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Reversal of Global Atmospheric Ethane and Propane Trends largely due to US
Oil and Natural Gas Production

Detlev HeImigl, Samuel Rossabi’, Jacques Hueber!, Pieter Tans?, Stephen A. Montzka?, Ken Ma-
sarie?, Kirk Thoningz, Christian-Plass Duelmer?, Anja Claude’®, Lucy J. Carpenter4, Alastair C. Lew-
is>, Shalini Punjabi4, Stefan Reimann®, Martin K. Vollmer®, Rainer Steinbrecher’, James W. Han-
nigans, Louisa K. Emmons®, Emmanuel Mahieu®, Bruno Franco®, Dan Smale'®, Andrea Pozzer'!

Non-methane hydrocarbons such as ethane are important precursors to tropospheric ozone
and aerosols. Using data from a global surface network and atmospheric column observations
we show that the steady decline in ethane concentrations that began in the 1970s** halted
between 2005 and 2010 in most of the Northern Hemisphere, and has since reversed. We
calculate a yearly increase in ethane emissions in the Northern Hemisphere of 0.42 (+ 0.19)
Tg yr'' between mid-2009 and mid-2014. The largest increases in ethane and for the shorter-
lived propane are seen over the central and eastern USA, with a spatial distribution that sug-
gests North American oil and natural gas development as the primary source of increasing
emissions. By including other co-emitted oil and natural gas non-methane hydrocarbons, we
estimate a Northern Hemisphere total non-methane hydrocarbons yearly emission increase
of 1.2 (+ 0.8) Tg yr''. Atmospheric chemical transport modeling suggests these emissions
could augment summertime mean surface ozone by several nmol mol™ near oil and natural
gas production regions. Methane/ethane oil and natural gas emission ratios suggest a signifi-
cant increase in associated methane emissions; however, this increase is inconsistent with
observed leak rates in production regions and changes in methane’s global isotopic ratio.

!institute of Arctic and Alpine Research, University of Colorado, Boulder, USA; *Earth Systems Research Laboratory,
National Oceanic and Atmospheric Administration, Boulder, USA; *Deutscher Wetterdienst, Hohenpeissenberg,
Germany; *Wolfson Atmospheric Chemistry Laboratories, University of York, United Kingdom, >National Centre for
Atmospheric Science, University of York, United Kingdom; 6Laboratory for Air Pollution and Environmental Tech-
nology, Empa, Swiss Federal Laboratories for Materials Science and Technology, Duebendorf, Switzerland;
"Karlsruhe Institute for Technology, Campus Alpine, Garmisch-Partenkirchen, Germany; ®National Center for At-
mospheric Research, Boulder, USA; ’Institute of Astrophysics and Geophysics, University of Liege, Belgium;
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Oxidation of atmospheric non-methane hydrocarbons (NMHCs) contributes to production of
surface ozone and secondary aerosol, both of which impact air quality and climate. NMHCs are
emitted into the atmosphere from a variety of biogenic and anthropogenic sources. Ethane is
the longest-lived and most abundant NMHC found typically at ~0.4-2.5 nmol mol™ (ppb) in the
background atmosphere. It is released from seepage of fossil carbon deposits, volcanoes, fires,
and from human activities, with fossil fuel extraction, distribution leakage, and industrial use
being the major sources. Pre-industrial ethane atmospheric mole fractions measured in polar
ice cores were between ~1/4 -1/2 of current levels, i.e. ~400 pmol mol™ in the northern hemi-
sphere (NH), and ~100 pmol mol™ in the southern hemisphere (SH)*. In the early part of the
20" century NMHCs increased steadily in the global atmosphere. Firn air records'? show that
light alkane NMHC (C,-Cs) increased post-1950 and reached a maximum that was ~50% above
1950 levels during 1970-1985. Global atmospheric ethane peaked around 1970. NMHC have
since been steadily declining to concentrations that are close to the earliest data in the record
(* and Fig. 1(a)). These trends are primarily due to stricter air quality emission controls that
were first implemented some 50 years ago with the goal to reduce human exposure to NMHCs
and surface ozone. The regulations resulted in reduced emissions from sources, such as the
O&NG industries and automobiles, and a gradual decline of atmospheric NMHCs in urban air in

many developed countries and also in the background atmosphere”.

Ethane and methane are co-emitted from oil and natural gas (O&NG) sources. Ethane observa-
tions have been used to attribute anthropogenic methane emission changes’. Having the long-
est NMHC lifetime, on the order of 2 (summer) to 6 (winter) months, ethane is the NMHC ob-
served with the least spatial and short-term variability in background air, making it the best

candidate species for studying hemispheric gradients and long-term changes.

