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Abstract Diagnosing carbon dioxide (CO2) and methane (CH4) fluxes at subcontinental scales is
complicated by sparse observations, limited knowledge of prior fluxes and their uncertainties, and
background and transport errors. Multispecies measurements in flasks sampled during the wintertime
ACT-America campaign were used for background characterization and source apportionment of regional
anthropogenic CO2 and CH4 fluxes when ecosystem CO2 exchange is likely to be least active. Continental
background trace gas mole fractions for regional enhancements are defined using samples from the
upper troposphere and assessed using model products. Trace gas enhancements taken from flask samples
in the lower troposphere with background levels subtracted out are then interpreted to inform CO2
and CH4 enhancement variability in the eastern United States. Strong correlations between CO2 and CH4
enhancements in the Midwestern and Mid-Atlantic United States indicated colocated anthropogenic
sources. Oil and natural gas influence was also broadly observed throughout the entire observational
domain. In the Midwestern United States, agricultural influence on CO2 and CH4 enhancement variability
was evident during above-average wintertime temperatures. Weaker correlations between CO2 and
anthropogenic tracer enhancements in the Southeastern United States indicated potentially nonnegligible
wintertime ecosystem CO2 exchange, with biogenic tracers indicating more active surface processing than
other regions. These whole-air flask samples illuminated significant regional CO2 and CH4 sources or
sinks during Atmospheric Carbon and Transport-America (ACT-America) and can provide additional
information for informing regional inverse modeling efforts.

1. Introduction
Carbon dioxide (CO2) and methane (CH4) are the two most important atmospheric greenhouse gases
because of their high growth rate and relative impact on the Earth's radiative balance (Ciais et al., 2014).
Accurately quantifying CO2 and CH4 fluxes between terrestrial ecosystems and the atmosphere is there-
fore crucial for climate prediction. Atmospheric inversions of mole fraction measurements are used to infer
CO2 and CH4 fluxes based on prior knowledge of sources or sinks (Bousquet et al., 1999; Tans et al., 1990).
While inverse models have significantly contributed to knowledge of CO2 and CH4 fluxes over broad lat-
itudinal bands (Bousquet et al., 2000; Francey et al., 1995; Tans et al., 1990), using inverse methods to
constrain the carbon cycle on subcontinental scales is more difficult (Chevallier et al., 2010; Gurney et al.,
2002; Huntzinger et al., 2012; King et al., 2015; Lauvaux et al., 2009, 2012a; Peylin et al., 2013; Rödenbeck
et al., 2003). The accuracy achievable with inverse analyses is limited by sparse atmospheric observations
available to constrain inverse models (Ciais et al., 2010; Gloor et al., 2000; Göckede et al., 2010; Gurney
et al., 2002, 2003); poorly quantified and potentially large uncertainties in tracer transport (Baker et al., 2006;
Chevallier et al., 2010; Díaz-Isaac et al., 2018; Gurney et al., 2003; Isaac et al., 2014; Lauvaux & Davis, 2014;
Schuh et al., 2019; Stephens et al., 2007); limited knowledge of prior fluxes—especially from the terrestrial

RESEARCH ARTICLE
10.1029/2019JD031339

Special Section:
Carbon and Weather: Results
from the Atmospheric Carbon and
Transport – America Mission

Key Points:
• Multispecies flask samples are used

to characterize regional wintertime
eastern U.S. CO2 and CH4
enhancement variability

• Mid-Atlantic and Midwestern U.S.
CO2 and CH4 enhancements are
primarily anthropogenic

• Winter Southeastern U.S. CO2
and CH4 enhancements indicate
influence from biogenic exchange
and surface processing

Correspondence to:
B. C. Baier,
bianca.baier@noaa.gov

Citation:
Baier, B. C., Sweeney, C., Choi, Y.,
Davis, K. J., DiGangi, J. P., Feng, S.,
et al. (2020). Multispecies assessment
of factors influencing regional CO2
and CH4 enhancements during the
winter 2017 ACT-America campaign.
Journal of Geophysical Research:
Atmospheres, 125, e2019JD031339.
https://doi.org/10.1029/2019JD031339

Received 11 JUL 2019
Accepted 25 DEC 2019
Accepted article online 27 DEC 2019

©2019. American Geophysical Union.
All Rights Reserved.

