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Abstract Nonmethane hydrocarbons have been used as tracers in research on emissions and atmospheric
oxidation chemistry. This research investigates source region mixing ratio trends of the nonmethane
hydrocarbons i-butane, n-butane, i-pentane, and n-pentane, and the (i/n) isomeric ratios of these compounds
between 2001 and 2015. Data collected at Photochemical Assessment Monitoring Stations, mandated by the
U.S. Environmental Protection Agency in ozone nonattainment areas, and data collected at Global
Greenhouse Gas Reference Network sites within the National Oceanic and Atmospheric Administration
network, and analyzed at the Institute of Arctic and Alpine Research at the University of Colorado-Boulder,
were examined. Among all considered species, linear regression analyses on concentration time series had
negative slopes at 81% of sites, indicating predominantly declining butane and pentane atmospheric
concentrations. Mostly negative slopes (78% of sites) were found for the (i/n) butane and pentane isomeric
ratios, including all six and seven statistically significant (i/n) butane and pentane trends, respectively. Over
the ~15 year investigation period and averaged over all sites, total relative changes were ~30 and 45%
for the (i/n) ratios of butanes and pentanes, respectively, with a relative increase in the prominence of the
n-isomers. Most likely causes include changing isomeric ratios in gasoline sector emissions, and increasing
influence of oil and natural gas industry emissions. Changes in concentrations and isomeric ratios depend on
proximity of contributing emission sources to measurement sites.

1. Introduction

Atmospheric hydrocarbons, excluding methane, are commonly referred to as nonmethane hydrocarbons
(NMHCs). NMHCs play a significant role in atmospheric oxidation chemistry. This work investigates atmo-
spheric mixing ratios and (i/n) isomeric ratios of the NMHCs butane and pentane.

1.1. NMHC Sources

NMHCs have numerous anthropogenic and biogenic sources. Anthropogenic sources are responsible for
~100 Tg NMHC carbon (C) emissions yr�1 (World Meteorological Organization, 1995). At 40–45%, alkanes con-
stitute the largest fraction of atmospheric anthropogenic volatile organic compounds (VOCs) in urban envir-
onments (Fujita et al., 1992). Despite contributing less than 10% to total global VOC emissions, anthropogenic
sources generally dominate air quality in urban areas. The majority of urban alkane emissions are from trans-
portation sector emissions, that is, gasoline and diesel distribution and mobile sources. Atmospheric NMHCs
increased from the early 1900s until regulations, such as the Clean Air Act of 1963 and its amendments in
1970, mandated emission reductions from automobiles, oil, and natural gas (O&NG) production, and industrial
processes, and led to decreasing trends in urban NMHC mixing ratios (Von Schneidemesser et al., 2010;
Warneke et al., 2012). Declining NMHC trends have also been found in records from background monitoring
sites and firn air (Aydin et al., 2011; Helmig et al., 2014; Worton et al., 2012). At the peak of atmospheric mixing
ratios in the 1970s, automobile emissions were responsible for 75–93% of the NMHC composition in urban air
in Los Angeles (LAX) (Mayrsohn & Crabtree, 1976). The i-butane and n-butane isomers are emitted from a
variety of sources, such as biomass burning, petroleum production and use, and natural gas emissions. The
i-pentane and n-pentane isomers have similar sources, but have a relatively larger contribution from liquid
fuels (Singh & Zimmerman, 1992). In an urban study, i-butane, i-pentane, and n-pentane were each shown
to correlate well with n-butane, suggesting that they have similar sources in urban environments (Goldan
et al., 1995). In the same study, these alkanes had a weaker correlation with aromatic VOC. Aromatics are
predominately a result of vehicle tailpipe emissions; this suggests other significant urban sources of these
NMHC alkanes. Later studies showed that butane and pentane isomers were present in petroleum refinery
emissions, vehicle running and tailpipe emissions, and gasoline vapor (Pierson et al., 1999; Scheff et al., 1996).
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1.2. NMHC Sinks

NMHCs significantly influence tropospheric chemistry, especially the hydroxyl radical, (OH), and ozone (O3)
(Isaksen et al., 1985; Kasting & Singh, 1986; Liu et al., 1987; Trainer et al., 1987). Oxidation by OH is the
predominant sink of atmospheric alkanes (Atkinson, 1997). The rate of removal by OH depends on the
OH production rate, and as such on atmospheric O3 and water vapor and the solar flux, and consequently
exhibits diurnal and seasonal cycles (Jobson, Niki, et al., 1994; Rudolph & Ehhalt, 1981). NMHCs are also oxi-
dized by nitrate (NO3) and halogen radicals, albeit to a smaller extent (Atkinson, 2000; Penkett et al., 1993).
NMHCs are not appreciably photolyzed by wavelengths present in the troposphere. Light alkanes do not
react appreciably with O3, but contribute to tropospheric O3 production during their atmospheric oxidation
(Atkinson & Arey, 2003; Atkinson & Carter, 1984). Neither wet nor dry depositions are significant sinks of
light alkanes.

1.3. Use of NMHCs in Atmospheric Research

Atmospheric chemistry research has extensively employed NMHCs. Ratios of NMHC pairs are usually less
variable and more consistent than absolute concentrations (Pollmann et al., 2016). They have been used to
test the accuracy of tropospheric NMHC measurements, with deviations from expected relationships
between compounds indicating sampling and instrument problems (Parrish et al., 1998). NMHC ratios have
been used as tracers in emission source and atmospheric oxidation studies. Emission sources have been stu-
died by examining relative compositions of NMHCs (Mayrsohn & Crabtree, 1976). Ratios of NMHCs have been
used to estimate rural and urban OH concentrations [OH] (Blake et al., 1993; Calvert, 1976; Roberts et al., 1984).
The ratios of acetylene and benzene to NMHC and pentane isomers can be indicators of biomass burning,
even after many days of transport (Andreae & Merlet, 2001; de Gouw et al., 2004; Helmig et al., 2008).
Lewis et al. (2013) used NMHC to carbon monoxide (CO) ratios to identify biomass burning emissions.
Biomass burning, in general, is a larger fractional contributor to atmospheric NMHCs in the southern hemi-
sphere atmosphere, where the largest emission sources are extratropical forest fires and biofuel burning
(Andreae & Merlet, 2001; Borner & Wunder, 2012). In many places, biomass burning is the largest contributor
to benzene, toluene, ethene, and propene concentrations. Further, n-butane and n-pentane correlate well
with both biomass burning and anthropogenic emissions. Emission factors for NMHCs vary considerably
depending on the fuel source and fire type (flaming, smoldering, etc.) (Andreae & Merlet, 2001; Borner &
Wunder, 2012).

