The NOAA-INSTAAR NMHC monitoring program started
in 2005, with data until mid-2011 fully processed at this time.

Normalized NMHC mole fraction

04f 3

i 12 While this record is too short for a standalone trend analysis,

: ! _H%a_:‘ ‘N‘-‘ the available data offer an opportunity to compare the tail end
0zr P of the NEEM firn air reconstructed histories with actual am-

r TPt “L\ bient observations. The results from these analyses are added
00 Lo, M to the firn air model NMHC history reconstruction in Fig. 9.

Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec For all compounds there is a good match between the firn re-
Fig. 5. Annual cycle of ethane, propangbutane,sn-butane, - constructions and monitoring results. The deviatio_n bet_vvee_n
pentane ana-pentane at Summit from in situ measurements col- the reconstructed trends and the data from the five sites is
lected during 2009 with the data normalized to the observed seaell within the range of the deviation between the monitor-
sonal maximum value. ing sites. All data tendencies point towards declining NMHC
levels, in agreement with the model reconstruction. The site
data do not provide support for the reversal towards increas-
laboratories and boreholes were minor, the data for all boreing mole fractions for propane anebutane simulated by the
holes were used in a multi-borehole constrained reconstrucmodel. It should be noted that the flattening of the slope, re-
tion of the NMHC histories shown in Fig. 7. spectively reversal of the trend in the last few years in the
In order to test the effect of model vs. firn data discrepan-modeled results for propane andutane are not significant
cies, the multi-hole constrained simulations were performedn comparison with the uncertainty envelopes in Fig. 7a, con-
in two different manners, as in Sapart et al. (2013). (1) Datasequently there is no disagrement between these two analy-
from the three boreholes were weighted equally (in black inses.
Fig. 7). (2) Each of the three boreholes was weighted by the
inverse of the root-mean-square deviation (RMSD) betweer8.5 NMHC ratios
model results and firn data calculated from the single-hole
constrained simulations (see Supplement Fig. S3). The twdNumerous studies have shown that the light NMHC are emit-
treatments displayed in Fig. 7 led to very similar results forted in relatively constant ratios by their individual sources.
all species, indicating that the reconstructed scenarios are ndthis feature offers opportunities to use NMHC ratios to in-
significantly affected by slight differences in data and model-vestigate NMHC sources and atmospheric oxidation pro-
ing quality between boreholes. NMHC maxima consistently cesses. For instance, the ratioiefover n-pentane is sig-
occur around~ 1980, except for eHg, which peaks~ 10 nificantly lower in emission from oil and gas emissions (re-
years earlier. For a better comparison between compoundgported values fof / n-pentane~ 0.9) than in urban environ-
in Fig. 8 all reconstructed trends were normalized to thements (2.4 [Pasadena] (Gilman et al., 2013)). At remote
beginning of the record and plotted together. This displaymonitoring sites, such as on Pico Mountain in the Azores,
re-emphasizes the similar temporal behavior of the @ Portugal, a geometric mear n-pentane ratio of 1.28 was
NMHC, with all of these species peaking from 1980-1985, determined (Helmig et al., 2008). The isometia:-butane
and the ethane maximum occurring approximately in 1970.pair has been shown to be rather constant in data from a wide
Another interesting result is that the relative changes seemrray of sampling environments. Most studies report values
over the period of the atmospheric reconstruction are quitdbetween 0.37-0.57 (Parrish et al., 1998). While the two bu-
different. The year 2010 NMHC mole fraction in comparison tane isomers have similar OH reaction rate constants, their
to its maximum in 1970 has declined 1068 % for ethane, reaction with Cl differs by~ 50 %, with faster removal of the
and in comparison to the maxima around around 1980 to: isomer. Deviations in thé/r-butane ratio have therefore
65 % for propane, 63 % farbutane, 51 % for-butane, 42%  been used to identify chlorine chemistry influences (Jobson
for i-pentane, and 50 % foi-pentane. It is interesting to et al., 1994; Gilman et al., 2010). In a recent study at a sea-
note that these relative changes scale with the lifetime of thesonally covered site in NE Utah, significant shifts in butane
NMHC, with the smallest relative change seen for ethaneand pentane isomer ratios were observed, and this behavior
the longest-lived compound, and the highest relative changewas used to infer chlorine reactions in this continental snow-
seen for the pentane isomers, which are the shortest-livepack (Thompson et al., 2014).
compounds in this NMHC series. This points towards rela- While analyses of these isomeric ratios have been applied
tively higher emission reductions for the heavier, gasoline-in numerous studies, to the best of our knowledge thus far
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Fig. 6. Impact of atmospheric seasonality on NMHC mole fractions in the firn profile. Circles: measured mole fractions in firn. Color key:
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in the data.

