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Abstract

The short-chain non-methane hydrocarbons (NMHC) are mostly emitted into the at-
mosphere by anthropogenic processes. Recent studies have pointed out a tight link-
age between the atmospheric mole fractions of the NMHC ethane to the atmospheric
growth rate of methane. Consequently, atmospheric NMHC are valuable indicators for
tracking changes in anthropogenic emissions, photochemical ozone production, and
greenhouse gases. This study investigates the 1950—2010 Northern Hemisphere atmo-
spheric C,-C5; NMHC ethane, propane, /-butane, n-butane, /-pentane, and n-pentane.
Atmospheric mole fractions of these trace gases were constructed from (a) air sam-
ples of these trace gases from air samples extracted from three firn boreholes in
2008 and 2009 at the North Greenland Eemian Ice Drilling (NEEM) site using state
of the art models of trace gas transport in firn, and by (b) considering eight years of
ambient NMHC monitoring data from five Arctic sites within the NOAA Global Moni-
toring Division (GMD) Cooperative Air Sampling Network. Results indicate that these
NMHC increased by ~ 40-120 % after 1950, peaked around 1980 (with the exception
of ethane, which peaked approximately 10 years earlier), and have since dramatically
decreased to be now back close to 1950 levels. The earlier peak time of ethane versus
the C3-C5 NMHC suggests that different processes and emissions mitigation measures
contributed to the decline in these NMHC. The 60 yr record also illustrates notable in-
creases in the ratios of the isomeric iso-/n-butane and iso-/n-pentane ratios. Compari-
son of the reconstructed NMHC histories with 1950—2000 volatile organic compounds
(VOC) emissions data and with other recently published ethane trend analyses from
ambient air Pacific transect data showed (a) better agreement with North America and
Western Europe emissions than with total Northern Hemisphere emissions data, and
(b) better agreement with other Greenland firn air data NMHC history reconstructions
than with the Pacific region trends. These analyses emphasize that for NMHC, having
atmospheric lifetimes on the order of <2 months, the Greenland firn air records are
primarily a representation of Western Europe and North America emission histories.
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1 Introduction

The primary sources of short-chain non-methane hydrocarbons (NMHC) released into
the atmosphere are anthropogenic processes that are linked to the extraction of geo-
logical petroleum fuel reservoirs, the distillation and distribution of oil and gas products,
and incomplete combustion of fossil fuel (Pozzer et al., 2010). For ethane, the lightest
NMHC, anthropogenic sources constitute approximately 75 % of global emissions; this
fraction increases to 98 % for the butanes and pentanes. NMHC are also by-products
of biomass burning, however, biomass burning associated emissions make up a rel-
atively small fraction of the short-chain alkanes on a global scale, estimated at up to
22 % and 7 % for ethane and propane, respectively (Pozzer et al., 2010). Another study
found that natural degassing through geologic seeps could contribute significantly to
the global budget of ethane and propane (Etiope and Ciccioli, 2009). In their analyses
of 238 observations of surface gas seepage, the authors concluded that up to 17 % of
ethane released into the atmosphere is the result of geologic microseepage.

In the atmosphere, NMHC are oxidized primarily by the OH radical (Parrish et al.,
1992), with rate constants increasing with molecule size. Resulting NMHC atmospheric
lifetimes range from a few days (for the C5; NMHC) to a few months (ethane). NMHC
removal rates vary by season and latitude, resulting in strong seasonal NMHC cycles
that are of opposite phase in the Northern and Southern Hemisphere (Montzka et al.,
2000). Due to the preponderance of anthropogenic NMHC sources in the Northern
Hemisphere, NMHC atmospheric mole fractions exhibit a strong latitudinal gradient
with highest atmospheric mole fractions observed in the Arctic, where atmospheric
removal rates are relatively low, and lower levels near the equator and in the Southern
Hemisphere (Ehhalt et al., 1985; Singh et al., 1988).

Peroxy radicals formed in the course of NMHC oxidation can contribute to ozone pro-
duction both on local and regional scales (Sillman et al., 1990; Kleinman et al., 1995;
Carpenter et al., 1997). Consequently, NMHC emissions are of concern for air qual-
ity and radiative forcing. A number of recent studies have investigated atmospheric
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concentration trends of NMHC species, with the objective to use such observations
for deciphering emission changes and the effectiveness of volatile organic compound
(VOC) emission controls that have been implemented in most industrialized nations
during the past several decades (e.g., Gautrois et al., 2003; Aydin et al., 2011; Simp-
son et al., 2012). There is little information on the pre-industrial atmospheric NMHC
burden, as retrievals from ice cores have been hampered by analytical problems (Aydin
et al., 2007). Long-term atmospheric monitoring programs and comparisons of earlier
ambient records with newer data have indicated a decline of atmospheric ethane in
recent years (Simpson et al., 2012). This tendency was confirmed by two recent firn
air studies that sampled air in boreholes from two sites (Summit and North Green-
land Ice Core Project NGRIP) on the central Greenland ice sheet (Aydin et al., 2011;
Worton et al., 2012). Both studies show increases in ethane in the first part of the
record, a flattening out of the growth rate in the late 1970s, and the onset of a de-
cline thereafter, although the extent of the inferred decline differs. Further credence
that link declining atmospheric NMHC background levels to anthropogenic emissions
stems from urban region datasets. For instance, comparison of long-term monitoring
data from London and Los Angeles have shown significant declines in NMHC ranging
from 3—-12 % per year (von Schneidemesser et al., 2010; Warneke et al., 2012) dur-
ing the last ~ five decades. Declining NMHC mole fractions have also been noted in
rural environments, such as at Hohenpeissenberg, in Southern Germany close to Mu-
nich, however at somewhat lower rates than in inner cities (von Schneidemesser et al.,
2010).

Recent comparisons of ethane ambient air mole fractions from a Pacific transect with
the growth rate of methane (Simpson et al., 2012) have shown a tight coupling between
these two variables. Decadal trends in ethane have therefore been used to estimate
the contribution of anthropogenic emission changes to the observed slowdown of the
methane atmospheric growth rate during the late 1990s and first decade of the 21st
century (Aydin et al., 2011; Simpson et al., 2012).
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In this work we investigate, besides ethane, five further NMHC, i.e. propane, /-
butane, n-butane, /-pentane, and n-pentane, in firn air samples withdrawn from three
boreholes at the North Greenland Eemian Ice Drilling (NEEM) site. These data are
used to reconstruct year ~ 1950-2010 atmospheric histories of these compounds. Re-
cent records from regular ambient air sampling at five Arctic locations are used to
further evaluate the results of the firn air modeling by comparison of modeled NMHC
trends and ratios with the more recent ambient record.