Halogen chemistry can influence isomeric hydrocarbon ratios, specifically (i/n) isomer ratios (Gilman et al.,
2013; Hornbrook et al., 2016; Jobson, Niki, et al., 1994). While the i- and n-isomers have similar rate constants
for oxidation by OH, increased (i/n) ratios can indicate chlorine radical chemistry because the n-isomers of
butane and pentane react faster with chlorine than the i-isomers (Swarthout et al., 2013). NMHC ratios, such
as the isomeric butane ratio, were used to infer chlorine radical concentrations during the eruption of the
Icelandic volcano Eyjafjallajokull (Baker et al., 2011). Gilman et al. (2013) also examined propane/i-butane
ratios. These compounds have similar chlorine rate coefficients, but i-butane has a faster OH rate coefficient
than propane. An increase in this ratio indicated an increasing influence of oxidation by OH. Branched
alkanes (i-isomers) have faster rate constants for reaction with NO3 than nonbranched alkanes. Rate con-
stants for reaction with NO3 are 4–5 orders of magnitude lower than with OH. Nonetheless, NO3 mixing ratios
can be high enough to be competitive with OH chemistry, particularly in the winter season at higher latitudes
(Atkinson et al., 1986; Penkett et al., 1993; Platt et al., 1980; Wayne et al., 1991).

The dispersion and mixing of emissions from distinct sources are relatively fast compared to butane and
pentane photochemical lifetimes, which are on the order of days. Isomeric ratios of these compounds are
assumed to be representative of the air mass sampled. Since the OH reaction rate constants of the butane
isomers are within 10% (Atkinson & Arey, 2003), relatively consistent (i/n) isomeric ratios are observed dur-
ing transport dominated by OH oxidation chemistry from source to downwind regions. Mayrsohn and
Crabtree (1976) found an (i/n) butane isomeric ratio of ~0.5 with σ = 18% despite measuring at four sites
with unique conditions in the LAX area. The collection of sites presented by Parrish et al. (1998) showed
(i/n) butane isomeric ratios varying from 0.37 to 0.57. Ratios in this range were found in other studies as
well, in both proximity of source regions (Goldstein et al., 1995; Jobson, Wu, et al., 1994) and far down-
wind (Helmig et al., 2008). Further, there are no notable systematic seasonal changes in the (i/n) butane
isomeric ratio (Helmig et al., 2008).
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A wider range of values is generally observed for the (i/n) pentane ratio
compared to the butane isomeric ratio. Use of the (i/n) pentane
isomeric ratio as an emission tracer was recently demonstrated by
Gilman et al. (2013). A ratio of 0.86 indicated O&NG activity, while a
ratio of ~2.5 characterized urban emissions. Jobson et al. (2004) found
(i/n) pentane ratios of ~3.3 in HOU at sites influenced by vehicular and
industrial emissions. Building on this, Thompson et al. (2014) observed
the (i/n) pentane isomeric ratio in ambient air to determine if increased
VOC loading was related to vehicle tailpipe emissions or O&NG
development. Helmig et al. (2008) argued that the drop in the (i/n)
pentane isomeric ratio during summer transport events to the Azores,
Portugal, was caused by occurrences of biomass burning transport.

Nonisomeric NHMC ratios, such as ln([propane/ethane]) and ln([n-
butane/ethane]), have been used to study photochemical processing
during transport; these ratios have been labeled as “photochemical
clocks.” Parrish et al. (1992) found that light alkane ratios differed
when air masses had different trajectories, and that photochemical
aging was consistent with a given trajectory. McKeen and Liu (1993)
showed that photochemical aging and transport determine hydrocar-
bon ratios. Honrath et al. (2008) used these ratios to estimate the age
of air parcels transported across the mid-North Atlantic. This work
found that it is possible to determine the age of an air parcel making
assumptions about source region hydrocarbon emission ratios and
mean [OH]. The ln([propane/ethane]) ratio has also been used to
investigate O3 production as a function of transport and the seasonal
photochemical processing (Helmig et al., 2008, 2015; Honrath
et al., 2008).

In summary, a myriad of atmospheric research has focused on light
NMHCs and their ratios. Much of this research relies on the assump-
tion of temporarily and regionally consistent NMHC ratios in source
regions. This condition is preemptive to identify sampling inconsisten-
cies, studies on the aging of an air mass, and emission sources as
discussed above. Changes in technologies, fuel types, and relative
contributions from different emission sources question if and how
these isomers and ratios have changed over time. This is evaluated
here, utilizing ambient NMHC source region observations from 10
urban monitoring sites in the United States. We also considered data
from six mostly background sites for contrasting with the urban data.
To our knowledge, the analyses and results presented here are the
most comprehensive investigation of isomeric ratios of butanes and
pentanes in the continental United States to date.

2. Methods

Considered data are from the U.S. Environmental Protection Agency
(EPA) Photochemical Assessment Monitoring Station (PAMS) network
and the U.S. National Oceanic and Atmospheric Administration

(NOAA) Global Greenhouse Gas Reference Network (GGGRN). Figure 1a shows the site locations; site
coordinates are summarized in Table 1.

2.1. PAMS Data

The main objective of PAMS is to maintain an air quality database to evaluate progress toward meeting the
O3 National Ambient Air Quality Standard. PAMS were established in urban areas that were in O3

Figure 1. (a) Site locations and their proximity to shale plays. Shale plays are
shown in purple; monitoring sites are indicated as black dots. Table 1 lists full
site names with the three letter codes used in the map and site coordinates.
(b) The (i/n) butane isomeric ratio trends. (c) The (i/n) pentane isomeric ratio
trends. The solid arrows indicate statistically significant trends; the dotted arrows
indicate the rate of change, without this change being a statistically significant
trend. Rates of change are in units of yr�1. Photochemical Assessment
Monitoring Stations (PAMS) data are in red. Global Greenhouse Gas Reference
Network (GGGRN) data are in blue.
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nonattainment in 1997. Sites are classified by their position relative to the urban area and typical morning
wind direction. For example, some locations are background sites upwind of the urban area (type 1);
others are maximum O3 concentration sites (type 3), which are about 10 to 30 miles downwind of the
urban area. In total, there are 78 PAMS sites. All data in this paper are from type 2 sites, which are
maximum O3 precursor sites. These sites are directly downwind of the urban area’s central business
district. We chose those sites because we sought the most representative source region data while
minimizing the degree of oxidation of these compounds. Data from 10 PAMS sites (Table 1) were used.
Sampling occurred between 2000 and 2015, although temporal data coverage varied by site. According to
the PAMS protocol, 24 hr integrated samples were collected every sixth day. Samples were collected in
canisters and analyzed by gas chromatography with flame ionization detection using a DB-1 column (EPA,
1998) at a series of contracted laboratories. Two calibration standards were used, a propane and benzene
mixture as a primary calibration standard, and a standard composed of all target VOC at varying
concentrations as a retention time standard. While the same type of sampler is used across the PAMS
network, and instruments are calibrated with the same type of standard, site audits have shown that sites
averaged an 11.3% deviation error for a variety of compounds against a reference standard analysis
(EPA, 1997).

PAMS data were downloaded from the PAMS database (AirNow-DART, https://www.airnowtech.org/dart/
dartstatus.cfm, downloaded January 2016) and underwent a filtering routine. First, the median and standard
deviation of the data sets were determined for the whole record. Data points three standard deviations above
or below themedian valuewere excluded. Next, data were run through a Hampel filter (Davies & Gather, 1993;
Pearson et al., 2015). This filter considers a data point and the three points before and after the central point. If
the central data point was three standard deviations away from the median of the seven points, it was
replaced with the median value. This procedure removed extreme values and improved the data for the pur-
pose of trend analyses because averaged data are considered instead of events. Finally, data were subjected
to a running monthly median. An example of a data set before and after applying the filtering routines is
shown in Figure S1. Figure S2 shows time series data for all sites after the filtering routine had
been performed.