there have been no investigations of the behavior of these isdsutane ratio of 0.50 for the most recent years, with no dis-
mer ratios in long-term data sets. Consequently, the NEEMcernible upward trend. Furthermore, the mediarrbutane
firn air results offer a unique opportunity to expand upon ratio (0.53) in the 2 yr in situ data from Summit included in
these previous studies and to provide new bases for compaFig. 10 is just slightly higher than the flask record and further
ing isomeric NMHC ratios to a historical record and poten- constrain the modern ratio of this isomer ratio.
tially to deduce changes in primary emissions sources. Similar to the butane pair, the/n-pentane ratio shows
Figure 10 presents the reconstructed trends ofithe an increase during the first part of the record. The relative
butane and / n-pentane isomers and their respective ratios.change in the isomeric ratio is larger for the pentanes, with
For the butane isomers, ahn-butane ratio of~ 0.4 was cal- a~ 63 % increase of the ratio between 1950 and 1970. The
culated for prior to 1950, increasing t00.5 by 1970 and decline seen in the firn air model results during the most re-
then remaining relatively stable until 2000. Thin-butane  cent years is not apparent in the Summit in situ record. The
ratio appears to increase afte2000; however, this increase apparent decline in the modeled ratio is probably due to the
in the firn air model results is not statistically significant, as relatively higher error in the simulation and is not statistically
discussed for the-butane trend in the previous section. For significant.
comparison, the Summit ambient air flask data show/an
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Fig. 7a. Multi-borehole constrained atmospheric trend reconstructions (left) for ethane, propaibwtade. The black lines show results
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—red.

There are a number of possible drivers that may cause &ations inferred from methyl chloroform observations were
shift over time in these isomeric NMHC ratios. These in- determined to have relatively small interannual variability
clude changes in emission types and emission ratios in thand no overall increasing or decreasing trend in the period
source regions of these compounds, or possibly a change ih979-2003 (Prinn et al., 2005; Montzka et al., 2011), an
air transport patterns, with air from different regions repre- increase in other radical sources would be necessary to ex-
senting different emission types/ratios being brought to theplain the observed increase in the isomeric NMHC ratios.
NEEM site. Another explanation might be a change in theThe increase in theé/n-isomer ratio in the earlier part of
chemical sinks, for instance changes in the relative contrithe record would be in agreement with a relatively higher
bution of atmospheric chemical oxidation pathways (suchoxidation ratio by the CI radical, which reacts faster with
as a shift in the relative contribution of OH vs. other oxi- the n isomer, resulting in an increase in thén ratio. An-
dants (e.g., Cl, N@). Such a shift was considered in Ay- thropogenic activities serve as a significant source of reac-
din et al. (2011) in regards to changes in the methane tdive chlorine species for the troposphere (Graedel and Keene,
ethane ratio inferred from firn air at Summit. As OH concen- 1995; Tanaka et al., 2000, 2003), and several works have
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Fig. 7b. Same as Fig. 7a for-butane;-pentane and-pentane.