BAIER ET AL. 1 of 22

http://publications.agu.org/journals/
https://doi.org/10.1029/2019JD031339
https://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-8996.ACT-AMERICA1
https://doi.org/10.1029/2019JD031339
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2019JD031339&domain=pdf&date_stamp=2020-01-22


Journal of Geophysical Research: Atmospheres 10.1029/2019JD031339

biosphere (Hayes et al., 2011; Huntzinger et al., 2012; King et al., 2012); and uncertainties in background
levels (Göckede et al., 2010; Gourdji et al., 2012; Lauvaux et al., 2012b; Schuh et al., 2010). CO2 and CH4
emissions mitigation effectiveness will benefit from reduced uncertainties in these regional inverse flux
estimates.

Comprehensive, regional-scale attribution of prior CO2 and CH4 fluxes from both natural and anthropogenic
sources can reduce inverse flux uncertainties. Primary sources of anthropogenic CH4 emissions are the
energy (coal mining, oil, and natural gas operations), waste management, and agricultural industries. Its
largest natural source is wetland emissions (Birdsey et al., 2018). Anthropogenic CO2 is primarily emit-
ted through fossil fuel combustion. While CH4 has small atmospheric sinks to hydroxyl radical oxidation
(Levy, 1971) and enzyme mediation in the subsoil (Born et al., 1990), net ecosystem-atmosphere exchange
of CO2 involves competing fluxes from both photosynthesis and respiration (Birdsey et al., 2018). Quanti-
fying regional-scale CO2 and CH4 fluxes remains challenging for scientists, and the disagreement between
top-down and bottom-up (process-level) emissions estimates can be large (Brandt et al., 2014; King et al.,
2015). One approach to emissions attribution is to examine the relationship between CO2, CH4, and other
source-specific, coemitted trace gases (tracers). Comeasured tracers such as nonmethane hydrocarbons,
halocarbons, and stable carbon isotopes have proven valuable for assessing atmospheric composition and
carbon emissions throughout the United States (Choi et al., 2008; Guha et al., 2015; Miller et al., 2012; Peischl
et al., 2013; Pétron et al., 2012; Smith et al., 2017; Turnbull et al., 2014). Ethane and propane are tracers for
CH4 emissions from the oil and natural gas sector (Cambaliza et al., 2015; Miller et al., 2013; Peischl et al.,
2013; Plant et al., 2019). The radiocarbon content of CO2 (14CO2) is used extensively to derive recently added
fossil fuel CO2 (LaFranchi et al., 2013; Levin et al., 1989; Miller et al., 2012; Schwietzke et al., 2014; Turnbull
et al., 2011, 2014). Carbonyl sulfide, methyl halides, or combustion byproducts are tracers for photosyn-
thetic uptake (Blake et al., 2008; Montzka et al., 2007), wetland and biomass burning emissions (Andreae
& Merlet, 2001), and urban emissions (Choi et al., 2008; Turnbull et al., 2019), respectively. Whole-air sam-
pling provides a large suite of tracers that are measured on calibrated instruments in a laboratory-controlled
environment, ensuring compatibility with other global mole fraction tracer measurements. Although less
spatially and temporally resolved than continuous measurements, discrete samples can help to characterize
regional CO2 and CH4 sources.

Small changes in CO2 and CH4 mole fractions from surface fluxes are superimposed onto large background
mole fractions. Source attribution requires the decoupling of regional mole fraction enhancements (or deple-
tions) from continental background conditions. Continental- to regional-scale studies have used remote,
stable surface observations (i.e., those not influenced by local emissions) (Masarie & Tans, 1995; Thoning
et al., 1989) and observations in the upper troposphere (UT) (Chang et al., 2014; Graven et al., 2009; Lan
et al., 2019; Miller et al., 2012; Turnbull et al., 2006; Zhao et al., 2009) to derive background CO2 and CH4
levels. Others combined observations and model output at domain boundaries (Barkley et al., 2017; Gerbig
et al., 2003; Gourdji et al., 2012; Hu et al., 2015; Jeong et al., 2013; Kort et al., 2008; Lauvaux et al., 2012b;
Miller et al., 2013; Zhao et al., 2009). In general, incorrectly disaggregating regional mole fractions from
background levels can lead to biased flux estimates and improper attribution of CO2 and CH4 enhancements
to surface sources or sinks (Cambaliza et al., 2014; Graven et al., 2009; Hu et al., 2015; Lauvaux et al., 2012a;
Schuh et al., 2010; Turnbull et al., 2014).