2.2. NOAA/Institute of Arctic and Alpine Research Data

GGGRN Flask data were downloaded from the NOAA Earth System Research Laboratories/Global Monitoring
Division database (March 2016) (ftp://aftp.cmdl.noaa.gov/data/trace_gases/voc/). These data are also publicly

Table 1
Site Names, State, Three-Letter Code, Network, Location, Median Isomeric Ratio Over the Full Record and Trend Analysis Results for the (i/n) Butane and (i/n) Pentane
Isomeric Ratios

Coordinates (i/n) Butane (i/n) Pentane

Network Lat. Long. Median
Slope
(yr�1)

Slope
(% yr�1) P-value Median

Slope
(yr�1)

Slope
(% yr�1) P-value

Atlanta, GA (SDK) PAMS 33.8 �84.4 0.68 �0.003 �0.43 0.037 1.9 �0.043 �2.2 0.004
Atlanta, GA (TKR) PAMS 33.8 �84.4 0.35 �0.006 �1.7 0.45 2.2 �0.060 �2.7 0.26
Baltimore, MD (BAL) PAMS 39.3 �76.6 0.48 �0.009 �1.9 0.021 1.6 �0.050 �3.1 0.003
Boston, MA (BOS) PAMS 42.4 �71.1 0.57 �0.012 �2.2 0.000 1.9 �0.055 �2.9 0.000
El Paso, TX (ELP) PAMS 31.8 �106.4 0.43 0.005 1.1 0.39 2.1 0.042 2.0 0.54
Gary, IN (GAR) PAMS 41.6 �87.3 0.42 �0.003 �0.59 0.38 1.7 �0.058 �3.3 0.000
Houston, TX (HOU) PAMS 29.8 �95.4 0.67 �0.058 �8.7 0.027 2.7 0.12 4.5 0.22
Los Angeles, CA (LAX) PAMS 34.1 �118.3 0.56 �0.056 �10 1.0 2.5 0.55 22 0.46
Philadelphia, PA (PHI) PAMS 40.0 �75.2 0.57 �0.021 �3.7 0.000 2.5 �0.17 �6.7 0.009
Springfield, MA (SPR) PAMS 42.1 �72.5 0.60 �0.006 �0.99 0.13 1.8 �0.069 �3.9 0.001
Argyle, ME (AMT) GGGRN 45.0 �68.7 0.57 0.007 1.2 1.0 1.6 �0.076 �4.7 1.0
Key Biscayne, FL (KEY) GGGRN 25.7 �80.2 0.50 �0.006 �1.1 0.55 1.3 0.10 7.7 0.23
Park Falls, WI (LEF) GGGRN 45.9 �90.3 0.45 �0.006 �1.2 0.005 1.3 �0.024 �1.9 0.28
So. Grt. Plns., OK (SGP) GGGRN 36.6 �97.5 0.40 �0.003 �0.70 0.12 0.98 �0.015 �1.5 0.002
Trinidad Head, CA (THD) GGGRN 41.1 �124.2 0.56 �0.002 �0.35 0.24 1.5 �0.048 �3.3 0.19
Wendover, UT (UTA) GGGRN 39.9 �113.7 0.54 �0.002 �0.34 0.53 1.4 �0.050 �3.7 0.27

Note. Statistically significant results are indicated by bold-italic font.
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available from the World Data Center for Greenhouse Gases (http://ds.data.jma.go.jp/gmd/wdcgg/). There
are 46 sites worldwide; data from the six sites in the continental United States were considered here. These
samples were collected approximately weekly. NMHC measurements are made by the Atmospheric
Research Laboratory at the Institute of Arctic and Alpine Research at the University of Colorado, Boulder,
USA, by preconcentrating NMHC onto a microadsorbent trap, followed by thermal desorption and gas chro-
matography with flame ionization detection (Pollmann et al., 2008). A reference gas calibrated against grav-
imetrically prepared NMHC standards and containing all butane and pentane isomers was used to calibrate
the system weekly. All GGGRN samples have been analyzed on the same instrument, in the same laboratory,
and following the same analytical protocol since the beginning of the program (Pollmann et al., 2008), which is
advantageous for achieving good comparability between sites. Two audits conducted by the World
Calibration Centre for VOC (http://www.imk-ifu.kit.edu/wcc-voc/) yielded analysis result deviations of <5%
for butane and pentane isomers against a series of reference standards. The GGGRN data were first filtered
using a NOAA filtering routine (Thoning et al., 1989), and then by the same filtering routine applied to the
PAMS data (Figure S1). Filtered data for all sites are available in Figure S2.

2.3. Data Analyses

Isomeric ratio data were determined by dividing the i-isomer mixing ratio value by the n-isomer value in a
given sample. Samples without a matching measurement result for the other isomer were excluded.
Filtering removed outliers and reduced the range of data. This yielded a more reliable representation of
the behavior of the whole data set. Once filtered, a variety of analyses were conducted:

Seasonal Cycles - Data at each site were sorted by collection month. A box-whisker plot was constructed
for each month’s data to investigate the average seasonal cycle. In all box plots, the center red line is
the median of the data considered for the box, the top of the box indicates the data’s upper 75th

percentile, the bottom of the box the lower 25th percentile, and whiskers correspond to ± 2.7 times
the standard deviation of the data.. Relative seasonal amplitudes were calculated by subtracting the
lowest monthly median from the highest monthly median and dividing by each site’s overall median
mixing ratio.

Multi-Year Changes - The box-whisker plots for each year of data were plotted against the observation year.
Relative yearly ranges were determined by calculating the median mixing ratio for each calendar year, and
subtracting the lowest annual median from the highest annual median, and then dividing by the site’s
overall median across all years of available data. This quantifies the variability observed over each site’s
available data.

2.4. Trend Analyses

Statistical trend analyses were conducted by calculating the median for each calendar year at each site and
subjecting the time series of medians to a Mann-Kendall test (Hirsch et al., 1991; Kendall, 1975; Mann, 1945)
to determine the presence of a trend over the entirety of the record. Trends were tested at the 95%
confidence level. Trend values were calculated using a Theil-Sen robust linear regression (Sen, 1968;
Theil, 1950). The Theil-Sen method is a nonparametric technique for quantifying a linear trend because it
is resistant to outliers. Relative trends for each site were found by dividing the Theil-Sen slope result by
each site’s overall median mixing ratio. A p-value less than 0.05 indicates a statistically significant trend
at 95% confidence. Some of the sites, that is, LAX, Argyle, and Key Biscayne (KEY), had less than a 10 year
record. These shorter records yield a reduced statistical power (Hatch, 2003), which could result in an
acceptance of the null hypothesis despite the absence of a trend. For more discussion on statistical power,
please refer to Text STx1.