determined an increasing trend in tropospheric chlorine comeoceanic sources preferentially emitpentane, resulting in
pounds from the 1970s to the mid-1990s (Rasmussen antbwer i / n-pentane ratios for these source signatures. An-
Khalil, 1986; Prinn et al., 1992; Mahieu et al., 2004). Sig- dreae and Merlet (2001) determined iaim-pentane emis-
nificant increases in nitrogen oxides (RGsince 1980 were  sion ratio for extra-tropical forest fires 6f0.5. These emis-
also determined from firn air histories at Summit (Worton sion data are confirmed by measurements taken at Pico
et al., 2012). This, along with increases in acidic aerosolsMountain that showed significantly differentn-pentane ra-
may contribute to increases in Cl radical concentrations (e.g.tios in air masses impacted by summertime boreal fires (ra-
Thornton et al., 2010; Mielke et al., 2011), however, long tio of 0.73) compared to non-fire-influenced events (ratio of
term historical observations of atmospheric chlorine, which1.61) (Helmig et al., 2008). Natural oceanic emissions have
could have driven the pentane isomers towards a higher  also been shown to have greater fluxes:gfentane rela-
ratio value, are not available for comparison.. tive toi-pentane. Broadgate et al. (1997) determined/an
Another, and possibly more likely scenario, is that the pentane ratio from oceanic fluxes in the North Sea of 0.6.
increase in the /n-pentane ratio between 1950 and 1970 Ratios of 0.72 and 0.73 were also found for waters near
is indicative of changes in the relative importance of dif- Cape Grim, Tasmania, and Mace Head, Ireland (Lewis et
ferent VOC sources. Measurements influenced by anthroal., 2001). Therefore, the increase in the:-pentane ratio
pogenic emission sources have yieldddi-pentane ratios in the earlier part of the record, synchronous with increases
on the order of~ 1.8-2.5. Both boreal biomass burning and in the absolute NMHC mole fractions, is in agreement with
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3.0 NMHC emissions and atmospheric composition, emission
:gﬁgigie estimates from NH source regions were extracted from the
——i-Butane Lamarque et al. (2010) emissions database and compiled. Re-
_:’_;JBeUn‘ta;Z sults from the emissions database and the NEEM firn data in
n-Pentane Fig. 11 show increasing levels in the middle part of the 20th
century followed by a stabilization and decline during the
latter part. The magnitude and timing of these trends, how-
ever, are markedly different. The total NMHC carbon atom
mole fraction from the NEEM data (black trace in the top
panel) increased by approximately 50 % after 1950, reach-
ing a maximum around 1980, and has since declined to close
to year 1950 levels. The rate of decline appears to be some-
what faster than the rate of increase in the earlier part of the
05 record. Total NH VOC emissions represented by the database
1950 1960 1970 1980 1990 2000 2010 (lower panel, blue data) show a relatively larger rate of in-
crease { doubling), reaching a maximum around 1990, and
Fig. 8. Reconstructed NMHC trends normalized to 1950. leveling off at a much slower rate thereafter. These are no-
table differences between the two records. We therefore in-
vestigated the potential of spatial changes in emissions, in
a stronger influence of fossil-fuel sources on the NMHC sig-particular the question if the difference between the two se-
nature. The ratio of the butanes is similar for fossil fuels, ries could be due to emissions from Asia, which have in-
biomass burning, and oceanic emissions (Lewis et al., 2001¢reased significantly during the past 10-20yr (Ohara et al.,
Helmig et al., 2008); thus, the butane ratio cannot be used t@007). Greenland is mostly subjected to transport from Eu-
tease out changes in relative source contributions. rope and to some smaller fraction from North America, but
very little from Asia (Kahl et al., 1997; Eckhardt et al., 2003;
3.6 Comparison of reconstructed NMHC histories with  Klonecki et al., 2003; Stohl, 2006; Helmig et al., 2007). To
emission estimates investigate the possible reflection of these different trends,
emission data from the US and Canada and from West Euro-
NMHC constitute a major fraction of VOC, which play an pean regions were separated from the total NH record. The
integral role in the production of tropospheric ozone. The US/Canada/Western Europe results, shown as black data in
amount of ozone produced varies by NMHC species andhe lower panel of Fig. 11 and scaled on the righaxis,
depends on the levels of available N@nd radical conver- show much better agreement between the timing of the emis-
sion rates. Lamarque et al. (2005) concluded that changes isions maximum and the NEEM reconstructed NMHC trends.
NMHC and NQ, concentrations were the primary cause of There is, however, a notable discrepancy in the magnitude of
20th century increases in tropospheric ozone. Consequentlyhe relative signal, with the emissions increase being more
VOC speciation and trends are important inputs in model dethan two times as large as the increase seen in the recon-
scriptions of tropospheric ozone trends. structed NMHC ambient air mole fractions. It should be
There are few atmospheric records that allow assessmemtoted that~ 70 % of the total NMHC signal is constituted
of the change in NMHC or VOC emissions over the pastby ethane and propane, compounds with lifetimes on the
century. Modeling work, in many cases, has to rely on in-order of >1 week. Consequently, this comparison may be
ventories that are derived from the accumulation of best estiflawed by the fact that gas species retrieved from the firn air
mates of emissions. An overview and compilation of severalare on average longer lived than VOC species considered in
emissions databases (including EDGAR, RETRO, and rethe emissions database. This comparison suggests that emis-
gional scale databases) and reconstruction of historical trendsion reductions have likely been more effective for shorter-
were presented by Lamarque et al. (2010). That study prelived compounds (higher molecular weight VOC) than for
sented estimates for total VOC, which besides NMHC in- the longer-lived species (ethane, propane).
cludes an array of other volatile organic compounds, such In conclusion, the Greenland firn air record likely reflects
as aromatics, oxygenated VOC and organic acids. Nonetheemission changes in Europe (and North America) more than
less, NMHC constituted the largest fraction of consideredthe NH average, and may not be as sensitive to emissions
VOC. Assuming that the relative distribution of contribut- from East Asia. Moreover, comparison of the firn air record
ing compounds has remained relatively constant, the NEEMwith emission inventories suggests that relative changes seen
data reconstructed NMHC trends should provide a reasonin the light NMHC, while showing similar tendencies as
able VOC surrogate for comparison and evaluation of theseemission estimates, do not necessarily reflect the relative
emission estimates. As the NEEM observations are deemerhagnitude of VOC emission changes in source regions.
to be mostly representative of Northern Hemisphere (NH)