The Atmospheric Carbon and Transport-America (ACT-America) mission provided a unique opportunity
to interpret seasonal CO2, CH4, and other trace gas enhancements in three eastern U.S. regions. Five,
6-week airborne campaigns between summer 2016 and summer 2019 obtained high-density in situ and
remotely-sensed CO2 and CH4 across various synoptic regimes and surface source regions. This work focuses
on the interpretation of flask samples analyzed for a suite of trace gases for regional, anthropogenic CO2,
and CH4 source characterization during winter 2017 when CO2 attribution is least likely to be influenced by
active ecosystem exchange. Flask samples in the UT were used to define background conditions and to cal-
culate multispecies enhancements. The implications of using the UT as a background were assessed using
observations at remote sites within North America and simulated mole fractions from two global model
products. Finally, CO2 and CH4 enhancements were qualitatively interpreted for source apportionment
within the ACT-America domain by using comeasured trace gases in flask samples.
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Figure 1. Ambient air is pulled through a stainless steel inlet via the programmable compressor package and dried
using a gas chiller situated between the programmable compressor and flask packages. Arrows indicate the direction of
airflow through the flask sampling system.

2. Data and Methods
2.1. Measurement Domain and Platforms
The NASA C-130 and B-200 airborne platforms acquired trace gas mole fraction measurements in the eastern
United States during ACT-America. Flights were conducted out of the Mid-Atlantic (Wallops Island, VA),
the Midwest (Lincoln, NE), and the Southeastern United States (Shreveport, LA). Each region encompasses
various biomes and large anthropogenic CO2 and CH4 sources: The Mid-Atlantic region includes heavily
forested areas, oil and gas extraction zones, and urban centers with dense fossil fuel emissions; the Midwest
region is the agricultural center of the United States and is bordered by shale plays; and the Southeastern
region is surrounded by oil and gas extraction zones, urban hotspots, agricultural regions, and coastal wet-
lands. Both remote and in situ aircraft sensors measured CO2 and CH4 alongside other select atmospheric
trace gases and meteorological variables. Flask sampling and continuous in situ observation methods are
described here; other available measurements are archived online (at https://daac.ornl.gov).

2.2. Flask Systems and Sampling Strategy
NOAA/Earth System Research Laboratory (ESRL) Global Monitoring Division flask packages were installed
on each aircraft during ACT-America. Routinely used in the Carbon Cycle and Greenhouse Gases (CCGG)
aircraft network (Sweeney et al., 2015), these portable systems include a programmable flask package (PFP),
a programmable compressor package, and a data logging and control package (Figure 1). Packages consist
of twelve 0.7-L borosilicate glass flasks that are pressurized to 275 kPa (40 psia) for a total sample volume of
∼2.2 L. Each flask is filled by pulling ambient air through a stainless steel inlet using two pumps within the
compressor package. These pumps are plumbed in series to ensure both high flow rates and sufficient flask
pressurization to 275 kPa at low pressure altitudes. During winter 2017, a gas chiller was installed between
the compressor package and PFPs that dried air samples to less than 1% absolute humidity. Details on sample
drying are discussed in section 2.3.1. Sampling system components downstream of the dryer were flushed
with dried ambient air prior to flask fill, and diagnostic data were logged every 10 s during the filling. A
thorough description of the flask sampling setup and procedures is described in Sweeney et al. (2015).