3. Results

Time series plots for all four isomers at all sites are available in Figures S2a–S2o. The tables below summarize
the mean mole fraction and trend analysis results. Table 1 lists p-values, trend slopes, slope percentiles, and
trend significance results for each of the (i/n) butane and pentane isomer ratios. Table 2 shows these results
for each of the individual butane and pentane isomers. Tables 3 and 4 show relative seasonal amplitudes and
relative yearly ranges of mixing ratios for each isomer and ratio.
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3.1. Absolute Mole Fractions

We chose Trinidad Head (THD) as a reference to compare and contrast with the urban PAMS data. THD is
located on the Northern California Pacific coast, largely free from nearby anthropogenic influence. With pre-
vailing winds coming from the Pacific Ocean, most air sampled at THD reflects the marine Pacific background
atmosphere. The upper panel of Figure 2 shows seasonal cycles and isomeric ratios at THD. For comparison,
seasonal cycles for the same compounds and isomer ratios for the inner city PAMS Atlanta-SDK (SDK) site are
shown in the lower panel. Please note the different mole fraction scales (y-axis) of the two sets of plots,
indicating the on average ~100 times higher butane and pentane mole fractions in the Atlanta urban
atmosphere compared to THD. Of the considered PAMS sites, SDK falls into about the middle range of
observed butane and pentane mixing ratios (Table 2), making it a representative example for illustrating
the influence of urban anthropogenic emissions. The corresponding plots for all other sites are presented
in Figures S3a–S3p.

Mixing ratios of individual isomers at PAMS sites were highest for i-pentane, followed by n-butane,
n-pentane, and i-butane. At GGGRN sites, mixing ratios were highest for n-butane followed by i-butane,
i-pentane, and n-pentane. This was determined by finding the median of all sites’ mixing ratios for each iso-
mer. Median mixing ratios at PAMS sites were 2–3 orders of magnitude larger than GGGRN sites, with the
exception of SGP, which had mixing ratios ~10 times higher than other GGGRN sites for all isomers. The high-
est mixing ratios for all isomers were observed at the HOU site, ranging from 6.13 to 16.8 nmol mol�1. The
lowest mixing ratios for three of the four isomers were observed at KEY, and ranged from 0.030 to
0.061 nmol mol�1. THD displayed lowest mixing ratios for n-pentane (0.022 nmol mol�1). Median mixing
ratios for all isomers at all sites are available in Table 2.

Butane (i/n) ratio values ranged from 0.352 at Atlanta-TKR (TKR) to 0.677 at SDK. Pentane (i/n) ratio values
ranged from 0.980 at SGP to 2.70 at HOU. Butane ratios were similar at PAMS and GGGRN sites, but pentane
ratios were, on average, higher at PAMS sites than at GGGRN sites. Median butane and pentane isomeric
ratios observed at all sites are available in Table 1.

3.2. Yearly Ranges

The year-to-year differences in median mixing ratios, here termed “yearly ranges,” were studied to determine
the interannual variability. Yearly ranges can identify changes in emission profiles that do not necessarily result
in a consistent trend from year to year. Yearly range data for butanes and pentanes for selected sites are sum-
marized in Tables 3 and 4, and yearly range plots in Figures S4a–S4p, respectively. The largest yearly ranges for

Table 2
i-Butane, n-Butane, i-Pentane, and n-Pentane Median Mixing Ratios, Trend Slopes, and P-Values

i-Butane n-Butane

Median
(nmol mol�1)

Slope
(nmol mol�1

yr�1)
Slope

(% yr�1) P-value
Median

(nmol mol�1)

Slope
(nmol mol�1

yr�1)
Slope

(% yr�1) P-value

Atlanta (SDK) 2.75 �0.150 �5.45 0.000 4.00 �0.200 �5.00 0.001
Atlanta (TKR) 1.90 �0.070 �3.68 0.573 5.40 �0.320 �5.93 0.060
Baltimore 1.80 �0.086 �4.76 0.004 3.61 �0.113 �3.14 0.080
Boston 1.15 �0.050 �4.35 0.049 1.80 �0.054 �2.98 0.063
El Paso 3.56 �0.197 �5.52 0.174 6.72 �0.128 �1.90 0.266
Gary 1.40 �0.040 �2.86 0.208 3.34 �0.049 �1.47 0.208
Houston 11.7 �1.80 �15.4 0.027 16.8 �2.26 �13.5 0.220
Los Angeles 2.99 �0.025 �0.84 1.000 4.72 0.085 1.80 0.806
Philadelphia 3.80 �0.349 �9.20 0.002 5.93 �0.426 �7.18 0.009
Springfield 1.20 �0.026 �2.20 0.217 1.85 �0.015 �0.84 0.337
Argyle 0.083 �0.012 �14.0 1.000 0.139 �0.016 �11.6 1.000
Key Biscayne 0.033 �0.002 �5.38 0.230 0.061 �0.000 �0.70 0.548
Park Falls 0.078 �0.004 �5.52 0.029 0.168 �0.007 �3.86 0.161
So. Grt. Plains 0.407 0.032 7.75 0.005 1.02 0.095 9.39 0.000
Trinidad Head 0.044 0.001 2.22 0.304 0.070 0.003 4.33 0.086
Wendover 0.041 �0.002 �5.90 0.062 0.069 �0.003 �4.61 0.029

Note. Statistically significant results are indicated by bold-italic font.
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i-butane, n-butane, and n-pentane were observed at SGP; the largest i-pentane yearly range was at Gary (GAR).
TKR exhibited the smallest yearly ranges for the butane isomers. The smallest yearly ranges for i-pentane and
n-pentane were observed at KEY and Argyle, respectively.

Butane and pentane (i/n) isomeric ratio yearly ranges were generally smaller than for individual isomers. The
lowest butane ratio yearly ranges were observed at SDK and SGP; the largest was in HOU. The lowest pentane
ratio yearly range was observed at TKR, and the largest value was in LAX. Yearly ranges of these ratios for all
sites are in Tables 3 and 4.

3.3. Seasonal Amplitudes

Seasonal amplitude data from THD, as seen in the upper panel of Figure 2, show a good example of how the
butane and pentane isomers behave in the background atmosphere. Note that mixing ratios are less variable
within a given month at THD than at SDK, and 1 to 2 orders of magnitude lower. Seasonal amplitude plots for
butanes and pentanes at all other sites are available in Figures S3a–S3p. Seasonal cycles for the individual iso-
mers at the PAMS SDK site are not as pronounced as at THD (Figure 2). The smaller relative seasonal ampli-
tudes at SDK show the stronger influence of local emissions. A comparison of the relative amplitudes of
the seasonal cycle as a function of median mixing ratios and the relative seasonal cycle of isomeric ratios
as a function of the median isomeric ratio, illustrated in Figure 3, shows that relative seasonal amplitudes
are lower, and median mixing ratios are higher for the individual isomers at PAMS sites in comparison to
GGGRN sites, but there are no clear trends within the site types. These results show that near the sources
(PAMS sites), ambient levels are more dependent on emissions than on photochemical processing (GGGRN
sites). All seasonal amplitudes were positive for i-butane and n-butane, indicating that mixing ratios were
always higher in winter than summer. Negative seasonal amplitudes were observed at three and four sites
for i-pentane and n-pentane; all of these sites were PAMS sites. The most negative amplitudes for both iso-
mers were observed in Boston (BOS). The largest seasonal amplitudes were observed at THD for three of
the four isomers; the largest seasonal amplitude for i-butane was at KEY. The smallest seasonal amplitudes
for i-butane and n-butane were in HOU. Seasonal amplitudes for all isomers at all sites are in Tables 3 and 4.