2 Experimental
2.1 Firn air sampling

Air was extracted from firn boreholes near the NEEM deep ice core site in Northern
Greenland. Two boreholes, located at 77.43° N, 51.10° W, 2484 ma.s.l., and separated
by 64 m were sampled in July 2008. One of these was sampled with a firn air system
from the University of Bern (Schwander et al., 1993) and is referred to as “2008 EU
hole”. The other borehole was sampled with a firn air system from the US (Battle et
al., 1996) and is referred to as “2008 US hole”. The US hole was sampled to a depth
of 75.6 m; the EU hole was sampled to a depth of 77.8 m. More details on sampling
procedure and other measurements on air from these two boreholes can be found
in Buizert et al. (2012). Further firn air sampling took place during July 2009 from a
borehole located ~ 250 m away from the 2008 boreholes (Zuiderweg et al., 2013). This
borehole was sampled to a depth of 76.0m with a firn air device from CSIRO and is
referred to as “2009 hole”. Sampling system blanks and analyte recoveries were tested
for the 2008 EU and US firn air sampling systems. A cylinder of ultra-zero air, containing
low (below typical ambient) mixing ratios of the NMHC was used on site at NEEM to
either directly fill the sampling flasks or to fill them via the firn air device, by connecting
the gas cylinder to the firn air device intake line. Flask flushing and filling procedure for
these tests mimicked normal sample collection.
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2.2 NMHC analyses

Air extracted from the three boreholes was sampled and subsequently analyzed by
three different laboratories.

2.2.1 INSTAAR

For the 2008 US and 2008 EU hole air was sampled into 2.5 L glass flasks. Analysis of
these samples was performed at the Institute of Arctic and Alpine Research (INSTAAR)
at the University of Colorado, Boulder, USA. 0.5L of air was extracted from the flasks,
dried to a dewpoint of —30°C, and NMHC were then preconcentrated on a Peltier-
cooled micro-adsorbent trap. After thermal desorption, NMHC were separated on an
Al,O4 PLOT column by temperature-programmed gas chromatography (GC) with flame
ionization detection (FID). The GC was calibrated by analyzing a series of gravimetri-
cally prepared synthetic and whole air standards. The INSTAAR lab was audited by the
World Calibration Center (WCC) for Volatile Organic Compounds (VOC) in 2009 and
2011 and found to meet all quality criteria set by the World Meteorological Organization
(WMO) Global Atmospheric Watch (GAW) program for VOC.

2.2.2 IMAU

Samples from the 2008 EU hole were pumped directly into Luxfer (Nottingham, United
Kingdom) 5L stainless steel flasks, pressurized to 120 bar. The contents of each of the
sample flasks were measured twice, on different days at the stable isotope laboratory
of the Institute for Marine and Atmospheric Research Utrecht (IMAU), the Netherlands.
The measurement system used is described in Zuiderweg et al. (2011). This instru-
ment features a novel method of removing unwanted compounds that would otherwise
interfere with analysis (e.g. CO, and CH,) by use of a 3m x 6.35 mm Porapak Q col-
umn. Subsequent peak separation of compounds prior to mass spectrometry is accom-
plished by using a 52.5m x 0.25 mm Poraplot Q column, the effluent of which is split to
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(1) a HP 5970 quadrupole MS for compound identification and (2) a Thermo Finnigan
Delta+ XL IRMS instrument by way of a Pt-Cu-Ni combustor (for combustion to CO,)
and open split. The calibration scale of this instrument was established by the use of
two reference gases: a 5-compound (ethane, propane, methyl chloride, benzene and
toluene) NMHC working standard with mole fractions of 100 to 200 nmol mol™" £5 %,
and a 9-compound gas standard with a mix of C, to Cg alkanes, alkenes and alkynes
with mole fractions ranging from 30-50 nmol mol~" + 5 %. Measurement precision was
determined to be +5%. Routine calibration of the instrument was accomplished by
measuring the NMHC standard before the start and after the finish of the daily mea-
surement series. Blank measurements showed no remnant compounds or interfering
peaks (Zuiderweg et al., 2012).

2.2.3 MPI/UEA

Samples were collected into 3.0L stainless steel canisters and analyzed at the Max
Planck Institute for Chemistry (MPIC) in Mainz, Germany. For each flask a 1L (STP)
aliquot of sample was pretreated by drying with magnesium perchlorate (Mg(ClQO,),)
followed by cryogenic preconcentration on a Carbopack BHT adsorbent trap. The sam-
ple was then thermally desorbed, cryofocused on a 1.75m loop WCOT column and
then introduced to the GC, where components were separated on a Petrocol DH capil-
lary column and detected using an FID. Calibration was based on individual compound
response factors determined from analysis of a gravimetrically prepared synthetic mix-
ture of NMHC (accuracy of +£2 %) purchased from the National Physical Laboratory
(NPL, United Kingdom) and whole air standards. Analytical precision errors are com-
pound dependent, and are less than 2% for the C,-Cg alkanes. The MPIC lab was
audited in 2009 by the World Calibration Center for VOCs and found to meet the qual-
ity guidelines set by the WMO-GAW VOC program. This is the same analytical system
used to analyze samples collected aboard the CARIBIC flying observatory; a more
detailed description of the project and analyses can be found in Baker et al. (2010).
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2.2.4 NOAA/INSTAAR flask network analyses

Since 2004 NOAA and INSTAAR have been operating a global VOC monitoring pro-
gram building on the NOAA Global Cooperative Air Sampling Network. VOC are
quantified in pairs of glass flasks that are collected weekly to bi-weekly at 44 global
background monitoring sites. These samples are analyzed on the same system as
used for the NEEM firn air flasks. More analytical and program details are provided
by Polimann et al. (2008) and at http://instaar.colorado.edu/arl/Global_VOC.html. In
this paper data from Alert, 82.5°N, 62.32° W, 200 ma.s.l., Nunavut, Canada; Bar-
row, 71.32°N, 156.60°W, 11 ma.s.l., Alaska, USA; Ny-Alesund, 78.90°N, 11.88°E,
475ma.s.l., Svalbard, Spitzbergen, Norway; Pallas 67.97° N, 24.12° E, 560 m a.s.l., Fin-
land; Stohofdyi, Vestmannaeyjar, 63.33° N, 20.29° W, 118 ma.s.., Iceland, and Summit,
72.57°N, 38.48° W, 3238 ma.s.l., Greenland; are used in conjunction with the firn air
results (Fig. 1). Glass flask samples from these Arctic sites are typically analyzed 3—9
months after sample collection, and after the flasks have undergone prior analysis for
other greenhouse gases on three other instruments.

2.2.5 INSTAAR in-situ analyses

From summer 2008—-2010 continuous in-situ analyses of C,-C;, NMHC were conducted
at Summit with a fully automated and remotely controlled GC/FID instrument, using a
similar method and instrument components as described in Tanner et al. (2006). On
average six samples were analyzed daily. Calibrations and blank runs were conducted
every 1-2 days. Calibration standards were cross-calibrated against the laboratory cal-
ibration scale for the network flask program described above.

2.3 Data quality control and filtering

Figure 2 shows firn air NMHC measurements from all boreholes and laboratories
after removal of data that were clearly influenced by analytical problems during
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measurement. While the different boreholes and data reported from the three labo-
ratories agreed on the main features of the depth mole fraction profiles, some samples
appeared to be affected by contamination. Because the number of available data points
at any given depth level in a single borehole is small, the different data sets were com-
bined to allow for better statistics for outlier testing. This approach is well justified for
the 2008 EU borehole, as the INSTAAR and MPI-UEA data sets can be placed on the
same calibration scale given that both laboratories were audited and found to meet the
data quality criteria of the WCC.

The differences in gas age distributions between the 2008 EU and US boreholes
are relatively small (Buizert et al., 2012) and are not expected to result in significant
differences in NMHC mole fraction profiles with depth. Data from the 2008 US borehole
were thus used to help test 4 suspected outliers from the 2008 EU borehole. The NMHC
depth profiles are also expected to be very similar for the 2008 and 2009 boreholes
(based on gas age distributions). Data from 2008 boreholes were thus used to help
test 2 suspected outliers in the 2009 borehole.