We analyzed ten years of NMHC data collected at 44 remote global sampling sites from NOAA’s
Global Greenhouse Gas Reference Network (GGGRN). We also include data from in-situ moni-

toring at Summit, Greenland®, at Hohenpeissenberg (HPB) in Southern Germany?®, Jungfraujoch
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(JFJ) and Rigi (RIG), Switzerland, and Cape Verde in the mid-Atlantic™®. For propane, we further
included results from eight sites within NOAA’s GGGRN (Methods).

Atmospheric NMHC display a dynamic seasonal and latitudinal behavior. Maxima are seen in
late winter, and minima in the summer (Fig. 1). Sources of light NMHC do not vary much sea-
sonally'; seasonal cycles are primarily driven by photochemical loss. Consequently, seasonal
cycles exhibit the largest amplitude near the poles, are small near the equator (Fig. 2), and are
shifted by ~¥6 months in the SH due to the opposite season. There is also a strong latitudinal
gradient of absolute values, with highest abundances observed in the Arctic, steeply declining
levels at mid-latitudes, and lower abundance in the SH. These gradients are caused by sources
that are dominated by anthropogenic emissions, which are highest in the industrialized mid-
northern latitudes, and the slower transport across the equatorial zone compared to within-
hemisphere mixing. Gases with shorter lifetimes, i.e. propane, i-butane, n-butane, display more

pronounced seasonal and latitudinal gradients (Fig. 2).

Individual site data reveal that for many NH locations the downward trends reported in earlier
work has halted and reversed to increasing NMHC levels. Because the flask network program
started in 2006, data for most sites do not go back far enough for deciphering the exact time of
the trend reversal. The second order polynomial fit through the longest, and most highly time
resolved in-situ record from HPB has its minimum in 2009 (Fig. 1 (e)), in agreement with the JFJ
FTIR column observations (Fig. 1(c)). Focusing on the most recent five years (2009.5 — 2014.5)
we find variable results in the observed rate of change; however, a consistent picture emerges
that shows the largest increases at NH sites (Fig. 3). Of 33 NH sites, 7 exhibit ethane growth
rates > 50 pmol mol'lyr"l, and 10 sites exhibit growth rates between 25-50 pmol'lyr'1 (Table S1).
Depending on grouping of sites and averaging across regions and calculation method a mean
NH ethane increase rate of 2.9 - 4.7% yr'1 is calculated (Methods). These rates of change in at-
mospheric ethane have not been seen at SH sites; most SH sites show only small changes, with
poorer regression results. Applying a 2" order polynomial fit to the NH trend curve results

yields positive quadratic coefficients in 22 out of 31 cases, showing that for the majority of cas-
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es, ethane trend curves are becoming steeper, i.e. rates of change in atmospheric abundance

have been increasing at most of the sites during this time window.

This hemispheric difference in ethane trends is further supported by two contrasting records of
ethane column observations (i.e. the average from the ground to the top of the atmosphere),
one from JFJ (Fig. 1(c))*?, and the other one from Lauder, New Zealand (Fig. 1(d)). At the 3,580
m elevation of JFJ, these data are a good representation of free tropospheric ethane, reflecting
the continental background and long range transport. While there was a slight downward
trend in the data for the first 15 years of the record, in agreement with the trends inferred from
the firn and HPB data, a reversal is evident after 2009, with a post-2009 rate of increase in the
mid-troposphere of 4.2 + 1.0 % yr™. The upward trend is evident in both the mid-troposphere
and upper troposphere/lower stratosphere partial columns, indicative of the hemispheric na-
ture of the ethane increase. The ethane trend reversal is absent in the SH FTIR column data (Fig.

1(d)). The difference in trends in the hemispheres is consistent with an increasing NH source.

Notably, ethane rates of change are highest at the central and eastern USA and nearby down-
wind sites, suggesting the ethane increase is driven to a large part by emissions from North
America. The regional hotspot of increasing NMHC levels can be pinpointed more narrowly
from propane observations. Propane, with a lifetime ~1/4 of ethane, is a more sensitive indica-
tor for local/regional emissions. Propane data show the greatest increases in the central and
eastern USA and in the downwind North Atlantic Region (Fig. 3). In contrast, propane levels
have been relatively stable in central Europe, the Pacific region, and the SH. Also, measure-
ments in the western USA do not show propane increases. With the primary synoptic transport
direction being west and south-west to east, the spatial analyses of ethane and propane in-
creases point to the central to eastern parts of the USA as the regions where most of the emis-

sion increases have occurred.