All (i/n) butane ratio seasonal amplitudes at PAMS sites were negative. Seven of 10 (i/n) pentane ratio seaso-
nal amplitudes at PAMS sites were negative. Half of the amplitudes of both butane and pentane isomer ratios
were negative at GGGRN sites. Seasonal amplitudes of the butane ratio ranged from �0.41 at HOU to 0.32 at
Park Falls (LEF). Seasonal amplitudes of the pentane ratio ranged from �0.29 at BOS and THD to 0.78 at
Philadelphia (PHI). All butane and pentane ratio seasonal amplitudes are available in Tables 3 and 4.

Table 2 (continued)

i-Pentane n-Pentane

Median
(nmol mol�1)

Slope
(nmol mol�1

yr�1)
Slope

(% yr�1) P-value
Median

(nmol mol�1)

Slope
(nmol mol�1

yr�1)
Slope

(% yr�1) P-value

Atlanta (SDK) 4.35 �0.239 �5.49 0.003 2.40 �0.150 �6.25 0.002
Atlanta (TKR) 6.70 0.000 0.00 1.000 2.90 0.100 3.45 0.452
Baltimore 4.52 �0.251 �5.55 0.006 2.54 �0.030 �1.18 0.250
Boston 2.00 �0.167 �8.33 0.002 1.05 �0.029 �2.80 0.001
El Paso 8.45 �0.946 �11.2 0.009 3.90 �0.431 �11.1 0.026
Gary 2.73 �0.167 �6.12 0.012 1.50 �0.038 �2.56 0.125
Houston 16.4 1.6 9.76 0.806 6.13 �0.625 �10.2 0.462
Los Angeles 9.51 2.22 23.4 0.296 3.53 �0.080 �2.27 1.000
Philadelphia 10.8 �1.03 �9.55 0.014 3.90 �0.142 �3.63 0.019
Springfield 2.10 �0.092 �4.39 0.034 1.10 0.000 0.00 1.000
Argyle 0.102 �0.025 �24.3 1.000 0.064 �0.006 �9.92 1.000
Key Biscayne 0.030 �0.001 �2.20 0.368 0.024 �0.002 �9.07 0.133
Park Falls 0.078 �0.003 �4.30 0.005 0.056 �0.002 �2.69 0.161
So. Grt. Plns. 0.345 0.019 5.54 0.086 0.325 0.028 8.49 0.000
Trinidad Head 0.035 �0.002 �3.38 0.304 0.022 �0.000 �1.52 0.537
Wendover 0.037 �0.004 �11.5 0.003 0.027 �0.002 �6.00 0.029
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3.4. Changes Over Time in Absolute Levels and Isomeric Ratios

Theil-Sen linear regression of annual median data was used to investigate changes over time in absolute
values and isomeric ratios, with regression slope values used as indicators of the rate of change. These ana-
lyses yielded some similarities between sites, although no two sites were identical with respect to statistically
significant trends. Tables 1 and 2 summarize results for all sites and compounds; italicized results indicate sta-
tistically significant trends. Table STb1 shows the confidence intervals for the trend slopes shown in Tables 1
and 2. Figures 4a and 4b display results graphically for sites with statistically significant (i/n) alkane isomeric
ratio trends along with THD. Results for other sites are shown in Figures S4a–S4p. Figure 5 presents a sum-
mary of slope results for all isomers and (i/n) isomeric ratios at all sites, with squares representing statistically
significant trend slopes.

Mixing ratios of the butane and pentane isomers have been decreasing at most of the sites, that is, 81% con-
sidered in this study. The magnitude of these changes varies widely across the United States, i.e., �15 to
7.8% year�1 for i-butane, �14 to 9.4% year�1 for n-butane, �24 to 23% year�1 for i-pentane, and �11 to

Table 3
Relative Seasonal Amplitudes and Relative Yearly Ranges of Butane Isomers and (i/n) Butane Isomeric Ratio at All Sites

i-Butane n-Butane Butane isomeric ratio

Site Seasonal amp. Yearly range Seasonal amp. Yearly range Seasonal amp. Yearly range

Atlanta (SDK) 0.89 0.87 1.00 0.75 �0.11 0.10
Atlanta (TKR) 0.74 0.32 0.94 0.37 �0.24 0.19
Baltimore 0.74 0.79 1.11 0.68 �0.27 0.45
Boston 0.70 0.93 0.97 0.74 �0.16 0.34
El Paso 1.06 2.45 1.29 0.89 �0.26 0.37
Gary 0.80 1.36 1.08 1.71 �0.31 0.47
Houston 0.12 0.98 0.60 1.35 �0.41 1.11
Los Angeles 0.70 0.61 1.41 0.48 �0.33 0.48
Philadelphia 0.91 1.32 0.99 1.10 �0.24 0.74
Springfield 1.08 1.54 1.27 0.89 �0.15 0.42
Argyle 1.87 0.46 1.98 1.62 �0.08 0.28
Key Biscayne 1.24 0.63 1.32 0.63 �0.26 0.53
Park Falls 2.10 0.69 1.70 0.62 0.32 0.14
So. Grt. Plains 0.85 2.46 0.89 2.38 0.06 0.10
Trinidad Head 2.04 1.28 2.33 1.38 �0.13 0.22
Wendover 1.42 1.12 1.68 1.50 0.10 0.32

Table 4
Relative Seasonal Amplitudes and Relative Yearly Ranges of Pentane Isomers and (i/n) Pentane Isomeric Ratio at All Sites

i-Pentane n-Pentane Pentane isomeric ratio

Site Seasonal amp. Yearly range Seasonal amp. Yearly range Seasonal amp. Yearly range

Atlanta (SDK) 0.43 0.90 �0.08 1.04 0.51 0.44
Atlanta (TKR) �0.05 0.57 0.00 0.67 �0.10 0.15
Baltimore 0.09 1.37 0.19 0.47 �0.17 0.59
Boston �0.38 1.51 �0.10 1.10 �0.29 0.42
El Paso 0.40 0.94 0.65 1.53 �0.20 0.38
Gary 0.17 2.13 0.47 1.80 �0.19 0.55
Houston �0.14 0.71 �0.01 1.14 �0.13 0.48
Los Angeles 0.89 1.50 0.32 0.62 0.15 2.04
Philadelphia 0.66 1.58 �0.02 1.32 0.78 1.20
Springfield 0.14 1.02 0.45 0.86 �0.19 0.44
Argyle 0.96 0.49 0.85 0.43 �0.17 0.29
Key Biscayne 0.60 0.40 0.70 1.13 0.12 1.02
Park Falls 1.23 0.69 1.28 0.62 �0.23 0.42
So. Grt. Plains 0.93 1.63 0.73 1.99 0.04 0.29
Trinidad Head 1.47 0.78 1.63 0.82 �0.29 0.61
Wendover 0.83 1.56 0.69 1.02 0.11 0.65
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8.5% year�1 for n-pentane. Similarly, large ranges were observed in changes of the (i/n) butane and pentane
isomeric ratio (�10 to 1.2% yr�1, and�6.7 to 22% yr�1, respectively). SGP was the only site where statistically
significant positive trends were observed (for i-butane, n-butane, n-pentane). The most negative, statistically
significant trends were observed at PHI for all isomers, except for n-pentane; El Paso’s n-pentane rate of
change was the most negative. The only PAMS site with positive rates of change for any isomer was LAX, with
positive slopes for n-butane and i-pentane, which is not consistent with Warneke et al. (2012). However, the