Suspected outliers or spurious data points were rejected by applying Peirce’s crite-
rion (Ross, 2003). Additionally, if a suspected outlier did not meet the criterion but was
very close to meeting it andthe same flask showed elevated values for other species, it
was also rejected. Further, several points were rejected because mole fraction results
deviated from the seasonal cycle behavior of the species and values seen at adjacent
depth levels. Overall, applying the data filtering resulted in 6, 5, 1, 1, 3, and 6 elimi-
nated data points for ethane, propane, i-butane, n-butane, /-pentane, and n-pentane,
respectively.

For the 2008 EU borehole, the MPI-UEA data were placed on the INSTAAR scale
by determining the average offset between the two data sets. These two data sets
were then averaged, and the combined data set was used for atmospheric history
reconstructions. Data from the 2008 EU, 2008 US and 2009 boreholes were treated
separately for the atmospheric history reconstructions (Sect. 3.2).
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The NOAA-INSTAAR network data were subjected to the data curve fitting protocols
described by Thoning et al. (1989). Then, the record was filtered for outliers, and was fit
to a non-sinusoidal cycle. Short-term variations in the data were smoothed by applying
a Fourier-transform algorithm and long-term trends were determined after removing
the short term fluctuations and the annual harmonic cycle component. After applying
the quality control filters, approximately 500 data points remained for each site and
NMHC. Figure 3 shows for an example the results for ethane determined in samples
from Summit. Displayed are all available flask data. Data points that were rejected from
the trend analyses are displayed as open diamonds, retained data are shown as full
diamonds. The results for the trend analyses, used later in this work in conjunction with
the reconstructed firn air histories, are displayed as the purple line.

2.4 Firn air modeling and inverse modeling

The reconstruction of atmospheric trace gas histories from firn air measurements in-
volves two main steps. First, the transport and mixing of trace gases in the firn column
must be characterized for each site by determining the effective gas diffusivities at
each depth level in the firn in “forward” gas transport models (Buizert et al., 2012).
Such models take a trace gas history at the surface as input and produce a depth-
mole fraction profile for a given sampling date as the output. To ensure that the models
contain an accurate parameterization of the gas transport processes, they are tuned
and tested using trace gases with well-known atmospheric histories (see Buizert et al.,
2012). Once the forward models are tuned and tested, they can be used to generate
depth-gas age distribution matrices for the gas of interest. The measured depth-mole
fraction profiles are then combined with the depth-gas age matrices in an inverse model
to reconstruct atmospheric histories.

The LGGE-GIPSA firn gas transport model was the primary forward model used
for this study; this model has been described in detail in Witrant et al. (2012). NMHC
diffusion coefficient ratios with respect to CO, were calculated with the parameteri-
zation by Chen and Othmer (1962), using critical temperature and volume data from
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Daubert (1996) and Ambrose and Tsonopoulos (1995) and are presented in Supple-
ment Table S-1. The INSTAAR forward model (Buizert et al., 2012) was also used for
testing the dependence of reconstructed atmospheric NMHC histories on different rep-
resentation of firn physics and for comparing upper firn hydrocarbon data with recent
atmospheric histories from direct measurements. Both the LGGE-GIPSA and the IN-
STAAR forward models were part of a recent firn model intercomparison exercise for
the NEEM site, where both models were found to achieve good results (Buizert et al.,
2012).

The inverse model described in Witrant and Martinerie (2013) was used for the at-
mospheric history reconstructions. This most recent version of the LGGE-GIPSA at-
mospheric trend reconstruction model, based on Rommelaere et al. (1997), includes
a robustness-oriented definition of the optimal solution that uses the cross-validation
statistical technique. The inverse model cannot reconstruct seasonal variations, as dis-
cussed in Wang et al. (2012). The effect of seasonality on NMHC depth profiles in firn
is evaluated and discussed in Sect. 3.2.

3 Results and discussion
3.1 Depth profiles

The depth profiles for the NMHC ethane, propane, /-butane, n-butane, /-pentane, and
n-pentane are shown in Fig. 2. There are some subtle differences in the four data sets,
however there is overall good agreement in the absolute levels and the vertical depth
profile behavior. Al NMHC species show sharp increasing NMHC mole fractions from
the surface to a depth of ~20 m. Below 20 m, the NMHC depth profiles show relatively
little change to a depth of ~55m. Below 55m NMHC mole fractions increase by on
average 20-30 %, reaching maximum values at ~70m. Below 70 m NMHC mole frac-
tions decline steeply, eventually to lower levels than seen in the entire, non-seasonally
influenced portion of the borehole. Ethane deviates from the other NMHC; its mole
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fraction in the lowest portion of the profile is about the same as in the 20-50 m zone.
The agreement seen between the three different holes is consistent with the hypothesis
that these gases are well preserved in the NEEM firn air and there is only little spatial
variability on the scale of the separation of these three boreholes. The very obvious
increases in NMHC mole fractions in the 60-70m zone indicates that NMHC levels
increased in the past, then reached a maximum and have since declined in recent
years. Furthermore, the similar behavior displayed by these 6 NMHC suggests similar
histories and likely common emission sources of these gases.

The utility of using firn air records of NMHC for reconstructing their past atmospheric
mole fractions relies on the assumption that NMHC do not undergo chemical changes
in the firn. This was investigated by two different approaches. First, a study was con-
ducted involving a full year of weekly in-situ measurements of NMHC in the atmo-
sphere and in air withdrawn from firn air at ~ 1 m depth (Helmig et al., 2013) at Summit.
These measurements showed that light alkenes, including ethene and propene were
produced in the snowpack, with production being linked to solar irradiance. Light alka-
nes, however, including all gases considered in the NEEM firn borehole analysis, did
not show any differences in their mole fraction between the atmosphere and the firn
air throughout the year. These findings show that these NMHC do not undergo rapid
chemical or physical changes in the upper firn.

The second approach addressed the possibility of relatively slow production or con-
sumption of the alkanes in deeper firn. One way to examine whether a gas species is
well preserved in deep firn is to compare records from different drilling sites that are ex-
pected to have similar atmospheric histories. We present the first such comparison for
the light alkanes between the NEEM results and data from the 2001 extraction NGRIP
site (Worton et al., 2012). NGRIP, at 75.1°N, 42.3°W, 2917 ma.s.l., is slightly colder
than NEEM, with a mean annual temperature of —31.5°C (versus —28.9 °C for NEEM).
It is also located further inland and at a higher elevation on the Greenland ice sheet
than NEEM (see Fig. 1), and is expected to be a cleaner site with respect to the depo-
sition of trace impurities in the ice. Thus, if there were substantial in situ production or
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destruction of light alkanes in deep firn, one would expect to find differences between
the two sites.

Comparing records of the light alkanes versus depth at each site is not appropriate,
as the gas age distributions differ between NEEM and NGRIP, both because of different
sampling dates and because of physical differences in firn properties (e.g., ice accumu-
lation rate). However, it is possible to achieve a meaningful comparison by plotting the
species of interest versus another trace gas species that is known to be well preserved
in the firn and has a similar age distribution with depth. This was demonstrated to be an
effective approach for Greenland carbon monoxide (CO) and described in detail in Pe-
trenko et al. (2012). In the Petrenko et al. (2012) study, CO was plotted versus CH, for
NEEM, Summit, and NGRIP. The small difference in free-air diffusivities between CH,
and CO (9 %) was found to result in negligible differences in age distributions between
the two gases.