Flask samples were returned to NOAA/ESRL's Global Monitoring Division in Boulder, CO, for analysis.
A first sample air aliquot was analyzed on a custom-built system (Measurement of Atmospheric Gases
that Influence Climate Change, MAGICC) for dry air mole fraction measurements of greenhouse gases
including CO2 and CH4, and other long-lived atmospheric species (https://www.esrl.noaa.gov/gmd/ccgg/
aircraft/analysis.html). MAGICC gases were calibrated to standard scales maintained at NOAA/ESRL
(Dlugokencky et al., 2005; Hall et al., 2007; Novelli et al., 1991; Zhao & Tans, 2006). A second aliquot was
analyzed on the PERSEUS GC/MS (PR1) system for over 50 other nonmethane hydrocarbons, halocarbons,
and other sulfur-containing compounds. All PR1 analyses are reported on NOAA absolute calibration scales,
derived in-house from pure components and high-precision gravimetric techniques. The remaining flask
sample air was transferred to the Institute of Arctic and Alpine Research (INSTAAR) at the University of
Colorado-Boulder for stable carbon isotope measurements and, for selected samples, CO2 graphitization
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Table 1
Flask Species Used for Source Attribution

Chemical formula, species name Lower troposphere (<1,500 m MSL) Median (ppt) 1𝜎 Unc.a

MAGICC analysis system:
CO, carbon monoxide 148.9 ppb 0.8 ppb
CO2, carbon dioxide 413.5 ppm 0.06 ppm
CH4, methane 1,960.7 ppb 1.06 ppb
N2O, nitrous oxide 330.3 ppb 0.3 ppb
SF6, sulfur hexafluoride 9.37 0.04
H2, molecular hydrogen 499.3 ppb 1.8 ppb
HATS PR1 Analysis System:
C2H2, acetylene 458.1 2.1
C2H6, ethane 2,920.6 12
C3H8, propane 1,201.6 5.5
i-C4H10, i-butane 181.0 1.9
n-C4H10, n-butane 339.2 1.7
i-C5H12, i-pentane 100.3 1.8
n-C5H12, n-pentane 82.1 1.2
C6H6, benzene 116.9 1.4
CH3Br, methyl bromide 6.81 0.06
CH3Cl, methyl chloride 561.3 1.3
OCS, carbonyl sulfide 514.5 4.3

Note. MAGICC = Measurement of Amospheric Gases that Influence Climate Change;
HATS = Halocarbons and other Atmospheric Trace Species group within NOAA/ESRL. Median
lower-tropospheric mole fractions are reported for the 2017 ACT-America wintertime deployment.
Uncertainties in HATS PR1 analysis system gases are the 1𝜎 standard deviation of flask species measure-
ments after undergoing long-term (>30 days) storage but also implicitly include influences from HATS
instrument nonlinearity corrections, system blank contamination, and both detector and standard drift-
ing. Uncertainties in MAGICC species are expressed as the 1𝜎 standard deviation in measurements after
undergoing long-term (>28 days) storage testing (Sweeney et al., 2015). Variability induced by storage is
the largest source of uncertainty, but as analysis occurred within 2 weeks of sampling, uncertainties are
conservative.
aUncertainties reported in parts per trillion (ppt) unless otherwise labeled.

in preparation for radiocarbon (14CO2) measurements. Analytes used here are listed in Table 1 with their
associated uncertainties.

Twenty-five total research flights conducted between February and March 2017 surveyed trace gases
from the surface to approximately 8 km. In-flight hours spanned 11:00 to 18:00 local time to sample a
well-developed atmospheric boundary layer. Flights were conducted under fair-weather conditions to quan-
tify CO2 and CH4 emissions; transited frontal boundaries to assess mixing and transport of CO2 and CH4
mole fractions; and underflew the spaceborne Orbiting Carbon Observatory (OCO-2) to evaluate retrieved
total column CO2. On average, 6 to 12 flasks were sampled on each flight (see Figure 2). A total of 332 flasks
were analyzed, with 140 flasks sampled on fair-weather days and used for the analysis below. Flasks were
sampled on level-altitude flight legs in various atmospheric layers: Most flasks were filled within the lower
troposphere (LT), which contains the largest variability in CO2 and CH4 due to proximity to surface fluxes.
The UT (∼3,500–8,000 m MSL) was occasionally sampled to capture continental background air behavior,
resulting in a LT:UT flask sample ratio of approximately 5:1 (Figure 2).