The O&NG sector is a major source of light NMHC emissions. A surge in O&NG production has
occurred in recent years, particularly in the USA, where unconventional oil and natural gas drill-
ing has resulted in estimated 10-20-fold increases in shale O&NG production between 2000 and

2015 (www.eia.gov), making the USA the fastest growing and a leading O&NG producing na-
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tion. Ground and airborne observations have consistently shown elevated levels of methane
and NMHC as a result of venting, flaring, and leakage. NMHC ambient concentrations measured
in oil and gas basins can far exceed (up to > 100 times) the regional background or indeed urban
and other industrial regions. Top-down emission estimates are well above inventory

13-17

estimates ™ "’. Resulting ozone production from these emissions has led to air quality standard

exceedances in the Uintah Basin, UT, and Upper Green River Basin, WY, O&NG regionsls'lg. T

wo
other regional studies have previously noted upwards trends in ambient NMHC and associated
these changes to upwind O&NG activities. Vinciguerra et al.”° reported an increase from 7% to
13% of the total observed non-methane organic carbon abundance during 2010 to 2013, and
increasing ethane mixing ratios based on measurements in Baltimore, MD, downwind of the

Marcellus Shale. Similarly, Schade et al.?*, analyzing data from southern Texas, reported steeply

increasing ethane levels associated with transport from the Eagle Ford Shale.

Applying the JFJ FTIR mid-troposphere column trend value of 4.2% yr* to the NH annual ethane
emission estimate of 9.9 Tg yr'1 (Methods) yields an estimate for an ethane annual emission in-
crease 0of 0.42+0.19Tg yr'1 (per year; see Methods for all uncertainty range calculations), re-
sulting in an overall 2.1 + 1.0 Tg yr'* emission increase since 2009.5. This additional emission is
~1.5 times the NA inventory estimate of 1.6 Tg yr"' for 2007. Considering estimates of co-
emitted NMHC yields an estimate for a total NMHC emissions increase of 1.2 + 0.8 Tg yr'1 (per

year; 5.9 + 4.0 Tg yr'* overall emissions increase during 2009.5 — 2014.5).

There is no evidence for major non-O&NG NMHC emissions increases. From the spatial overlap
of USA O&NG regions with identified areas of largest NMHC increases it appears likely that the
NMHC increase is largely driven by USA O&NG production. This added NMHC emission is ex-
pected to fuel additional surface ozone production in source and downwind regions. Figure 4
illustrates modeling results from a first-order of magnitude sensitivity study, where the 4.2% yr
Yincrease in the C,-Cs NMHC flux was attributed to USA O&NG emissions over five years at con-
stant emissions of nitrogen oxides (NOy). This added emission causes changes in surface ozone
in regions with O&NG development and downwind, reaching up to 0.5 nmol mol™ yr * (per

year) average ozone increases for June — August, corresponding to 2.5 nmol mol™ increases
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overall over the five year period simulated with the model. The sensitivity is particularly high in
the western USA, mostly driven by higher NOy in that region. Consequently, these NMHC emis-
sion changes can potentially offset emission controls that have been implemented for curbing
photochemical ozone production, and therefore can be a concern for attaining the ozone air

quality standard.

Atmospheric methane has been increasing since ~2007, after a ~8 year period of stable levels.
Continental emission changes in methane are difficult to decipher because of the variety of bio-
logical, burning, and O&NG related emissions, and the fact that trends are small relative chang-
es in the large methane background. With shorter atmospheric lifetimes, trends of NMHC are
more noticeable on a regional scale. Methane and ethane are co-emitted from O&NG sources
in mass ratios of 1.7-33, with most results ranging from 7-14 (Table S5). If we assume that the
added ethane emission is entirely from O&NG sources, that the methane/ethane ratio from
O&NG has not changed over time, and considering a median source region methane/ethane
emission ratio of 10, an increase in the anthropogenic methane emission of 4.4 + 3.1 Tg yr™ is
estimated for the NH each year during 2009.5-2014.5. The cumulative increase in methane
emissions implied from this approach would represent more than a doubling of O&NG related
methane USA inventory emissions®” and a ~6.2% total increase between 2009.5-2014.5 of the
330Tg yr'l 23 global anthropogenic methane emission. While other recent studies'***>% have
derived similar estimates for methane emission increases and associated those to increased NA
O&NG emissions, most also rely on the extrapolation of NMHC results to infer methane emis-
sion changes. We note that surface and aircraft observations of methane stable isotopes from
the GGGRN are inconsistent with such a large NA methane flux increase from O&NG sources””.
Furthermore, the methane emission implied by this analysis of NMHC data as a fraction of
O&NG production is a substantially higher percentage than what has been observed in O&NG

fields in North America®**"2%3°

. This suggests yet unidentified increasing sources for NMHC
emissions independent of methane or with lower methane/ethane emission ratios, or potential
emission increases outside of NA that currently cannot be well defined due to the sparsity of

observations in those regions (for instance in the middle-East, Africa, and Asia).
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Methods