For the light alkane comparisons, we follow the approach of Petrenko et al. (2012),
choosing a well-preserved “reference” trace gas for each of the alkane species that was
measured at both NEEM and NGRIP and that has the most similar free-air diffusivity.
For ethane, such a gas is CO,, with a 9.5 % diffusivity difference. For propane, CFC-
12 is the best match, with a slightly larger (15 %) diffusivity. CFC-12 is an excellent
reference gas for /- and n-butane (2 % diffusivity difference), and CFC-11 for /- and n-
pentanes (3 and 4 % difference, respectively). It has been recognized that CO, can be
produced in deep Greenland ice, however, records corresponding to the latest 300 yr
have been found to be robust amongst Greenland and Antarctic ice cores (Tschumi
et al., 2000), and thus CO, is an appropriate choice for this analysis considering the
shorter time frame for reconstructions here.

Figure 4 shows the NEEM-NGRIP comparison for each of the alkane species. We
chose the NEEM 08 EU data set for this comparison, as the NEEM 09 data do not
include pentanes (nor CFC-11), and the NEEM 08 US data do not include CFC-11 and
CFC-12. As can be seen in the six illustrated comparison plots, both data series agree
to within the margins of uncertainty of each measurement. The agreement between
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the two sites supports the hypothesis of good preservation of these considered six
light alkanes at both sites. While we cannot rule out small in-situ alterations that are
within the measurement uncertainties, overall the records appear to be suitable for
reliable atmospheric history reconstructions.

3.2 Seasonality in the upper 40 m

The declining NMHC mole fractions with proximity to the snow surface in the upper 40 m
of the profiles shown in Fig. 2 reflect the influence of fast gas exchange between the
firn air and the atmosphere, which at the time of the sampling, i.e. mid-summer, exhibits
the seasonal minimum of the NMHC annual cycle (Fig. 3). The primary sink determin-
ing the removal of NMHC from the atmosphere is from reaction with the OH radical,
which exhibits seasonal cycles that closely follow solar irradiance. Consequently, at-
mospheric NMHC levels exhibit strong seasonal cycles, the relative amplitude of which
increases with increasing NMHC-OH reaction rate. This is particularly pronounced in
Polar Regions, due to the more dramatic changes in the seasonal solar irradiance with
increasing latitude. The seasonal cycle for ethane from the NOAA-INSTAAR Global
Flask Network data depicted in Fig. 3 shows that ethane increases ~ 3-fold from a sum-
mer minimum of ~ 600 to ~ 2000 pmol mol ™" during the winter. To further illustrate the
dependency of the seasonal cycle on the molecule size, in Fig. 5 the mean seasonal
C,-C5 NMHC cycles observed in the Summit samples are shown, normalized to their
maximum seasonal value. The relative amplitude of the seasonal cycle increases, the
onset of the spring decline occurs progressively sooner, and the length of the summer
minimum increases with increasing molecule size. This behavior reflects the rate of at-
mospheric oxidation, which increases with molecule size (i.e. resulting in progressively
shorter atmospheric lifetimes for the heavier NMHC).

The effect of the seasonal NMHC cycle on mixing ratios in firn can be evaluated using
the atmospheric record as input in a forward model describing trace gas transport in
firn air. Atmospheric NMHC data are not available for the NEEM site. The closest site
for which seasonal NMHC data exist is Summit. Summit is located ~ 650 km to the SE
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and, at 3200 ma.s.l., at an elevation 716 m higher than NEEM. There are four other
Arctic sites (defined as located above the Arctic Circle), i.e. Alert, Barrow, Ny-Alesund,
and Pallas, and the sub-Arctic site Stohofdyi on Iceland, at 63.33° N, for which NMHC
records from the NOAA-INSTAAR VOC monitoring program are available (Fig. 1). The
2005-2012 data from these sites were used to evaluate how the seasonality in the
upper firn impact the NEEM firn record. Mean monthly mole fractions were calculated,
then the mean seasonal cycle was defined as the average of the multi-year monthly
mean mole fractions.

The seasonal NMHC cycles for these six sites show similar relative seasonality, how-
ever absolute NMHC mole fractions show geographic variations that are especially vis-
ible in winter. These are high enough to affect the overall mean annual mole fraction. In
order to illustrate the effect of atmospheric seasonality in NMHC mole fraction on the
firn air, idealized atmospheric scenarios were built by cyclically reproducing the mean
seasonal cycle at these six Arctic sites during the past several decades. It should be
noted that these simulations are intended only to determine how the mean season-
ality at each site, but not long-term trends, would be reflected in the firn air. These
simulations were ended during mid-July, the approximate date for the firn air sample
collection. Figure 6 shows the results obtained when using these idealized scenarios
as input to the LGGE-GIPSA forward firn model in comparison with the NEEM data. It
can be seen that seasonality affects NMHC firn air mole fractions in the upper 30 to
40 m. Below 40 m depth, modeled NMHC mole fractions become stable, indicating the
loss of a seasonal signature influence.

The results in Fig. 6 also show distinct differences in the model output depending on
which of the site data sets are used. None of the considered monitoring sites yielded a
consistent agreement with the NEEM firn data. Due to the differences seen in absolute
levels between the ambient air records for different compounds at different sites and
the NEEM data, and challenges in applying a uniform, well characterized scaling factor
to correct for these differences, we decided to not use firn data above 30 m depth for
the trend scenario reconstructions presented in the following section.
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3.3 NMHC history reconstructions

The inverse modeling was first applied separately to data from each borehole to allow
for the assessment of the sensitivity of reconstructed scenarios to the slight differences
seen between individual borehole data sets. Despite the limited number of data points
and slight deviations in the data between labs and boreholes the inverse modeling
results display good agreement in the representation of the atmospheric NMHC histo-
ries. The years of observed maximum mole fractions all fall around 1980 for propane-
pentanes and vary by less than 10 yr for individual data set results. Ethane variability is
a bit larger, but remarkably all model results show ethane peaking significantly earlier.
Secondly, reconstructed NMHC maximum mole fractions agree to within <10 % be-
tween different boreholes. Since deviations between the results from different laborato-
ries and boreholes were minor, the data for all boreholes were used in a multi-borehole
constrained reconstruction of the NMHC histories. These results are shown in Fig. 7;
the modeling on the individual boreholes is presented in Supplement Fig. S-1.

In order to test the effect of model versus firn data discrepancies, the multi-holes con-
strained simulations were performed in two different manners, as in Sapart et al. (2012).
(1) Data from the three boreholes were weighted equally (in black in Fig. 7). (2) Each
of the three boreholes was weighted by the inverse of the root mean square devia-
tion (RMSD) between model results and firn data calculated from the single hole con-
strained simulations (see Supplement Fig. S3). The two treatments displayed in Fig. 7
led to very similar results for all species, indicating that the reconstructed scenarios
are not significantly affected by slight differences in data and modeling quality between
boreholes. NMHC maxima consistently occur around ~ 1980 except for C,Hg, which
peaks ~ ten years earlier. For a better comparison between compounds, in Figure 8
all reconstructed trends were normalized to the beginning of the record and plotted to-
gether. This display re-emphasizes the similar temporal behavior of the C3-C5 NMHC,
with all of these species peaking during 1980-1985, and the ethane maximum occur-
ring approximately in 1970. Another interesting result is that the relative changes seen
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over the period of the atmospheric reconstruction are quite different. The year 2010
NMHC mole fraction has declined to ~ 68 % of its maximum in 1970 for ethane, to 65 %
for propane, to 63 % for /-butane, to 51 % for n-butane, 42 % for i-pentane, and 50 %
for n-pentane. It is interesting to note that these relative changes scale with the lifetime
of the NMHC, with the smallest relative change seen for ethane, the longest-lived com-
pound, and the highest relative changes seen for the pentane isomers, which are the
shortest lived compounds in this NMHC series.