2.3. Flask Comparisons With Continuous Systems
Continuous four-species analyzers measured dry mole fractions of CO2, CH4, water vapor (H2O), and car-
bon monoxide (CO) at approximately 0.4 Hz via cavity ring-down spectroscopy on both aircraft. In-flight
drift corrections were performed hourly while ground calibrations occurred weekly. All calibrations used
NOAA/ESRL secondary standards that were tied to the World Meteorological Organization (WMO, WMO,

BAIER ET AL. 4 of 22



Journal of Geophysical Research: Atmospheres 10.1029/2019JD031339

Figure 2. Winter 2017 flask sample locations within the ACT-America domain. Black pluses indicate all flask sample
locations, with red points indicating fair-weather flask samples and yellow points indicating UT (>3,500 m MSL)
samples. Maroon triangles indicate long-term NOAA CCGG aircraft flask sampling sites: Park Falls, WI (LEF), Cape
May, NJ (CMA), and Corpus Christi, TX (TGC).

2013) scale. Details on these measurements can be found online (at https://doi.org/10.3334/ORNLDAAC/
1556).

The Compact Airborne Multi-Species Spectrometer (CAMS2) onboard the B-200 aircraft measured ethane
(C2H6) in situ by midinfrared absorption spectroscopy. Calibrations were performed before each flight
using various ethane standards; in-flight, the instrument and inlet were zeroed every 5–7 min. Comprehen-
sive details of this instrument, including calibration, zeroing, data acquisition and processing, and further
in-flight comparisons with the PFP ethane samples, will be reported in a separate manuscript.

As flask samples were collected through a separate inlet but calibrated to the same WMO scale as the afore-
mentioned sensors, flask-in situ comparisons provide a direct measure of the compatibility of these systems
during ACT-America. Continuous and flask system comparisons were made by averaging the continuous
measurements over a flask averaging “kernel.” Rather than interpolating the continuous measurements to
flask fill end-times, a kernel was derived by optimizing an averaging window for continuous data between
the flask start and end fill times to yield the strongest correlation between both flask and continuous trace
gas (CO, CH4, and CO2) mole fractions. Correlations yielded R2 values greater than 0.98 when averaging
the 1-Hz continuous data in a 15-s window prior to the flask fill end-time. Averaging times shorter than or
beyond this window degrade correlations for all trace gases.
2.3.1. Water Vapor Artifacts
Comparisons between flask and continuous data presented for the summer 2016 ACT-America campaign
underscore the need for sample drying. Comparisons (Figure 3a) indicated that flask samples exhibited
CO2 depletion above ∼1.7% absolute humidity; other species exhibited no water vapor dependence. This
artifact was recently discovered in NOAA/ESRL CCGG network flask-in situ comparisons for sites where
air sample drying was not employed. Increased scatter in flask-in situ differences during periods of both
high atmospheric variability and high humidity complicate the quantification of CO2 depletion in flasks.
Excluding periods of high variability (i.e., 1𝜎 in situ CO2 over the flask averaging window >0.8 ppm) results
in CO2 depletion of 0.1 and 0.8 ppm at 1.75% and 3–4% absolute humidity, respectively. While a mechanism
and empirical correction for this bias has not yet been identified, drying flask samples negated this artifact
(Figure 3b).
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Figure 3. Differenced continuous and flask CO2 as a function of absolute humidity. In panel (a), filled circles represent ACT-America summer 2016 differences,
while open squares show NOAA/ESRL tower network in situ-flask differences during the same time period. Winter CO2 differences after the chiller was added
to the flask system are shown in (b). In panels (a) and (b), points are colored by the standard deviation in continuous measurements over the flask averaging
kernel. Panel (c) shows the difference between flask and ambient absolute humidity levels versus altitude.