2.5+

2.04

1.5

Normalized mole fraction

1.04
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Fig. 9. NMHC reconstructed histories based on the NEEM firn air data in comparison with trends (see Fig. 3 for ethane Summit example)
derived from 2005-2011 NOAA-INSTAAR VOC network data at five Arctic sites.

3.7 Trend analyses and comparisons with other records better than 10 %. There is, however, a notable difference in
the simulated timing of the maxima. While our results for
Several other recent studies have investigated NMHC hispropane through pentane agree well to within 3-5yr with
tories during periods that overlap with the NEEM records. the NGRIP findings, the ethane peak time derived from the
Aydin et al. (2011) used firn air records from Summit, and NEEM data is~ 7-10 yr earlier than what was calculated for
two Antarctica sites, the West Antarctic Ice Sheet Divide the Summit and NGRIP data sets. The NGRIP data were
and the South Pole, to reconstruct the ethane history. Dugnade available to us, and NEEM North GRIP multi-site
to the lower snow accumulation rate, the Antarctica reCOdeC()nstrained scenario reconstructions were performed (See
allowed the reconstruction back te 1900. Worton et al.  Supplement Fig. 3 and Supplement Note about NEEM-North
(2012) analyzed the same;<Cs NMHC reported in this  GRIP comparison). The results for all species are consistent
study in firn air from NGRIP retrieved in 2001 (Fig. 1). The within error bars for the NEEM-only based scenarios, and
findings from the two other Greenland firn air retrievals, pre- the ethane peak date remains in the early 1970s. When re-
sented as the NMHC maxima and the inferred approximatesults from the NEEM boreholes and data from the different
year of the occurrence of the maximum in comparison with|aboratories are considered individually (Fig. S1a), they all
the findings from this study, are summarized in Table 2. result in ethane peak times prior to 1980. The firn record at
Results from all three Greenland firn air studies show re-NEEM has been ana|yzed for more Species than any other
markable agreement, considering that these data were olgite, making the age of the firn air at NEEM the best con-
tained from three different boreholes, and retrieved at dif-strained. However, it should be noted that while we deter-
ferent times (with the NGRIP borehole used in the Worton etmined an earlier peak time consistently in our modeling re-
al. (2012) study drilled 7-8yr earlier than NEEM) using dif- sults, the peak of the ethane maximum is relatively flat and
ferent extraction systems, NMHC quantifications from dif- our determined ethane peak time and the Worton et al. (2012)

ferent laboratories, and three different firn air diffusion mod- and Aydm et al. (2011) results 0\/er|ap within the uncertainty
els and reconstruction methods. All three studies agree ogstimates of these studies.

showing a decrease in NMHC in recent years. The histori-
cal NMHC mole fraction maxima generally agree to within
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Table 2. Comparison of reconstructed NMHC maxima from three independent studies using firn air profiles on the Greenland ice sheet.