3.4 Comparison of reconstructed NMHC histories with modern observations

The NOAA-INSTAAR NMHC monitoring program started in 2005 with data until mid-
2011 fully processed at this time. While this record is too short for a standalone trend
analysis, the available data offer an opportunity to compare the tail end of the NEEM
firn air reconstructed histories with actual ambient observations. The results from the
trend analyses applied to the flask data as described in the experimental section were
added to the firn air model NMHC history reconstruction presented in Fig. 9. For all
compounds there is a good match between the firn reconstructions and monitoring re-
sults. The deviation between the reconstructed trends and the data from the five sites
is well within the range of the deviation between the monitoring sites. All data tenden-
cies point towards declining NMHC levels, in agreement with the model reconstruction.
The site data do not provide support for the reversal towards increasing mole fractions
for propane and /-butane simulated by the model. The reverse-modeled trends in the
last few simulated years are due to the fact that the model chooses different slopes in
the upper firn for the NEEM 2008 and NEEM 2009 boreholes in order to better match
the data (see right panels of Fig. 7a). However the difference in slopes is small in
comparison with the uncertainties on the data, thus the reverse-modeled slope is not
statistically significant.
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3.5 NMHC ratios

Numerous studies have shown that the light NMHC are emitted in relatively constant
ratios by their individual sources. This feature offers opportunities for using NMHC
ratios for investigating NMHC sources and atmospheric oxidation processes. For in-
stance, the ratio of /- over n-pentane is significantly lower in emission from oil and gas
emissions (reported values for /-/n-pentane ~ 0.9) than in urban environments ~ 2.4
[Pasadena] (Gilman et al., 2013). At remote monitoring sites, such as on Pico Moun-
tain in the Azores, Portugal, a geometric mean /-/n-pentane ratio of 1.28 was deter-
mined (Helmig et al., 2008). The isomeric /-/n-butane pair has been shown to be rather
constant across a wide array of sampling environments. Most studies report values
between 0.37-0.57 (Parrish et al., 1998). While the two butane isomers have similar
OH reaction rate constants, their reaction with Cl differs by ~ 50 %, with faster removal
of the n-isomer. Deviations in the /-/n-butane ratio have therefore been used to identify
chlorine chemistry influences (Jobson et al., 1994; Gilman et al., 2010). In a recent
study at a seasonally covered site in NE Utah, significant shifts in butane and pentane
isomer ratios were observed, and this behavior was used to infer chlorine reactions in
this continental snowpack (Stephens et al., 2013).

While analyses of these isomeric ratios have been applied in numerous studies, to
the best of our knowledge thus far there have been no investigations on the behavior of
these isomer ratios in long-term data sets. Consequently, the NEEM firn air results offer
a unique opportunity to expand upon these previous studies and to provide new bases
for comparing isomeric NMHC ratios to a historical record and to potentially deduce
changes in primary emissions sources.

Figure 10 presents the reconstructed trends of the /-/n-butane and /-/n-pentane iso-
mers and their respective ratios. For the butane isomers, an /-/n-butane ratio of ~0.4
was calculated for prior to 1950, increasing to ~ 0.5 by 1970 and then remaining rela-
tively stable between until 2000. The /-/n-butane ratio appears to increase after ~ 2000,
however, this increase in the model results is not statistically significant, as discussed
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for the /-butane trend in the previous section. For comparison, the Summit ambient
air flask data show an /-/n-butane ratio of 0.50 for the most recent years, with no dis-
cernible upward trend. Furthermore, the median //n-butane ratio (0.53) in the 2 yr in-situ
data from Summit included in Fig. 10 are just slightly higher than the flask record and
further constrain the modern ratio of these isomers.

Similar to the butane pair, the /-/n-pentane ratio shows an increase during the first
part of the record. The relative change in the isomeric ratio is larger for the pentanes,
with a ~63 % increase of the ratio between 1950 and 1970. The decline seen in the
model results during the most recent years is not apparent in the Summit in-situ record.
The apparent decline in the modeled ratio is probably due to the relatively higher error
in the simulation and is not statistically significant.

There are a number of possible drivers that may cause a shift over time in these
isomeric NMHC ratios. These include changes in emission types and emission ratios
in the source regions of these compounds, a change in air transport patterns, with
air from different regions representing different emission types/ratios being brought to
NEEM, or changes in the relative contribution of atmospheric chemical oxidation path-
ways (such as a shift in the relative contribution of OH versus other oxidants (e.g., Cl,
NO3). Such a shift was considered in Aydin et al. (2011) in regards to changes in the
methane to ethane ratio inferred from firn air at Summit. As OH concentrations inferred
from methyl chloroform observations were determined to have relatively small interan-
nual variability and no overall increasing or decreasing trend in the period 1979-2003
(Prinn et al., 2005; Montzka et al., 2011), an increase in other radical sources would be
necessary to explain the observed increase in the isomeric NMHC ratios. The increase
in the /-/n-isomer ratio in the earlier part of the record would be in agreement with a
relatively higher oxidation ratio by the Cl radical, which reacts faster with the n-isomer.
Anthropogenic activities serve as a significant source of reactive chlorine species to
the troposphere (Graedel and Keene, 1995; Tanaka et al., 2000, 2003), and several
works have determined an increasing trend in tropospheric chlorine compounds from
the 1970s to the mid-1990s (Rasmussen and Khalil, 1986; Prinn et al., 1992; Mahieu et
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al., 2004). Significant increases in nitrogen oxides (NO,) since 1980 were also deter-
mined from firn air histories at Summit (Worton et al., 2012). This, along with increases
in acidic aerosols, may contribute to increases in Cl radical concentrations (e.g., Thorn-
ton et al., 2010; Mielke et al., 2011), however, long-term historical observations of at-
mospheric chlorine are not available for comparison, which possibly could have driven
the pentane isomers towards a higher //n-ratio value.