Global VOC Network. Since 2004 the NOAA GMD and INSTAAR in Boulder, CO, have been oper-

ating a global volatile organic compound (VOC) monitoring program that is building on the NO-
AA Global Greenhouse Gas Reference Network (GGGRN). VOC are quantified in whole air sam-
pled in pairs of glass flasks that are collected weekly to bi-weekly at ~44 global background
monitoring sites, with a total sample number of ~3000 per year. Ethane, acetylene, propane,
iso-butane, n-butane, iso-pentane, n-pentane, isoprene, benzene, and toluene are currently
analyzed in the sample remaining in the flasks after completion of analyses of greenhouse gas-
es, and of CO, and methane stable isotopic ratios. The gas chromatography (GC) with flame ion-
ization detection method * is calibrated by a series of gravimetrically prepared synthetic and
whole air standards. The program operates under the umbrella of the WMO-GAW and is col-
laborating with international partners on exchange of calibration standards and comparison of
calibration scales?. The INSTAAR lab was audited by the World Calibration Center (WCC) for
VOC? in 2008 and 2011. Five unknown standards were analyzed and results reported to the
WCC. Mean results of five repeated measurements of the provided standards deviated <1.5%
ethane, and < 0.8% for propane from the certified values. These deviations are well below the
deviation criteria set by GAW”. Uncertainties in the NMHC data are estimated to be < 5% for
results > 100 pmol mol™ and < 5 pmol mol™ for results < 100 pmol mol™. More analytical and

program details are provided by *°.

VOC in-situ monitoring at Summit (SUM), Greenland. Year-round VOC monitoring at Summit

(72.6° N, 38.5° W; 3216 m asl) was performed from 26 June 2008 to 22 July 2010, totaling 756
days (just over 2 years) ’, and has been resumed in May 2012. The GC is calibrated several times
per week using standards that are cross-referenced against the global flask network laboratory
scale. Uncertainties in the NMHC data are estimated to be < 5% for results > 100 pmol mol™

and < 5 pmol mol™ for results < 100 pmol mol™.

VOC in-situ monitoring at Hohenpeissenberg (HPB). Continuous VOC monitoring at HPB

(47.8°N, 11.8°E, 980 m asl) has been conducted since 1998 as part of the WMO-GAW?. Calibra-

tions rely on a series of gravimetric and whole air standards referenced to the WCC. VOC sam-
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pling is conducted daily at noontime. Uncertainties (95% confidence interval) are generally +
(1.9 pmol mol™ + 2.9%) in the ethane mole fraction, and + (1.3 pmol mol™ + 2.9%) for propane,
except for isolated periods of degraded chromatography or other instrumental issues which
results in higher uncertainties. Detection limits are at ~3 and 2 pmol mol™ for ethane and pro-

pane, respectively.

VOC in-situ monitoring at Jungfraujoch (JFJ). At JFJ, a high elevation site in the central Swiss

Alpes (46.5°N, 7.6°E, 3466 m asl), VOC are measured using a Medusa GC/mass spectrometer
(MS)? hourly with each pair of measurements bracketed by standard measurements. Ethane
and propane measurements started in 2008 and are ongoing. Measurement precisions are 0.3%
for ethane and 0.8 % for propane (1 o). Calibration is provided by referencing standards against
primary reference gases of the National Physical Laboratories (UK) and thus is linked to the

WMO-VOC scale. Uncertainties are ~10 % for ethane and 3% for propane.

VOC in-situ monitoring at Cape Verde (CVAO). The Cape Verde Atmospheric Observatory

(CVAO) Humberto Duarte Fonseca (16.8°N, 24.9°W, 10 m asl) is positioned upwind of Calhau on
the northeastern side of Sdo Vicente, Cape Verdes. Hourly VOC measurements are made from a
height of 20 m asl; analytical details are provided by '°. Uncertainties in the NMHC data are es-
timated to be < 5% for results > 100 pmol mol™, and < 5 pmol mol™ for results <100 pmol mol™.
Detection limits are 2.6 and 1.6 pmol mol™ for ethane and propane, respectively. Calibrations

are linked to the WMO-VOC scale.

VOC measurements from North American tower sites. Glass flasks are also collected with au-

tomated samplers at tower sites across NA as part of the NOAA GGGRN. These samples are col-
lected at a higher sampling frequency (~daily) and are analyzed at NOAA by GC/Ms™t. Reported
molar ratios for propane are based on a suite of gravimetric standards prepared at NOAA,; cali-
bration consistency is maintained independently from INSTAAR. The resulting NOAA calibration
scale for propane has been assessed in an international round-robin exercise and was found to

be consistent within 5% to other internationally-recognized and well established scales?.

Data processing. At the time of the data processing final data from all considered sites until

June 2014 (2014.5) were available, which was used as the cutoff of the analyses. The criterion
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for individual sites data to be included was that data were available for at least 50% of the
sampling days for 2009.5-2014.5. Two flask network and three tower site data sets were ex-
cluded because they did not meet this criterion. Similarly, in-situ data from remote monitoring
sites were included if data were available for at least 50% of the 2009.5 — 2014.5 sampling

dates.