NEEM (this study) | Summit (Aydin et al., 2011) | NGRIP (Worton et al., 2012)
Maximum Year of Year 200 Maximum Year of Year 200 Maximum Year of Year 2000
nmolmorl  Maximum nmolmot® | nmolmorl  Maximum nmolmot®l | nmolmorl Maximum nmolmot?
Ethane 2.00 1970 1.5 2.0 Late 1970s 1. 2.2 1977 1.4
Propane 0.76 1979 0.5 0.76 1980 0.45
i-Butane 0.14 1980 0.09 0.14 1977 0.080
n-Butane 0.30 1980 0.2 0.32 1977 0.16
i-Pentane 0.12 1981 0.07] 0.12 1978 0.058
n-Pentane 0.10 1981 0.06 0.11 1976 0.051

The average decline rates for the reconstructed NEEMaI., 2012) with highest mole fractions observed at high lat-
NMHC histories for the 1985-2000 period determined by itudes. Consequently, the three firn air sites and Arctic net-
linear regression are presented in Table 3. The average trendgrk ambient monitoring sites, all located >°@¥, are lo-
in the NMHC ambient air flask data mole fractions for years cated where global atmospheric NMHC mole fractions are
2006-2011 were determined in a similar fashion and in-the highest. These areas, showing the overall highest atmo-
cluded in Table 3 for comparison with the firn histories re- spheric levels, are expected to show overall higher absolute
construction. The network data show declining NMHC am- rates of decline and consequently be sensitive regions for ob-
bient mole fractions for all species, in agreement with theserving changes in atmospheric NMHC. The latitudinal gra-
firn air results. The rates of decline between both data setdlient of ethane is- 30 % between 30 and 70 (Helmig et
and analysis approaches agree reasonably well within thal., 2009; Simpson et al., 2012). This gradient is smaller than
margins of uncertainty in the determination. This agreementhe differences seen in the ethane decline rate seen in the
also indicates that the rates of decline do not appear to havArctic and the Simpson et al. (2012) results. Consequently,
changed notably during the most recent years. The relativelghe smaller decline rate seen by Simpson et al. (2012) prob-
lower decline rate seen in the ethane trend in the firn datably again reflects the different air mass and source region
(1.0% for ethane vs. 2.0-2.7 % for the other NMHC) is not representation of these data sets, i.e., the stronger influence
noticeable in the results from the flask data set; however, thi®f Asian emission trends on the Pacific transect data vs.
may be due to the relatively high uncertainty in the networka stronger North American and European signature in the
data trend due to the shortness of the record. Greenland data.

Table 3 also lists for comparison the NMHC trend determi-  This difference will potentially become more significant in
nations from the Aydin et al. (2011) and Worton et al. (2012) the future as the relative importance of Asian emissions con-
reconstructions. The Worton et al. (2012) trend results tendinues to increase over the next decades, resulting in changes
to be at the higher end, with five of the six NMHC decline in atmospheric composition that are not necessarily reflected
rates being larger compared to our and the Aydin et al. (2011)n the Greenland firn record.
findings. This is most notable for ethane, where the Worton et  The aforementioned studies have taken a closer look at
al. (2012) trend is- two times the one determined in the two emission types and sources that contributed to observed
other studies. Notably, the peak ethane firn values in WorNMHC declines. A particular interest here was also to in-
ton et al. (2012) and in our study are similar. Consequentlyvestigate methane to NMHC relationships and use NMHC
this difference in ethane decline rate possibly arises from thesignatures to better understand changes seen in atmospheric
differences in the modeling methods used in the reconstrucmethane trends. Aydin et al. (2011) concluded that global
tions, or the fact that our observations include 7-8 yr of moreethane emissions from fossil fuel sources have dropped from
recent data, with the data from those years potentially influ-their peak value of 14-16 Tgyt to 8-10 Tgyr! and that
encing the record towards a slower rate of decline. these changes were accompanied by an increase in biomass