Another, and possibly more likely scenario, is that the increase in the /-/n-pentane
ratio between 1950-1970 is indicative of changes in relative emissions from differ-
ent VOC sources. Measurements influenced by anthropogenic emission sources have
yielded /-/n-pentane ratios on the order of ~1.8-2.5 (Hagerman et al., 1997; Lee et
al., 2006; Helmig et al., 2008). Both boreal biomass burning and oceanic sources pref-
erentially emit n-pentane, resulting in lower /-/n-pentane ratios for these source sig-
natures. Andreae and Merlet (2001) determined that an /-/n-pentane emission ratio
for extra-tropical forest fires of ~0.5. These emission data are confirmed by measure-
ments taken at Pico Mountain, Azores, that showed significantly different /-/n-pentane
ratios in air masses impacted by summertime boreal fires (ratio of 0.73) compared to
non-fire-influenced events (ratio of 1.61) (Helmig et al., 2008). Natural oceanic emis-
sions have also have greater fluxes of n-pentane relative to /-pentane. Broadgate et
al. (1997) determined an /-/n-pentane ratio from oceanic fluxes in the North Sea of 0.6.
Ratios of 0.72 and 0.73 were also found for waters near Cape Grim, Tasmania and
Mace Head, Ireland (Lewis et al., 2001). Therefore, the increase in the /-/n-pentane ra-
tio in the earlier part of the record, synchronous with increases in the absolute NMHC
mole fractions, is in agreement with a stronger influence of fossil-fuel sources on the
NMHC signature. The ratio of the butanes is similar for fossil-fuel, biomass burning,
and oceanic emissions (Lewis et al., 2001; Helmig et al., 2008); thus, the butane ratio
cannot be used to tease out changes in relative source contributions.
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3.6 Comparison of reconstructed NMHC histories with emission estimates

NMHC constitute a major fraction of VOC, which play an integral role in the production
of tropospheric ozone. The amount of ozone produced varies by NMHC species and
depends on the levels of available NO, and radical conversion rates. Lamarque et
al. (2005) concluded that changes in NMHC and NO, concentrations were the primary
cause of 20th century increases in tropospheric ozone. Consequently, VOC speciation
and trends are important inputs in model descriptions of tropospheric ozone trends.
There are few atmospheric records that allow assessing the change in NMHC or
VOC emissions over the past century. Modeling work, in many cases, has to rely on
inventories that are derived from the accumulation of best estimates of emissions. An
overview and compilation of several emissions databases (including EDGAR, RETRO,
and regional scale databases) and reconstruction of historical trends were presented
by Lamarque et al. (2010). This study provides estimates for total VOC, which be-
sides NMHC, includes an array of other VOC, such as aromatics, oxygenated VOC
and organic acids. Nonetheless, NMHC constituted the largest fraction of considered
VOC. Assuming that the relative distribution of contributing compounds has remained
relatively constant, the NEEM-data reconstructed NMHC trends should provide a rea-
sonable VOC surrogate for comparison and evaluation of these emission estimates.
As the NEEM observations are deemed to be mostly representative of Northern Hemi-
sphere (NH) emissions and atmospheric composition, emissions estimates from NH
source regions were extracted from the Lamarque et al. (2010) emission database and
compiled. Results from the emissions database and the NEEM firn data in 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, however, 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, reaching a
maximum around 1980, and has since declined to close to year 1950 levels. The rate
of decline appears to be somewhat faster than the rate of increase in the earlier part
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of the record. Total NH VOC emissions represented by the database (lower panel, blue
data) show a relatively larger rate of increase (~ 200 %, reaching a maximum around
1990, and leveling off at a much slower rate thereafter. These are notable differences
between the two records. We therefore investigated the potential of spatial changes
in emissions, in particular the question if the difference between the two series could
be due to emissions from Asia, which have increased significantly during the past 10—
20yr (Ohara et al., 2007). Greenland is mostly subjected to transport from Europe and
to some smaller fraction from North America, but very little from Asia (Kahl et al., 1997;
Eckhardt et al., 2003; Helmig et al., 2007; Klonecki et al., 2003; Stohl, 2006). To inves-
tigate the possible reflection of these different trends, emissions data from the US and
Canada and from West European regions were separated from the total NH record.
The US/Canada/Western Europe results, shown as black data in the lower panel of
Fig. 11 and scaled on the right x-axis, show a much better agreement between the tim-
ing of the emissions maximum and the NEEM reconstructed NMHC trends. There is,
however, a notable discrepancy in the magnitude of the relative signal, with the emis-
sions increase being more than two times as large as the increase seen in the NMHC
mole fractions. It should be noted that ~ 70 % of the total NMHC signal is constituted by
ethane and propane, compounds with lifetimes on the order of > 1 week. Consequently,
this comparison may be flawed by the fact that gas species retrieved from the firn air
are on average longer lived than VOC species considered in the emissions database.
This comparison suggests that emission reductions have likely been more effective
for shorter-lived compounds (higher molecular weight VOC) than for the longer-lived
species (ethane, propane).

In conclusion, the Greenland firn air record likely reflects emission changes in Eu-
rope (and North America) more than the NH average, and may not be as sensitive to
emissions from East Asia. Moreover, comparison of the firn air record with emission in-
ventories suggests that relative changes seen in the light NMHC, while showing similar
tendencies as emission estimates, do not necessarily reflect the relative magnitude of
VOC emission changes in source regions.
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3.7 Trend analyses and comparisons with other records

Several other recent studies have investigated NMHC histories during periods that
overlap with the NEEM records. Aydin et al. (2011) used firn air records from Sum-
mit, and two Antarctica sites, the West Antarctic Ice Sheet Divide and South Pole to
reconstruct the ethane history. Due to the slower snow accumulation rate, the Antarc-
tica records allowed the reconstruction back to ~ 1900. Worton et al. (2012) analyzed
the same C,-C5 NMHC reported in this study in firn air from NGRIP retrieved in 2001
(Fig. 1). The findings from the two other Greenland firn air retrievals, presented as the
NMHC maxima and the inferred approximate year of the occurrence of the maximum
in comparison with the findings from this study are summarized in Table 1.

Results from all three Greenland firn air studies show a remarkable agreement, con-
sidering that these data were obtained from three different boreholes, retrieved at differ-
ent times (with the NGRIP borehole used in the Worton et al. (2012) study drilled 7-8 yr
earlier than NEEM) using different extraction systems, NMHC quantifications from dif-
ferent laboratories, and three different firn air diffusion models. All three studies agree
on showing a decrease in NMHC in recent years. The historical NMHC mole fraction
maxima generally agree to within better than 10 %. There is, however, a notable dif-
ference in the simulated timing of the maxima. While our results for propane through
pentane agree well to within 3-5yr with the NGRIP findings, the ethane peak time
derived from the NEEM data is ~ 7—10yr earlier than what was calculated for the Sum-
mit and NGRIP data sets. The NGRIP data were made available to us, and NEEM +
North GRIP multi-site constrained scenario reconstructions were performed (see Sup-
plement Fig. S-3a and b and Supplement Note about NEEM-North GRIP comparison).
The results for all species are consistent within error bars for the NEEM-only based
scenarios, and the ethane peak date remains in the early 1970s. When results from
the NEEM boreholes and data from the different laboratories are considered individ-
ually (Fig. S-1a), they all result in ethane peak times prior to 1980. Moreover, the firn
record at NEEM has been analyzed for more species than any other site, making the
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age of the firn air at NEEM the best constrained. Consequently, we consider the earlier
ethane peak time (relative to the other NMHC, and compared to the Aydin and Worton
findings) a robust result.

The average decline rates for the reconstructed NEEM NMHC histories for the 1985—
2000 period determined by linear regression are presented in Table 2. The average
trends in the NMHC ambient air flask data mole fractions for years 2006—-2011 were
determined in a similar fashion and included in Table 2 for comparison with the firn his-
tories reconstruction. The network data show declining NMHC ambient mole fractions
for all species, in agreement with the firn air results. The rates of decline between both
data sets and analysis approaches agree reasonably well within the margins of uncer-
tainty in the determination. This agreement also indicates that the rates of decline do
not appear to have changed notably during the most recent years. The relatively lower
decline rate seen in the ethane trend in the firn data (1.0 % for ethane versus 2.0-2.7 %
for the other NMHC) is not noticeable in the results from the flask data set, however,
this may be due to the relatively high uncertainty in the network data trend due to the
shortness of the record.