(a)

(b)

Figure 2. Statistical analysis results of monthly butane and pentane isomers and (i/n) isomeric ratio data at THD (a) and
Atlanta-SDK (b). Note that different scales and units are used for the y axis in both the top and bottom panels.
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slopes for LAX were far from statistically significant (p-value = 0.806 and 0.296, for n-butane and i-pentane)
and are positive as a result of higher medians observed in 2014 and 2015; these years were not included
in the Warneke et al. (2012) analyses. Further, the LAX PAMS record included only five years of data, giving
the 2014 and 2015 data a high influence over the slope result.

All statistically significant trends for the isomer ratios were negative. Six sites had statistically significant nega-
tive trends for the (i/n) butane isomeric ratio. Four of these are East Coast cities (Atlanta, Baltimore (BAL), BOS,
and PHI). The most negative was at HOU. The pentane isomeric ratio had statistically significant negative
trends at seven sites (Figure 4b), with six of these sites located east of the Mississippi River (SDK, BAL, BOS,
GAR, PHI, and Springfield [SPR]).

4. Discussion
4.1. Changes in Isomer Absolute Mole Fractions

Results for individual compounds and sites vary rather widely. It is likely that a fraction of the observed spread
and variability in results from different sites, in particular from the PAMS network, may arise from a relatively
lower measurement precision (larger measurement uncertainty), as different instruments and laboratories
were used for the measurements (see section 2). A common feature in the data are the mostly declining
atmospheric mole fractions across sites within both networks. Average (PAMS + GGGRN) atmospheric

Figure 3. Seasonal amplitudes of butane isomers, pentane isomer, and their isomeric ratio as a function of the annual median mixing ratios. Global Greenhouse Gas
Reference Network (GGGRN) sites data are in red; Photochemical Assessment Monitoring Stations (PAMS) data are in blue. Axis ranges vary by plot.
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mole fraction declines for the 2000–2015 time windowwere (overall median of slope values among sites with
1-σ standard deviation) �5.1 ± 5.3, �3.1 ± 5.4, �4.9 ± 10.1, and �2.7 ± 5.0% yr�1 for i-butane, n-butane and
i-pentane, n-pentane, respectively. This finding is in agreement with other previous work that has shown
declining light NMHCs in U.S. urban atmospheres (Bishop & Stedman, 2008; Warneke et al., 2012). This
general behavior is also in accord with observations outside of the United States, mainly in Europe, where
urban NMHCs have been steadily declining since ~1990 (Derwent et al., 2017; Monks et al., 2009; Von
Schneidemesser et al., 2010). As mentioned earlier, a recent study of C2–C8 hydrocarbons in the United
Kingdom using 1993 to 2012 data found declining concentrations of most ≥C4 VOC, whereas ethane and
propane concentrations have remained near 1993 values (Derwent et al., 2017).

Figure 4. (a). Sites with statistically significant (i/n) butane isomeric ratio trends. (b) Sites with statistically significant (i/n) pentane isomeric ratio trends. The solid
trend line indicates a statistically significant trend; a dotted line indicates no trend is present. Medians without boxes are shown for years with incomplete data
coverage. Trinidad Head does not display a trend and is included as background reference site.
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4.2. Factors Influencing Observed Seasonal Amplitudes

The observed seasonal amplitudes in the data are expected to be the net effect of chemistry, boundary layer
dynamics, and emissions. With reaction by OH being the primary removal of these NMHCs, lower mixing ratios
are naturally expected during the summer, when the removal rate is higher due to the higher summertime
[OH]. Diurnal and seasonal boundary layer height (BLH) dynamics are another variable exerting an influence
on the NMHC seasonality at the surface. BLH determines the rate of dilution of surface-based emissions, and
depends on multiple variables, including surface type, topography, and vegetation land cover (Stull, 1988).
Daytime maxima BLH can be as high as 5 km over low-latitude deserts and as low as 0.5 km over the ocean
(Garratt, 1992). Further, BLH varies by season, typically being higher in summer (Seidel et al., 2012). Coastal
sites, such as THD, have on average lower BLH and less seasonal variation of BLH than inland sites. This would
be expected to result in a weaker dilution of surface emissions, and a lower seasonal influence by BLH
dynamics exerted on seasonal NMHC cycles. However, the amplitude of the seasonal cycle at THD is among

Figure 4. (continued)
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the largest relative seasonal amplitudes observed in this work. This large signal is likely predominantly driven
by the seasonal cycle of oxidation chemistry. From the BLH consideration, larger seasonal amplitude signals
would be expected at the inland sites from stronger dilution during the summer (deeper BLH). This
generally is not observed in the data: The urban sites on average display the smallest relative seasonal
amplitude. This behavior can be taken as an indication that proximity to and strength of emissions exert an
overall stronger influence than the seasonal BLH and oxidation chemistry cycles at these locations.

The (i/n) butane isomeric ratio displayed a seasonal cycle, peaking in the summer at all sites as indicated by
negative values in Figure 3c except LEF, SGP, and UTA (Figure 2 for THD and SDK, Figure S3 for all other sites).
The (i/n) pentane isomeric ratio peaked in the summer at seven PAMS sites and three GGGRN sites (Figure 3f).
The summer peak in this ratio is expected from chemical considerations. The n-isomers have the slightly fas-
ter OH reaction rate constants of the isomeric pairs, resulting in a relatively faster removal of the n-isomer at
the higher summertime [OH] and higher (i/n) isomeric ratios. Further, the relative differences of the reaction
rate constants of these isomers with OH increase during the summer from their OH reaction rate temperature
dependences (Figure S6) (Atkinson, 2003; Wilson et al., 2006). If emissions were constant, one could expect an
~5% and 7% seasonal variation of isomeric ratios of butanes and pentanes, respectively, from the reaction
rate constant temperature dependency alone (Figure S6). Combined, these two effects result in an overall
relatively faster removal rate of the n-isomer and higher (i/n) isomeric ratios in the summer.