NMHC data were first filtered for outliers; values that deviated more than 2 ¢ from a running
median were excluded from trend analyses. Filtered data were then uploaded to the NOAA
server for filtering and trend determination using the method of ** and described at
http://www.esrl.noaa.gov/gmd/ccgg/mbl/crvfit/crvfit.html. The first step is to fit a function,
consisting of the sum of a polynomial and four harmonics (amplitude and phase of 1 through 4
cycles per year). The residuals of the function fit are smoothed by two low-pass filters, one for
the trend (1.1 year full width at half-maximum, FWHM) and one for anomalies of the seasonal
cycle (FWHM 50 days). The function and filtered data are then combined to generate a
smoothed data curve, trend curve, a detrended seasonal cycle, seasonal amplitude, a polyno-
mial fit, and the long-term growth rate. The smoothed data curve is a combination of the func-
tion and the short-term filter of the residuals. The trend curve is the polynomial part of the
function plus the long-term filtered residuals, and represents the growth or decline of the data
with the seasonal oscillations removed. The detrended seasonal cycle is complementary to the
trend curve; it is the interannually varying cycle with the trend removed. The seasonal ampli-
tude is the amplitude of the detrended seasonal cycle, and the growth rate is the rate of in-
crease or decrease of the trend, found by taking the first derivative of the trend. Results of a
trends statistical significance test are included in Tables S1 and S2. To avoid a bias from over-
sampling of the trend curve, its output was sampled only at times when retained flask data
were available. These data were then subjected to the Mann-Kendall test™ using a significance
value of a = 0.01. Results (calculated P-values) are presented in column 12 of Tables S1 and S2.
Values < 0.01 reflect the rejection of the null-hypothesis that there is no trend. In these cases,
the trend is found to be true at 99% confidence. Incidences where trends were found to be not
statistically significant are listed in italics font and in brackets. Results show that for 33 NH

ethane trend series (flask and in-situ), 31 show a positive trend. All positive trends are statisti-
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cally significant. Lac La Biche, Alberta (LLB), shows a slight, non-significant negative trend. The
LLB series has a reduced data coverage (73%), a high number of outlier points, and an R>= 0
result, all of which reduce the robustness of the LLB trend result. The other site showing a nega-
tive trend is Black Sea, Constanta (BSC). Similar to LLB, this site suffers from reduced data cov-
erage (50%), and a high number of outlier points. This site appears to be severely impacted by
nearby pollution sources. Despite these two sites showing rather noisy records and poor re-
gression results, they were retained in the presentation of our results, as we did not want to

use arbitrary filtering criteria.

The data used in the maps (Figure 3) were generated by applying a linear least squares fit of the
trend data from each site for the period 2009.5-2014.5. The slope of the fit determined the
color of the marker. The R? value times the coverage of the fit determined the size of the mark-
er. The majority of the data are from NOAA/INSTAAR network flask sites. Furthermore, in-situ

monitored sites were included, as well as propane data from tower sites.

EIC propane data were excluded because they showed influence from a local source. MWO
propane data were excluded because a representative fit could not be drawn. A summary of
trend results from all network flask, HATS, and in-situ observations is provided in Table S1 for

ethane, and in Table S2 for propane.

Network flask — in-situ trend results evaluation. There is overlap of flask and in-situ VOC moni-

toring at two sites, i.e. SUM and HPB. The parallel observations at these two sites were used to
evaluate the quality of the trend fit results from the weekly network flask measurements
against the higher time resolution in-situ measurements. Details of these comparison studies
will be presented in a forthcoming publication. In summary, these investigations showed that
the less frequent flask records provide a good representation of the in-situ records, yielding

trend results of the same magnitude (Figure 3).

Average ethane trend calculations. There are 47 sites that met the requirements (>50 % data

coverage for 2009.5 — 2014.5) for inclusion in the trend analyses, with 31 of these sites in the
NH. As can be seen in Tables S1, S2, data coverage, quality of the correlation analyses, and

trend results vary widely. We explored a number of methods for deriving an average NH ethane
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trend from these data. First, data from all sites, regardless of data coverage and quality of the
regression fit, were treated equal. For sites with flask and in-situ data, the mean of both trend
values was used (SUM and HPB). Sites were grouped by latitude zone, NH longitude, and conti-
nental/oceanic region, and average and median ethane trends were calculated from all sites
within each region (Table S3). Please note the uneven representation of regions, as some of
them have fewer sites than others, making results for regions with low representation less cer-
tain. Depending on the grouping and averaging, ethane trend results range from 3.5-4.3% yr™*
for the mean values and 2.9-4.2% yr’* for the median results across all sub-regions. The lower
mean values are largely due to the negative trend (-7.6% yr™*) at BSC, a site that suffers from
reduced data coverage (50%), and a high number of outliers, and appears to be severely im-
pacted by nearby pollution sources (see above). Nonetheless, we kept the BSC result in the cal-
culations for treating all sites equally for the NH mean trend calculations. Rates of increases are
relatively high at Tiksi (TIK). Monitoring at TIK began in fall 2011, therefore the Tiksi record
misses the first two years of the 2009.5 — 2014.5 window. The data coverage is just slightly
above the 50% cutoff value (Tables S1 and S2). TIK is the site with the second lowest coverage
of all sites that were included. Given the short record the uncertainty is much higher than for

other sites.