Table 2 also lists for comparison the NMHC trend determinations from the Aydin et
al. (2011) and Worton et al. (2012) reconstructions. The Worton et al. trend results tend
to be at the higher end, with five of the six NMHC decline rates being larger compared
to our and the Aydin et al. (2011) findings. This is most notable for ethane, where the
Worton et al. (2012) trend is ~ 2 times the one determined in the two other studies.
Given the fact that the NGRIP borehole firn air was retrieved 7-8 yr earlier, this differ-
rence might possibly reflect a slowing down in the ethane decline rate, however this
hypothesis is not backed by the behavior currently seeen in the network flask record.

Simpson et al. (2012) recently used a long-term record, starting in 1984, of ambi-
ent air canister measurements across a north-south Pacific transect to deduce global
ethane trends, also included in Table 2. These authors report that in high Northern Lati-
tude, defined as 30-90° N ethane declined by an average of —12.4+1.3 pmol mol ™" yr'1
from 1984—2010. This trend would translate to a reduction in the ethane atmospheric
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mole fraction of 372 pmol mol™" between 1970 to 2000. The ethane trends seen in
the NEEM, North GRIP, Summit, and in the ambient monitoring network data are all
larger, by on the order of ~200-400%. NMHC atmospheric mole fractions show a
strong latitudinal gradient (Helmig et al., 2009; Simpson et al., 2012) and are highest in
the Arctic. Consequently, the three firn air sites and arctic network ambient monitoring
sites, all located >67°N, are expected to be the most sensitive region for observing
changes in atmospheric NMHC and should show overall higher absolute rates of de-
cline than lower latitude data. However, the latitudinal gradient of ethane is ~ 30 % from
30-70° N (Helmig et al., 2009; Simpson et al., 2012), which is too small to account for
the difference seen in the ethane decline rate between these studies. Consequently,
this difference probably again reflects the different air mass and source region repre-
sentation of these data sets, i.e. the stronger influence of Asian emission trends on the
Pacific Transect data versus a North American and European signature in the Green-
land data. This difference will potentially become more significant in the future as the
relative importance of Asian emissions continues to increase over the next decades,
resulting in changes in atmospheric composition that will not necessarily be reflected
in the Greenland firn record.

The aforementioned studies have taken a closer look at emission types and sources
that contributed to observed NMHC declines. A particular interest here was also to in-
vestigate methane to NMHC relationships and use NMHC signatures for better under-
standing changes seen in atmospheric methane trends. Aydin et al. (2011) concluded
that global ethane emissions from fossil fuel sources have dropped from its peak value
of 14-16t08-10Tg yr‘1 . These changes were accompanied by an increase of biomass
burning emissions of <1to ~3Tg yr'1 by 2000, and then decliningto 2Tg yr'1. These
estimates compare well with results from Simpson et al. (2012) who determined a de-
cline of total ethane emissions by 21 % from 14.3to 11.3Tg yr'1 . Most of this decline is
attributed to reductions in fossil fuel emissions, likely from reductions in fugitive emis-
sions from natural gas development, from reduction in gas flaring, and from recovery
of natural gas during the mining and processing of natural gas and oil. These works
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also concluded that the reduction in ethane emissions was accompanied by a drop in
methane emissions by 15-30Tg yr’1 (Aydin et al., 2011), respectively 10-21Tg yr'1
(Simpson et al., 2012), and that these emission reductions have contributed to the ob-
served decline in the atmospheric methane growth rate seen in the late 1990 to the
first few years of the new millennium. These estimates of the cutback in ethane emis-
sions offer an opportunity for estimating changes in C3-C5 NMHC fluxes by scaling
those to ethane. The relative ratios of these NMHC in the firn data is not very useful
for this purpose, as NMHC get oxidzed at different rates during atmospheric transport,
resulting in a decline of the NMHC,/ethane ratio and lower values of these ratios at a
downwind site. Alternatively, here we explore using urban ambient air data as a surro-
gate for estimating NMHC emission ratios. The extensive data reviewed by Warnecke
et al. (2012) covering 2001-2008 yields average NMHC,/ethane ratios for Los Angeles
air of 0.68, 0.15, 0.28, 0.34 and 0.13 for propane, /-butane, n-butane, /-pentane, and
n-pentane, respectively. These ratios are probably high estimates, as ethane sources
within the LA Basin (mostly natural gas) are likely to be underrepresented compared
to higher NMHC emission sources. On the other hand, our findings show that C;5-Cjy
have declined at significantly higher rates than ethane over the past 30—40yr. Apply-
ing the LA-derived scaling factors to the ~6Tg yr_1 reduction in estimated fossil fuel
ethane emissions (Aydin et al., 2011) would yield reductions of ~ 6.2, 1.9, 3.5, 5.2, and
1.9Tg yr‘1 of fossil fuel emissions of propane, /-butane, n-butane, /-pentane, and n-
pentane, respectively, or a combined of ~25Tg yr'1 of C,-C5 NMHC emissions. This
is likely a low estimate given, as mentioned above, the much higher NMHC,/ethane
ratios in the 1970-1980s. Also, this emission reduction primarily represents the North
America and Western Europe region, and is likely offset to a substantial degree by the
increase in emissions from Asia.

3.8 NMHC-CO relationship

Historic CO mole fractions were determined in parallel with the NMHC measure-
ments. An in-depth presentation of the NEEM CO data and interpretation can be
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found in Petrenko et al. (2012). Here, we compare the reconstructed histories of CO
and ethane from the NEEM firn air analyses. Because Northern Hemispheric CO is
also associated with anthropogenic emissions, particularly from combustion sources,
correlations of CO with NMHCs can provide a useful indicator of anthropogenically-
emitted hydrocarbons. Additionally, the OH radical is the major sink for both com-
pound classes and CO and ethane are oxidized at rates that are less than a factor of
two different: (kon 4 ethane = 2.4 % 10" cm® molecule™' s~ (Atkinson, 2003); ko 4+ co =
1.44 x 10~ "® cm® molecule ™' s™'; Atkinson et al., 2004). A comparison of the CO and
NMHC depth profiles shows similar behavior at depth, as well as similar seasonality.
Notably, both compound classes show distinct maxima at ~ 70-72 m depth of the pro-
file. In the comparison of the CO and ethane depth profiles it must be considered that
the diffusivity coefficients for ethane and CO are different by a factor of 1.35, with CO
being the faster diffusing molecule. Consequently, the CO at a given depth 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 seen that
there is a similar trend between ethane and CO, corroborating their emission from com-
mon sources. Ethane peaks earlier than CO, with ethane reaching a maximum around
1970, while CO shows a broader maximum approximately 10yr later. Further, ethane
shows a faster decrease than does CO. The increase in ethane mole fractions corre-
sponds to a period of rapidly increasing natural gas production in the United States,
with a local maximum around 1970. While the more recent decline in CO suggests
decreased emissions from fossil fuel combustion (Petrenko et al., 2012), the faster de-
cline in atmospheric concentrations of ethane relative to CO determined from the firn
analysis may reflect reductions in ethane emissions through further emission controls
in natural gas production and transport technology.