4.3. Isomeric Ratios and Trends

Over the 15 year study period declining (i/n) isomeric ratio trends were observed at the majority of sites. The
median rates of change (overall (all sites) median of determined slope values with 1-σ standard deviation)
were �1.0 ± 3.1% yr�1 for the (i/n) butane and �2.8 ± 6.9% yr�1 for the (i/n) isomeric pentane ratio. If only
statistical significant cases are considered, then median results are �2.0 ± 3.0% yr�1 for the (i/n) butane,
and�3.1 ± 1.6% yr�1 for the (i/n) isomeric pentane ratio. Over the ~15 year investigation period these values
account to total changes of ~30 and 45% for these isomeric ratios.

Previously published (i/n) butane isomeric ratios ranged from ~0.4 to 0.6 (Goldstein et al., 1995; Jobson, Niki,
et al., 1994; Parrish et al., 1998). The median (i/n) butane isomeric ratios observed in the data considered in
this study (0.35–0.68) mostly fall within this range. The center of the distribution is similar, but the results
across PAMS and GGGRN sites suggest a larger range of values than previous work that mostly focused on
individual site observations.

The relative ratio of isomeric pentane emissions varies widely among emission categories and study region
(Andreae & Merlet, 2001; Gilman et al., 2013; Helmig, Thompson, et al., 2014; Jobson et al., 2004; LaFranchi
et al., 2013; Peischl et al., 2013; Pétron et al., 2012; Swarthout et al., 2013, 2015) (Table STb2). The observed
changes seen in the data considered here could be due to changes in sources, sinks, or a combination of

Figure 5. Summary plots of (a) butane and pentane isomers and (b) (i/n) isomeric ratio trend analysis and linear regression
slopes observed at all sites. Photochemical Assessment Monitoring Stations (PAMS) sites are in red, Global Greenhouse
Gas Reference Network (GGGRN) sites are in blue. The square points indicate a statistically significant trend at 95%
confidence. Circular points indicate rate of change results, without the value being a statistically significant trend. The
legend in (a) applies to (b) as well.
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both. Likely, the relative influence of these processes will vary between urban, semiurban, semirural, and rural
locations. In the following we will discuss a series of probable causes.

4.4. The Influence of Mobile Sources on Isomers and Ratio Trends

Since transportation sector/mobile source-related emissions are a major source of atmospheric butane and
pentane isomers, it is likely that these results reflect a series of obvious changes in gasoline composition, con-
sumption, tailpipe emissions, and evaporative losses. In 2004, at least 45 different blends of gasoline were
produced in the United States. This myriad of blends developed because as of 2005, the U.S. EPA could
not deny a special blend of gasoline compliant with the Clean Air Act (1963) and its amendments (1970)
(Wells, 2005). VOC emission reduction is primarily achieved by lowering a fuel’s Reid Vapor Pressure (EIA,
1998). There has been a notable reduction of the VOC fraction in gasoline formulations used in U.S. cities.
In California, a reformulated gasoline blend was estimated to have a 25–29% lower fraction of VOCs com-
pared to conventional gasoline used before 1995. Similarly, during 1995–2006, volatiles in gasoline declined
by 26.6–30.2% in BOS, Chicago, GAR, PHI, BAL, SPR, and HOU (EPA, 2006a, 2006b, 2006c, 2006d, 2006e, 2006f)
in comparison to conventional formulations of gasoline used before 1995. Tailpipe emissions of hydrocar-
bons from light-duty gasoline vehicles were reduced by a factor of 100 from 1968 to 2004 (Faiz et al.,
1996) from technical improvements, such as catalytic converters, evaporative emissions control systems,
computer controlled fuel injection, and engine efficiency (McDonald et al., 2013). These VOC reformulations
and emission reductions from the transportation sector are likely explanations for the decreasing mixing
ratios of butane and pentane isomers in urban areas. Obviously, these reductions have superseded expected
emission increases from the steady growth of the automobile fleet across the nation.

Changes in gasoline formulations could also play a role in seasonal changes in butane and pentane isomers
and their ratios. Special blends of gasoline are often developed in response to air quality standards in a par-
ticular region or time of year (EPA, 2017). Winter formulations of gasoline can include higher concentrations
of butane and pentane isomers without violating regulations (Wells, 2005). The n-butane isomer is present in
higher concentrations in wintertime gasoline (Goldstein et al., 1995) because of its high octane rating (94),
but its high vapor pressure prevents it from being used in high concentrations in summertime gasoline.

4.5. Possible Influence of O&NG Development on Isomers and Ratios

The volume of the shale gas production in the United States increased by a factor of 4 from 2009 to 2014 (EIA,
2017). O&NG development is a common source of atmospheric alkanes, and recent studies have shown
increasing influence and dominance of O&NG emissions on observed atmospheric NMHCs within and
downwind of O&NG basins (Gilman et al., 2013; Helmig et al., 2014; Schade & Roest, 2015; Swarthout et al.,
2013; Thompson et al., 2014).

SGP provides a case study example for investigating the influence and changes in O&NG emissions on the
alkane isomers. SGP is a rural site within theWoodford shale play, which produced some 403 billion cubic feet
of shale gas in 2010 (EIA, 2017). There are greater than 60 active oil wells within a 10 mile radius of the SGP
monitoring station; a map showing well locations surrounding SGP is shown in Figure S5. The strong
influence fromO&NG production is apparent in the data shown in Figures 3 and 4b. SGP had highest absolute
NMHC levels among GGGRN sites. SGP was also the only site where mixing ratios of all isomers have
been increasing. Trends for all isomers were at least 5.5% yr�1, and n-butane displayed a slope of
9.4% yr�1. The relative seasonal amplitudes and interannual variability at SGP are the lowest of all sites
(PAMS + GGGRN). The (i/n) pentane isomeric value (dropping from 1.0 in 2006 to 0.9 in 2015) at the end of
the record matches the natural gas pentane isomeric ratio in Gilman et al. (2013). As already noted further
above, SGP was one of three sites (including LEF and UTA) where the seasonal cycle of the isomeric butane
ratio deviated fromwhat would be expected from the seasonality of OH oxidation. A likely explanation is that
at these locations the emission influence overwhelms the signal from seasonal OH chemistry seen at the other
sites. Collectively, these data features indicate a dominant emission source with constant isomeric ratios, a
dominance of emission over photochemical processing, and increasing emissions from nearby O&NG sources.

Across all sites, the pentane isomeric ratio shows a wider range and is a more selective tracer for source attri-
bution than the butane isomeric ratio. While in urban environments an (i/n) pentane ratio in the range of 2–3
is characteristic, the (i/n) ratio in O&NG-dominated atmosphere is ~1, as demonstrated for SGP in the
preceding paragraph. This difference offers a sensitive tool for deciphering the relative influence of these
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two (urban versus O&NG) emission categories on atmospheric NMHCs. Gilman et al. (2013) and Thompson
et al. (2014) demonstrated a temporal shift in the isomeric pentane ratio from increasing O&NG emissions.
As seen in Figure 4, at the beginning of the time period studied here, every PAMS site that exhibits a statis-
tically significant (i/n) pentane isomeric ratio trend had an (i/n) pentane isomeric ratio of at least 2, as typical
for an urban environment. By the end of the study period, the (i/n) pentane ratio had dropped to values
below 2 throughout the network, indicating possible increasing influence from O&NG sources at these sites.