Flask samples were dried using a two-stage Peltier gas chiller (Figure 1) that decreased sample air temper-
atures to 5◦ C, condensing ambient water vapor into a vessel that was emptied after each flight. At altitudes
below 3,000 m MSL, sample drying was enhanced by pressurizing the flask system upstream of and including
the chiller to 40 psia. With sufficiently low atmospheric water vapor above this altitude threshold, pressur-
ized drying was unnecessary. Water vapor content measured at the chiller output was below 1%, effectively
negating CO2 depletion (Figure 3b).
2.3.2. Wintertime Mole Fraction Comparisons
Comparisons of flask and continuous trace gas species are shown in Figure 4 as a function of mole fraction
for all winter 2017 flights. Excluding periods of high atmospheric variability (e.g., continuous 1𝜎 >4 ppb
CH4, >0.4 ppm CO2, >0.2 ppb C2H6, and >10 ppb CO over flask averaging window), offsets were generally
within WMO comparability goals (2 ppb CH4, 0.05 ppm CO2, 1 ppb CO; WMO, 2013) and were within 0.1 ppb
for C2H6. Mean offsets were similar for both aircraft platforms (Figure 4). However, standard deviations in
these offsets can be large, and, similar to previous flask comparisons to continous analyzers (Karion et al.,
2013), when the data were more conservatively filtered (1𝜎 >2 ppb CH4, >0.2 ppm CO2, and >5 ppb CO),
these offsets remained statistically significant. Higher-frequency logging of flask sampling was implemented

Figure 4. CH4, CO2, CO, and ethane (C2H6) continuous in situ minus flask mole fraction differences for each aircraft during winter 2017 versus in situ mole
fraction. Error bars are standard deviations on the continuous measurements over the flask averaging kernel. Points are filtered to exclude high atmospheric
variability and colored by aircraft, and mean offsets and standard deviations of differences are similarly colored.
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Figure 5. Total footprint in ppm/(umol·m−2·s−1) during winter 2017 for each ACT-America region (Southeast (a), Midwest (b), and Mid-Atlantic (c)) for
fair-weather, lower-tropospheric (<1,500 m MSL) flask receptors. The mean footprint for fair-weather, upper-tropospheric (>3,500 m MSL) flask receptors for
all three regions is shown in (d). Footprints were calculated from flask receptor locations on fair-weather days from HYSPLIT-WRF 500-particle, 10-day back
trajectories.

in subsequent ACT-America campaigns to increase the accuracy and resolution of derived flask averaging
kernels and to improve future comparisons.

A positive altitude dependence in the CO2 mole fraction comparisons was apparent in Figure 4 where offsets
indicated a slight negative slope with increasing CO2 mole fraction. Typically, increased CO2 mole fractions
at high altitude result from the combination of small leaks and slower flow rates at those altitudes. However,
no leaks in the continuous CO2 systems were found at altitude. The entire flask system was leak checked
multiple times throughout the campaign and did not indicate contamination. Flask systems were also tested
before and after each campaign to ensure that the chiller and compressor did not impact trace gas mole
fractions. Thus, the cause for the negative slope in the continuous and flask CO2 mole fraction offsets seen
in Figure 4 remains unclear.

For ethane, comparisons between continuous and flask measurements yielded a positive slope of ∼4–5%
(Figure 4). Further GC/MS and CAMS2 laboratory measurements of calibration standards performed after
the ACT-America winter 2017 deployment indicated that the CAMS2 continuous ethane values are on
average ∼4.5% higher than flasks. This offset is consistent with the positive slope in Figure 4.

2.4. Footprint Calculation for Spatial Surface Influence
The HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) concentration dispersion model
(Draxler & Hess, 1997) was used in Stochastic Time-Inverted Lagrangian Transport (STILT)-emulation mode
to calculate surface influence functions (footprints) for each fair-weather flask sample location (hereby
referred to as a “receptor”). HYSPLIT was driven with meteorological input from the Weather Research and
Forecast (WRF) model (denoted HYSPLIT-WRF) and run backward for 10 days or until particles exit the
North American continental boundary (∼[−170, −90◦ W] and ∼[20, 75◦ N]). For each trajectory, 500 parti-
cles were released at each flask receptor and tagged with a domain exit time and location (hereby referred
to as an “endpoint”) to determine air mass origin. Footprints were generated every 15 min along the particle
trajectory, aggregated, and separated into the three ACT-America study regions (Figure 5). Footprints calcu-
lated using HYSPLIT-WRF quantify the influence of both mixing processes and upwind emissions and are
used to assess the region constrained by the flask trace gas species enhancements described in section 3.3.