Secondly, a mean NH ethane trend was calculated by weighing each individual trend result (Ta-
ble M1) by the % coverage of the data, and the R? of the linear regression fit. For the two sites
with flask and in-situ measurements the mean value of both trends, a 100% coverage value,
and the sum of both R? values was used, to reflect the higher certainty from having two parallel
results. The result of this analysis was a NH ethane increase rate of 4.7% yr'*. This value is rela-
tively strongly influenced by the two highest individual results from two sites in the central USA,
i.e. Southern Great Plains, OK, with a rate of change of 10.7% yr'l and Park Falls, WI, with a val-
ue of 7.9% yr'’, also because both sites have full data coverage, and relatively high R” results.
Removing these two sites reduces the mean NH ethane rate of change to 4.2% yr™". It is nota-
ble, though, that sites that are far distant from local influences, by horizontal separation, eleva-
tion, or by both, and located in the Atlantic Region, downwind of North America, showed the

cleanest records, i.e. the highest correlation coefficient and on average relatively high rate of
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change values. Sites that fall into these categories , (with their rate of change and R* results)
are SUM (67.1 pmol, mol™ yr?, 4.9% yr*, R* = 0.96 for flask results and 69.5 pmol mol ™ yr™,
5.6% yr', R = 0.67 for in-situ), ICE (46.2 pmol mol™yr™, 3.4% yr™, R* = 0.86), MHD (53.1 pmol
mol™ yr', 4.3% yr, R® = 0.65), AZR (86.7 pmol, mol™ yr, 7.7% yr, R® = 0.57), ASK (72.9 pmol
mol™ yr, 7.4% yr, R® = 0.95), 12O (72.9 pmol mol™* yr?, 7.4% yr*, R* = 0.95), and CVO (43.9
pmol mol™ yr'l, 5.4% yr'l, R? = 0.85). The mean weighted ethane rate of change from these
North Atlantic sites accounts to 5.5% yr'*. These comparisons point towards highest rates of

ethane increase in the central to eastern USA, followed by the North Atlantic region.

The overall hemispheric ethane trend result of 4.7% yr'* from the latter method using R** cov-
erage as a weighing factor is 0.4 — 1.8% yr* higher than the regional results presented in Table
S3. This possibly reflects a bias in the calculation as it places lower weight on sites with flat

trends and corresponding low R results.

The uncertainty (0.9%) of the best estimate of the ethane NH rate of change was determined as
% of the range of the lowest (2.9%) to the highest value (4.7%) of the different types of regional

trend determinations.

NMHC surfaces. Graphs in Figure 2 were derived using weekly data from the GGGRN sites. To

reduce noise in the latitudinal distribution due to synoptic-scale atmospheric variability, records
were fitted with a smooth curve®™. We then used a data extension methodology*® with im-
portant revisions'® to produce a set of smoothed records, which are synchronized in time and
have no temporal gaps. For each synchronized weekly time step, a latitude distribution (mole
fraction versus sine of latitude) was constructed. Each value in the weekly distribution was as-
signed a relative weight using a strategy that assigns greater significance to sites with high sig-
nal-to-noise and consistent sampling. A curve was then fitted to each weekly weighted latitudi-
nal distribution®’. Finally, values were extracted from each weekly latitudinal fit at intervals of
0.05 sine of latitude from 90°S to 90°N and joined together to create the 2-dimensional matrix

(time versus latitude) of molar ratios.

FTIR column observations. FTIR total and partial column data were derived from ongoing

NDACC (www.ndacc.org) observations from solar viewing FTIR instruments. The network in-
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struments are calibrated to common standards to ensure consistent optical performance across
the network and over time. High-resolution mid-infrared solar radiation is recorded on a near
daily basis. Analyses of the JFJ ethane retrieval and time series are presented in '%. An im-
proved retrieval approach delivers enhanced information content and sensitivity up to ~20 km
altitude, providing two independent partial column time series, for the 3.58-8 and 8-21 km alti-
tude. The ethane retrieval used for the Lauder spectra is presented in *°. Initial analyses of
Lauder time series are described in %°, where SH decreasing trends are given up to 2009. The
statistical bootstrap resampling tool used for the trend calculations is presented in **. It deter-
mines a linear trend and corresponding uncertainties while accounting for the seasonal/intra-
annual variability of the data. Determination of the uncertainty in the ethane column trend of
the JFJ time series is explained in * . Several settings were tried (i.e. adjusting the step and in-
tegration interval) for the running mean calculations at JFJ and other NH FTIR sites (e.g. Toron-

to), always coming up with an ethane trend reversal date close to late 2008 - early 2009.