13018

| Jadeq uoissnosig | Jaded uoissnoasi(

Jaded uoissnosiq | Jaded uoissnosig

ACPD
13, 12991-13043, 2013

Reconstruction of
Northern Hemisphere
1950-2010

D. Helmig et al.

Title Page

L

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Il



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/12991/2013/acpd-13-12991-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/12991/2013/acpd-13-12991-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

4 Summary and conclusions

The C,-C5 NMHC mole fraction depth profiles in firn air sampled from three ~80m
deep boreholes retrieved at NEEM showed very similar profiles, illustrating the robust-
ness of the firn air borehole extraction and analytical processing of air samples. The
good agreement of firn air NMHC measurements between NEEM and NGRIP sites
argues strongly for good preservation of these species in the firn.

All NMHC showed mole fraction maxima in the lock-in zone, with lower levels in the
firn below and above, indicative of a maximum in Northern Hemisphere atmospheric
NMHC mole fractions in the recent past. The NEEM simulated NMHC histories were
compared with results from two other previously published firn air borehole retrievals
from other Greenland sites and with data from one ambient air-monitoring program.
Overall good agreement between these independent studies was observed, confirming
the validity of the NMHC histories reported in these studies. Consequently, firn air
measurements 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.

All NMHC show significant increases from the 1940s to ~1970-1980 and a trend
reversal afterwards. These results 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 1960-1970. Our work presented here, in agreement with
the findings of Worton et al. (2012), shows that other C5-C5 NMHC are behaving in a
similar manner, suggesting that reductions in fossil fuel emission, and to a much lesser
extend biomass burning, similarly resulted in reduced atmospheric mole fractions of
these NMHC.

Ethane deviates from the C5;-C5 NMHC, peaking ~ 10yr earlier. Ethane also pre-
cedes the peak seen in CO by a similar number of years. There is a correlation seen
in the trends of the C3-C5 NMHCs and CO, suggesting that emission reductions that
have been implemented since the 1970s had the effect of reducing both CO and the
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C53-C5 NMHC. However, the % increase and subsequent decline in the NMHC were
larger than for CO, reflecting that emissions of CO and the C5-C5 NMHC are not com-
pletely coupled. Ethane emissions are to a larger degree associated with natural gas
producing industries compared to the C3-C5 NMHC. The earlier decline in atmospheric
ethane possibly reflects that ethane release from practices such as venting, flaring, or
fugitive emissions were cut back earlier than the onset of VOC emissions controls in
the automobile sector that would have affected the higher molecular weight VOC to a
larger degree.

The analyses presented here provide the first indication for a historic change in the
isomeric ratios of the butane and pentane isomers, pointing towards changes in their
source region emission ratios or their atmospheric processing. The trends seen in the
earlier part of the record for isomeric butane and pentane ratios are in accordance
with a relative increase in oxidation by Cl radicals. This observation adds new support-
ing material to the hypotheses by Aydin et al. (2011) that 1980—-2000 changes in the
ethane/methane ratios might be due to a relative increase in the ethane oxidation rate
from Cl radical chemistry.

Comparing the NMHC firn air reconstructed histories with regionally differentiated
emission inventories clearly showed that the Greenland records correlate more tightly
with North American and Western European emissions than with total NH emissions.
This image is confirmed by the comparison of ethane trends seen in the Greenland firn
air versus in ambient air in the North Pacific. These finding confirm that emissions from
North America and Western Europe exhibit a stronger influence on Greenland firn air
and ice core records than emissions from other NH regions. Histories of trace gases
with relatively short atmospheric lifetimes on the scale of these NMHC (<2 months)
are thus likely more a reflection of the emission changes from these regions, and do
not necessarily reflect the NH average trend.
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Table 2. Average last three columns list data reconstruction averaged over years 1985—2000 in
comparison with the mean of the ethane 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 lists comparison data from three other recent NMHC trend determina-

tions.

1985-2000 reconstruction

2006-2011 ambient

Aydin et al. (2011)  Simpson et al. (2012)

Worton et al. (2012)°

1,1

max (year) pmolmol™ yr™" % of maxyr™ pmolmol~"yr™" % of maxyr™’' pmol mol™" yr™ pmol mol™"yr! pmol mol~"yr~!
Ethane 2000 (1979) _20 1.0 _34 (£11) 1.7 (£0.6) _o5° _12.4 (213 _47
Propane 764 (1980) 17 22 _8.2(27.8) 1.1 (£1.0) -7
iButane 142 (1980) —29 20 _25 (+2.4) 1.8 (£17) _38
n-Butane 296 (1980) -63 2.1 -6.7 (+2.9) 2.3 (1.0) -8.0
iPentane 118 (1981) _32 27 _58(x13) 49 (s11) _34
n-Pentane 101 (1981) _25 25 _1.6 (£1.5) 1.6 (£1.5) _28

& 1980-2000; b 1984-2010; © 1985-2000, rates deduced from the graphs in Figure 2 in Worton et al. (2012)
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Fig. 2. Firn air depth profiles of ethane, propane, /-butane, n-butane, /-pentane and n-pentane
from the three bore holes. 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 dataset used for atmospheric trend
reconstruction through application of Peirce’s criterion are shown as open symbols.
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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: NEEM-EU — purple, NEEM-US — brown, NEEM-09
— red. Colored lines show mole fractions calculated with mean atmospheric seasonality. Alert
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in the data.
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Fig. 9. NMHC reconstructed histories based on the NEEM firn air data in comparison with
trends (see Fig. 2 for ethane-Summit example) derived from 2005-2011 NOAA-INSTAAR VOC
network data at five Arctic sites.

13040

Jadedq uoissnosiq | Jaded uoissnosiq

)

Jadeq uoissnasiq | Jaded uoissnosiq

ACPD
13, 12991-13043, 2013

Reconstruction of
Northern Hemisphere
1950-2010

D. Helmig et al.

Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

(&)
()


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/12991/2013/acpd-13-12991-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/12991/2013/acpd-13-12991-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

@)
A 250 o
i-Pentane (@]
n-Pentane < AC P D
i-/n- Pentane 115 %
~ 2004 i-/n- Pentane Summit 2008-2010 o
S L] i/n- Pentane Summi . S 13, 12991-13043, 2013
3 ] T
£ 1504 \ 5 S
=) <410 3 g
g L = Reconstruction of
£ 1001 . — Northern Hemisphere
o
Jos - 1950-2010
50 & )
g D. Helmig et al.
0 T T . T . T . T . T . 0.0 @,
1950 1960 1970 1980 1990 2000 2010 g
Date
g-)U Title Page
B 500 8
— B = q
L;l:f::e Abstract Introduction
i-/n- Butane ;106 —
4009 [Ji-/n- Butane Summit 2008-2010
S O
2 » T
S 300 2 2
= 404 o] o
R > n
m e
Qo . o
@ &
: K IR
1004 2
.
0 T T T T T T T T T T T 0.0
1950 1960 1970 1980 1990 2000 2010 Full Screen / Esc

Date

Printer-friendly Versi
Fig. 10. Reconstructed NMHC histories based on the NEEM firn air data for the isomeric bu- SRS

tane and pentane pairs. Also included in this graph are whisker plots showing the statistical
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Fig. 11. Comparison of reconstructed histories of individual NMHC species and total C,-Cg
NMHC carbon represented by these gases (top) with Northern Hemisphere (NH) VOC emission
estimates, grouped by biomass burning (BB) and anthropogenic emissions (bottom) pooled
together for all NH Regions (blue data, left y-axis scale) and for the combined of North America
(US, Canada) and Western Europe (black data, right y-axis scale).
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