Figures 1b and 1c show the trend slope values for the butane and pentane isomeric ratios, and Figure 1a
shows the spatial relation of monitoring sites to shale oil and gas plays. There are seven sites directly east
of, and within ~200 miles of a shale play that have a statistically significant decreasing (i/n) pentane isomeric
ratio trend: SDK, BAL, BOS, GAR, PHI, SGP, and SPR. With pentane isomeric ratio values of 1.3, LEF gave the
second lowest result (after SGP), approaching the signature O&NG isomeric ratio. In a recent survey of
ethane and propane trends at ~40 monitoring stations worldwide, LEF had the second highest increasing
ethane trend, and fourth highest increasing propane trend among all sites considered (Helmig et al.,
2016). Consequently, our results presented here confirm the signature of the previously noted apparent
increasing O&NG emissions at LEF, despite major O&NG shales being more than 200 km away from the site
(Bakken to the West, and Antrim to the East).

Two of the fastest growing O&NG basins are the Marcellus shale and the New Albany shale. The Marcellus
shale has accounted for 85% of U.S. shale production growth since 2012 (Krohn & Nulle, 2015). This shale
play is located primarily in Pennsylvania and West Virginia. The data from the sites studied in this work
located in Indiana, Maryland, Massachusetts, and Pennsylvania possibly reflect emission changes from the
Illinois Basin and the Marcellus Shale. Regional differences in natural gas composition must also be consid-
ered in evaluating possible oil and natural gas signatures on observed NMHC. For instance, methane com-
position of gas produced across Pennsylvania was reported to range from <75% methane to >90%
methane (Burruss & Ryder, 2014; Colon-Roman & Ruppert, 2014). Produced gas from the Marcellus Shale
in central and northeast Pennsylvania is considered “dry gas”; it is >85% methane with negligible liquid pet-
roleum constituents, making its emissions signature difficult to source using NMHC tracers. Natural gas from
Alleghany County in southwestern Pennsylvania, which produced 34 trillion cubic feet of gas from 2000 to
2010 (DEP, 2017), typically has a lower methane composition (“wet gas”) and higher concentrations of hea-
vier NMHCs (Demirbas, 2010; Lacey et al., 1934). During west to east air transport, variable emission contri-
butions with different NMHC signatures from both of these O&NG regions would be expected to be sampled
at the downwind monitoring locations listed above. All five of the sites in the states mentioned above dis-
played statistically significant decreasing trends for the (i/n) pentane isomeric ratio, which would be consis-
tent with an increasing emission influence from these basins.

4.6. The Influence of Biomass Burning on Isomeric Ratios

Another possible influence might be exerted by biomass burning emissions. Most types of biomass burning
emissions exhibit relatively higher fractions of the n-isomers of butane and pentane and have (i/n) isomeric
ratios that are smaller (Table STb2) (Akagi et al., 2011; Andreae & Merlet, 2001) than the average values calcu-
lated in our study. The frequency and the area burnt by U.S. wildfires rose from 1984 to 2011 (Dennison et al.,
2014). Wildfires are a seasonal emissions source, occurring mostly in the summer, with a trend of increasing
seasonal variability from 1995 to 2011 (Zhang et al., 2014). This increase in biomass burning emissions would
be expected to result in an increased NMHC source that would drive (i/n) isomer ratios to lower values. Seven
of 10 urban sites had higher (i/n) pentane isomer ratios in summer months (Table 4). This seasonal signature
in the data is expected for OH chemistry, and is the opposite of what would be expected if wildfire emissions
exerted a strong summer influence. Therefore, it seems unlikely that increasing biomass burning emissions
are exhibiting a determining signature on the data from the urban areas that were considered in this study.

5. Summary and Conclusions

Butane and pentane atmospheric mole fractions, their isomeric ratios, and trends showed a wide range and
high variability among sites. A common feature was that average mixing ratios of the butane and pentane iso-
mers have been decreasing at most, that is, 81% of the sites, considered in this study. The exception was SGP,
where all four isomers have been increasing (three have a statistically significant trend), most certainly due to
increasing O&NG emissions. Similar to individual species, a large range was observed for changes of the (i/n)
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butane and pentane isomeric ratio. All six statistically significant (i/n) butane trends and all seven statistically
significant (i/n) pentane trends were negative, indicating a relative increase in the prominence of the n-isomers.

The most obvious explanation for the observed declines in concentrations and in the (i/n) isomeric ratio is
changes in emission strength and relative contribution from different emission sectors. In the last century,
motor vehicle sources have dominated urban emissions of VOC (Parrish et al., 2009; Von Schneidemesser
et al., 2010). Clearly, regulations of emission sources have brought mixing ratios of VOC down from their high-
est levels in the 1970s. Data from our analyses support this previous research, as levels appear to be continu-
ing their decline at most sites evaluated in this work.

The abundance of decreasing (i/n) pentane ratios, both at urban sites and in the GGGRN, suggests influences
on pentane emissions on wide geographical scales. There is a potential contribution from a changing iso-
meric ratio in gasoline pentanes, but the quantitative contribution from changes in this emission sector can-
not be conclusively resolved with the data sets analyzed here. Another possible influence is an increase of the
relative contribution of biomass burning emissions. Third, it is notable that decreasing (i/n) pentane isomeric
ratio trends were consistently observed at a site that is heavily influenced, and at sites within relatively close
proximity, that is, ~200 miles (~321.9 km), of O&NG development regions. Recent research has shown region-
ally elevated hydrocarbon concentrations in the United States as a result of O&NG development (Franco et al.,
2016; Helmig et al., 2016; Kort et al., 2016; Schade & Roest, 2015 ; Vinciguerra et al., 2015), with pentane
isomers constituting on the order of 10% of the total NMHC mass (Helmig et al., 2014). The fact that (i/n)
pentane isomeric ratio trends agree with the expected signature of increasing O&NG influence and the
geographic distribution of sites with statistically significant trends of the (i/n) pentane isomeric ratio and
shale plays (Figure 1) suggest an increasing influence of O&NG emissions, regionally and nationwide. This
conclusion is in agreement with findings from other recent studies that have shown that O&NG NMHC emis-
sions are constituting an increasing fraction of the urban and rural VOC mix at sites downwind of O&NG
basins (Schade & Roest, 2015; Vinciguerra et al., 2015) in the U.S. Similar observations were reported for
the United Kingdom: While most C2–C8 hydrocarbons steadily declined from 1993 to 2012, ethane and
propane, which are mostly associated to NG emissions, have remained near their 1993 values (Derwent
et al., 2017).

Given the relatively wide spread in results, it is difficult to conclude at what exact rate these compounds and
their isomeric ratios have changed in the United States as a whole. It is very obvious that multiple sources,
exhibiting regionally diverse and different trends, are influencing atmospheric concentrations and isomeric
ratios to a variable degree at the considered monitoring sites. Care should be taken utilizing these observa-
tions for evaluating emission inventories, as the representativeness of the considered site locations is uncer-
tain. Clearly, there is a need for consideration and comparison of spatially and temporally resolved data for
deriving representative estimates on a national scale.
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