Simpson et al. (2012) recently used a long-term recordburning emissions of <1 Tgyt in 1950 to~3Tgyr ! by
starting in 1984, of ambient air canister measurements acros2000, and then declining to 2 Tgyt. These estimates com-

a north—south Pacific transect to deduce global ethane trendpare well with results from Simpson et al. (2012), who de-
also included in Table 3. These authors report that at hightermined a decline in total ethane emissions of 21 % from
northern latitude, defined as 3099, ethane declined by an 14.3 to 11.3 TgyrL. Most of this decline is attributed to re-
average of-12.44 1.3 pmolmottyr—1 from 1984 to 2010.  ductions in fossil fuel emissions, likely from reductions in
The ethane declines seen inthe NEEM, North GRIP, Summitfugitive emissions from natural gas development, from re-
and in the ambient monitoring network data are all larger, byduction in gas flaring, and from recovery of natural gas dur-
a factor of~ 2—-3. NMHC atmospheric mole fractions show ing the mining and processing of natural gas and oil. These
a strong latitudinal gradient (Helmig et al., 2009; Simpson etworks also concluded that the reduction in ethane emissions
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Fig. 10.Reconstructed NMHC histories based on the NEEM firn air €rage NMHG/ethane ratios for Los Angeles air of 0.68,

data for the isomeric butar{8) and pentane pai(®), with shaded ~ 0.15, 0.28, 0.34 and 0.13 for propamdyutanez-butane;-

areas indicating the 2-uncertainty envelopes. Also included in this pentane, and-pentane, respectively. These ratios are prob-

graph are whisker plots showing the statistical distribution of the ably high estimates, as ethane sources within the LA Basin

isomer ratios (fromr~ 2600 individual measurements) determined (mostly natural gas) are likely to be underrepresented com-

for butane and pentane from the in situ NMHC measurements CoNnared to emission sources for higher NMHC. On the other

ducted at Summit during 2008-2010. hand, our findings show thatsECs have declined at sig-
nificantly higher rates than ethane over the past 30—-40yr.
Applying the LA-derived scaling factors to the6 Tgyr!

was accompanied by a drop in methane emissions by 15reduction in estimated fossil fuel ethane emissions (Aydin

30Tgyr* (Aydin et al., 2011) and 10-21Tgyt (Simp- et al., 2011) would yield reductions of6.2, 1.9, 3.5, 5.2,

son et al., 2012), respectively, and that these emission reduging 1.9 Tgyr? in fossil fuel emissions of propaniputane,
tions have contributed to the observed decline in the atmoh_butaneli_pentane, and_pentane, respectively, or a com-

spheric methane growth rate seen in the late 1990s to thgjned ~ 25 Tgyr! of C,~Cs NMHC emissions. This is

first few years of the new millennium. These estimates ofjikely a low estimate given, as mentioned above, the higher
the cutback in ethane emissions offer an opportunity to es\NMHC; / ethane ratios in the 1970—1980s. Also, this emis-
timate changes in $-Cs NMHC fluxes by scaling those to  sjon reduction primarily represents the North America and
ethane. The relative ratios of these NMHC in the firn datawestern Europe regions, and is likely offset to a substantial

are not very useful for this purpose, as NMHC get oxidized degree by the increase in emissions from Asia.
at different rates during atmospheric transport, resulting in

a decline in the NMHE/ ethane ratio and lower values of 3.8 NMHC-CO relationship

these ratios at a downwind site. Alternatively, here we ex-

plore using urban ambient air data as a surrogate for estiHistoric CO mole fractions were determined in parallel
mating NMHC emission ratios. The extensive data reviewedwith the NMHC measurements. An in-depth presentation
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Table 3. Average decline rate of atmospheric NMHC from the firn air data reconstruction averaged over years 1985-2000 in comparison
with the mean of the NMHC trend seen in the 2006—2011 Arctic site flask network data (mean of individual slopes determined for five sites
+1-0 standard deviation of the mean). The last three columns list comparison data from three other recent NMHC trend determinations.