Emissions inventory. The ethane emissions inventory is a best estimate based on three different

resources that build on other previous inventories and publications:

1. Based on reconstructed ambient air histories Aydin et al.?* developed a year 2000 global
ethane emission estimate of 8-10 Tg yr'. These authors do not differentiate between
NH and SH emissions. Approximately 85% of ethane is estimated to be emitted in the
NH (see 2. and 3. below). Based on that the global22 estimate translates to 7-9 Tg yr'1 of
NH ethane emissions.

2. We evaluated the inventory developed for the Hemispheric Transport of Air Pollutants,
Phase Il (HTAP2), which is a composite of regional inventories harmonized to represent
2008 and 2010%%. Additional ethane emissions included in these simulations are biogenic
emissions from the MEGAN2.1**, and fire emissions from FINNv1.5%. Simulations with
CAM-chem indicated that the anthropogenic emissions needed to be doubled to match
the pre-2009 NMHC FTIR observations at JFJ. A summary of these adjusted emissions by
region and sources is given in Table S4 for 2007. Year 2009.5 NH ethane emissions are

estimated as 15 Tg yr'1 from the ‘Globe —all’ minus the SH emissions.
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2627 includes total emis-

3. The RCP85 database (Representative Concentration Pathway 8.5
sions of ethane of ~12.9 Tg yr, of which 0.53, 2.3 and 10 Tg yr'* are emitted from bio-
genic, biomass burning and anthropogenic sources, respectively. 9.9 Tg yr™* of the total

12.9 Tg yr' are emitted in the NH.

We used 9.9 Tg yr'l, which is the middle value of these three estimates for the ethane, NMHC,
and methane emission increase, and ozone sensitivity modeling, and 1/2 of the minimum (7 Tg

yr'') to maximum (15 Tg yr'') range as uncertainty interval (4 Tg yr').

Scaling of methane to ethane. The methane/ethane emission ratio was determined as the me-

dian of available data from analyses of both compounds in USA O&NG regions (Table S5). We
use 1/2 of the difference between the minimum and maximum value in the data as uncertainty
interval (5.6). The methane emission estimation uncertainty interval was calculated by error
propagation including uncertainties in the ethane growth rate, the ethane inventory emission,

and the methane/ethane ratio.

Scaling of total NMHC to ethane calculation. There are few publications that report speciated

NMHCs, and there are even fewer that include ethane, from O&NG source regions. Further-
more, some of the available literature studies suffer from measurements being influenced to
variable degree by other contributing sources. We compiled published speciated
NMHC/ethane emission ratios from O&NG development areas in Table S6. Ambient air meas-
urements were converted to relative mass emission ratios scaled to ethane. The contribution of
missing NMHC to the total NMHC emission > C, was estimated by adding up the relative frac-
tions of missing species reported in the *® study and pro-rating the contribution of the missing
species. There is a considerable amount of variability in these data, likely determined by the

different NMHC emission ratios in different shale regions.

Among these data sets results from the Uintah Basin are likely of a relatively high representa-
tiveness for several reasons: 1. Despite the Uintah Basin having a low population density at-
mospheric VOC have been found to be highly elevated, dominated by emission from O&NG op-
erations. In 2013 the basin had an estimated 4300 oil and 6900 gas producing wells, therefore
emissions reflect a combination of both types of wells. 2. This dataset is the average over two
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campaigns from two subsequent years. 3. Measurements represent an overall high number of
samples. 4. Data are from surface and tethered balloon measurements from January — Febru-
ary, when relatively shallow boundary layer conditions prevailed, which fostered accumulation

of nearby emissions.

The mean and median values for ZEnmuc >c2/Eethane from these studies were calculated as 2.47
and 1.85, respectively, with the Uintah Basin result being the medium value. For the reasons
detailed above, we chose a Uintah median value as ZExwmrc »c2/Eethane Scaling factor. The uncer-
tainty of 1.4 was determined as 0.5 times the range of minimum to maximum scaling factors
from individual studies. Uncertainty of the scaled total NMHC emission was calculated by error

propagation.

Ozone Modeling. EMAC (ECHAMS5/MESSy for atmospheric chemistry version 2.50*°) was used

to develop of first order of magnitude estimation of the impact of the emissions increase of
simple NMHC on ozone formation. While most likely the majority of the added ethane flux is
from the USA, other global regions may potentially have contributed to the flux increase. To
reflect this uncertainty we applied lower estimates for several of the applied variables: 1. We
did not consider an increase in methane emissions on ozone production. 2. We only considered
estimated associated emissions of C2-C5, excluding NMHC > C5, which constitute ~10% of the
total O&NG NMHC emission (Table M6), and on average have higher reactivity and ozone pro-
duction potential than the lighter NMHC. Furthermore, the scaling value applied here is below
the mean of available observations (Table S6). 3. The applied ethane NH inventory flux of 9.9
Tg yr'1 is a significantly lower value compared to the most recent estimate (15 Tg yr'l, as ex-
plained above and in *°). The model set-up was the same as in %/, with the only exception of an
augmented chemical scheme, which includes decomposition chemistry of simple hydrocarbons
(i.e. n/i-butane and n/i—pentane)31. The model simulations adopted emissions from the RCP85

database (Representative Concentration Pathway 8.5)**%’

. Two simulations were performed for
2009.5-2014.5: 1. with constant NMHC emissions, named CONST, and 2. with increasing NMHC,
named TREND. To disentangle the impact of increased NMHC emissions, all other tracer emis-

sions were kept constant. We applied a trend of 4.2% yr* for the NH emissions of ethane over
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five years based on the JFJ FTIR mid-troposphere column trend value. In the model NH emis-
sions of ethane are ~9.9 Tg yr, of which 0.17, 0.9 and 8.8 Tg yr™* are emitted from biogenic,
biomass burning and anthropogenic sources, respectively. Therefore, the ethane growth rate
accounts to an increase in ethane emission O&NG sources of ~0.41 Tg yr™*. Based on observed
ambient air relative ratios of NMHC in source regions, see Table S6, 0.30, 0.11, 0.08, 0.05 and
0.06 Tg yr™ increases were prescribed to propane, n-butane, i-butane, n-pentane and i-
pentane, every year for five years, so that after five years the total emission increase was five
times these listed emissions. Uncertainties in all scaling ratios propagate into the calculated
ozone changes. The emissions map was based on shale O&NG wells distribution, available at
http://frack.skytruth/org. Information used for generating this map is based on "voluntary dis-
closure reports submitted by oil and gas drilling operators" and relies on locations of more than
15,000 wells. We assumed that all wells emit the same amounts of NMHC, neglecting difference
in wells size. Finally, the distributed map of the wells was aggregated in a 0.5 x 0.5 degree regu-
lar map, and emissions were scaled based on the well number density in each grid cell. The re-
sulting emissions map, see Figure S1, identifies regions that have experienced recent growth of
O&NG development, with regions of large emission increases in the central and northeastern

USA.

Modeling results in Figure 4 show the differences in the ozone molar fraction between model
results from the simulation CONST and TREND. Please note that these results are based on con-
stant emissions of other precursors, including those of nitrogen oxides (NOy). Decreasing trends
of NO, over the USA and of VOC in urban areas have led to a general decrease of ozone in many
urban regions. Omission of these effects will cause a high bias of the ozone changes that were
calculated here. Consequently, these model results should be considered as preliminary results,
providing an indication of the direction of ozone effects from added O&NG emissions and taken
as motivation for more in depth modeling of the net effect resulting from these emission

changes.
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Figure 1. Histories of atmospheric ethane. (a) Reconstructed
4000 1950-2010 ethane history from firn air sampling at NEEM in
In-situ Ethane at HPB ’ Greenland with 2009.5 mean seasonally detrended atmospheric
3500 i values at five arctic sites for comparison”. (b) Ten years of NMHC
3000 i flask network data in South Iceland. Shown are individual flask
; - f data, identified outliers (small points), a smoothed fit and the
5 2500 . 4 B . &8 & & trend results after removal of harmonic components, and the
11
g 2000 linear regression fit, with a 46.2 pmol mol yr increase from
g . 2009.5 to 2014.5. (c, d) Ethane FTIR columns showing a trend
500 reversal and increasing rate of change after 2009 at
1000 Jungfraujoch, Switzerland, in contrast to Lauder, New Zealand.
(e) Monthly running median data from the daily in-situ record at
500
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maxima and minima show increases of 22-23 pmol mol yr .
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Figure 2 | Latitudinal distribution of ethane, propane, iso-butane, n-butane. These representations of surface mixing ratios were generated
using weekly data from 37-39 global background monitoring sites, altogether some 30,000 data points for each graph. Please note that these
plots are a representation of latitudinal averages of atmospheric mixing ratios; therefore, they do not capture differences between continents
at the same latitude. Procedures for data filtering and processing are discussed in the Methods Section.
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Figure 3 | Ethane and propane trends at global monitoring sites. Ethane increases are given by the

color scale with marker size corresponding to the R2 of the fit multiplied by the fraction of available
site data. Overlapping flask and in-situ results are shown in black boxes for Summit and
Hohenpeissenberg. (a) For ethane, increasing ethane is observed throughout the NH, with the
strongest signal in North America, the North Atlantic, and neighboring continents. There is no, or
only little change in ethane at SH sites. (b) Propane shows a more pronounced region of increasing

mole fractions in the eastern USA and at nearby downwind sites. Again, these changes are not seen
at the SH sites.