1985-2000 reconstruction  2006—2011 ambient Aydinetal. Simpsonetal. Worton etal.
(20117 (2012 (2012F
max (year) pmolmotl % ofmax | pmolmorl % ofmax | pmolmorl  pmolmorl  pmolmor?
yr yr yr yrt yr yr yrt
Ethane 2000 (1979) —20 10| —34@11) 1.7 0.6) —25 —12.4@&1.3) —47
Propane 764 (1980) -17 22| —-82&7.8) 1.1¢1.0) -17
i-Butane 142 (1980) -2.9 20| —25&2.4) 1.8¢l1.7) -3.8
n-Butane 296 (1980) -6.3 21| —6.7(*2.9) 2.3¢1.0) -8.0
i-Pentane 118 (1981) -3.2 27| -5.8(*1.3) 4.9¢1.1) -3.1
n-Pentane 101 (1981) —25 25| —1.6(*1.5) 1.61.5) —2.8
a1980-2000° 1984—2010¢ 1985—2000, rates deduced from the graphs in Fig. 2 in Worton et al. (2012).
of the NEEM CO data and interpretation can be found in 2200 180
Petrenko et al. (2013). Here, we compare the reconstructec —— Ethane
histories of CO and ethane from the NEEM firn air analyses. - | — o
Because Northern Hemispheric CO is also associated, . q160
primarily with anthropogenic emissions, particularly from E ] 5
combustion sources, correlations of CO with NMHC can g 890+ %
provide a useful indicator of anthropogenically emitted 5 {140 E
hydrocarbons. Additionally, the OH radical is the major 2 46004 o
sink for both compound classes and CO and ethane are% ] ©
oxidized at rates that are less than a factor of two different: 4120
koH+ ethane= 2.4 x 10~ cm® molecule*s~1  (Atkinson, 14001
2003);koH+co = 1.44x 10" BB cm® molecule 1 s~1 (Atkin-
son et al.,, 2004). A comparison of the CO and NMHC 1200 +———F—— 77— ——— 100
1950 1960 1970 1980 1990 2000 2010

depth profiles shows similar behavior at depth, as well as

similar seasonality. Notably, both compound classes shov¥ig. 12.Comparison of reconstructed histories of ethane and carbon

distinct maxima at~70-72m depth of the profile. In the monoxide from the NEEM firn air analyses. Please note thapthe

comparison of the CO and ethane depth profiles it must beaxes scales were chosen such that bot gases have the same starting

considered that the diffusivity coefficients for ethane and COpoint, with relative scales for both species being the same in order

are different by a factor of 1.35, with CO being the faster to allow comparison of the relative mole fraction changes for both

diffusing molecule. Consequently, the CO at a given depthSPecies.

will have a slightly younger age distribution than ethane.

Figure 12 illustrates the comparison of reconstructed trends

of both species from the NEEM data. Here it can be seer# Conclusions

that there is a similar trend between ethane and CO, corrob-

orating their emission from common sources. Ethane peak§he G-Cs NMHC mole fraction depth profiles in firn

earlier than CO, with ethane reaching a maximum aroundair sampled from three- 80 m-deep boreholes retrieved at

1970, while CO shows a broader maximum approximatelyNEEM showed very similar profiles, illustrating the robust-

10yr later. Furthermore, ethane shows a faster decrease thayess of the firn air borehole extraction and analytical pro-

does CO. The increase in ethane mole fractions correspondsessing of air samples. The good agreement of firn air

to a period of rapidly increasing natural gas production NMHC measurements between NEEM and NGRIP sites ar-

in the United States, with a local maximum around 1970.gues strongly for good preservation of these species in the

While the more recent decline in CO suggests decreasefirn.

emissions from fossil fuel combustion, the faster declines All NMHC showed mole fraction maxima in the lock-in

in atmospheric concentrations of ethane relative to COzone, with lower levels in the firn below and above, indica-

determined from the firn analysis may reflect reductionstive of a maximum in atmospheric NMHC mole fractions in

in ethane emissions through further emission controls inthe recent past. The NEEM simulated NMHC histories were

natural gas production and transport technology. compared with results from two other previously published
firn air borehole retrievals from other Greenland sites and
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with data from one ambient air-monitoring program. Over- spheric lifetimes on the scale of these NMHC (<2 months)
all good agreement between these independent studies wase thus more likely a reflection of the emission changes from
observed, confirming the validity of the NMHC histories re- these regions, and do not necessarily reflect the NH average
ported in these studies. Consequently, firn air measurementsend.
and reconstruction of NMHC histories using firn air diffusion
models are a robust method for reconstructing atmospheric
mole fractions and emission trends of these compounds.  Supplementary material related to this article is
All NMHC show significant increases from the 1940s to available online athttp://www.atmos-chem-phys.net/14/
~1970-1980 and a trend reversal afterwards. These results463/2014/acp-14-1463-2014-supplement.pdf
agree with other recent trend analyses (Aydin et al., 2011,
Simpson et al., 2012; Worton et al., 2012) that showed a peak
in the atmospheric ethane mole fraction between 1960 and
1970. Our work presented here, in agreement with the find-
ings of Worton et al. (2012), shows that othe-Cs NMHC Acknowle@gementaNe thank A. HoIIis.ter, CU Boulder, and
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