2.5. Background Estimation
Winter 2017 continental background mole fractions were defined from UT (>3,500 m MSL) trace gas mea-
surements in flasks (Figure 2). However, limited aircraft vertical profiling sometimes resulted in spatial and
temporal inconsistency between UT and LT samples. Therefore, a single background mole fraction was cal-
culated for each species in Table 1 by averaging all flask measurements in the UT (>3,500 m MSL) for each
day. Daily averaging of UT samples thereby simplifies defining background mole fractions on fair-weather
flights, which avoided frontal boundaries and trace gas gradients within the UT. Flask and continuous
observations yielded statistically similar daily standard deviations in UT CO2, CH4, and CO mole fractions,
indicating that UT variability is sufficiently represented by flask samples. We assume that the chemical
composition of UT air is similar to that of the LT several days beforehand prior to the influence of regional
surface sources or sinks. Any differences in temperature-dependent oxidation rates between the UT and LT
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Figure 6. CO2 and CH4 vertical gradients [LT(<1,500 m MSL) minus UT (>3,500 m MSL)] observed at NOAA CCGG aircraft network sites, Trinidad Head, CA
(THD) and Estevan Point (ESP), British Columbia (left) from 2016 to 2018. Measurements during winter 2017 were not available. Histograms of CO2 and CH4
vertical gradients for 2016–2018 at both sites are shown in middle panels. Observed CO2 and CH4 gradients for January–March 2016 and 2018 are shown on the
right to indicate winter climatological CO2 and CH4 gradients typically observed upwind of the continent.

for trace gases considered here are assumed to be negligible over the transit time from the North American
continental boundary (∼days) relative to the wintertime lifetimes of these trace gases.

In section 3.2, we assess how well this UT background represents continental background levels for the
LT using model distributions of CO2 and CH4. CO2 mole fractions were simulated by NOAA's Carbon-
Tracker, Version CT-NRT.v2018-1 (henceforth CT-NRT, Peters et al., 2007, with updates documented at
http://carbontracker.noaa.gov). CT-NRT assimilates available CO2 mole fraction observations worldwide to
simulate global CO2 fields. Global CH4 mole fractions were simulated by the Atmospheric general circula-
tion model driven Chemical Transport Model (ACTM; Patra et al., 2009). This forward model was driven
with “online,” coupled chemistry and meteorology, and CH4 emissions were derived from a climatological
mean adjusted for the year 2017.

2.6. Wintertime Fair-Weather Enhancement Calculations
The subsequent analysis focuses on the interpretation of CO2 and CH4 enhancements during ACT-America
winter 2017 fair-weather flights. Frontal weather flights were excluded due to large horizontal gradients
in CO2 and CH4 observed throughout the atmospheric column at frontal boundaries, complicating the
selection of UT air that is an appropriate background for the LT. Under fair weather, vertical mixing and
convection are decreased; thus, UT air is hypothesized to be less influenced by surface fluxes.

Mole fraction measurements in flasks sampled below 1,500 m MSL were used to characterize the LT. Gener-
ally, the lowest altitude flight legs during ACT-America were planned to be within the atmospheric boundary
layer. Regional trace gas enhancements above continental background levels (denoted by a Δ) for species in
Table 1 were calculated by subtracting daily UT background mole fractions from LT ones. Flasks sampled
between ∼1,500 and ∼3,500 m MSL were not used for enhancement calculations due to entrainment from
the LT.

Enhancements likely exhibit some residual signal from vertical gradients at the continental boundary as
observed at NOAA CCGG aircraft flask measurement sites, Estevan Point, British Columbia (49.3825◦ N,
−126.5441◦ W) and Trinidad Head, CA (41.0541◦ N, −124.1510◦ W). To isolate regional trace gas enhance-
ment signals from continental ones, enhancements are corrected to remove this “residual” gradient as in
Lan et al. (2019) since over 80% of flask receptor air masses originated off of the western U.S. boundary near
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Figure 7. Continuous and flask fair-weather vertical distributions of CH4, CO2, and CO for winter 2017. Continuous
data are plotted as 100 m MSL binned medians (colored lines) with ±1𝜎 standard deviation (colored shading). Flask
sample mole fractions are plotted as discrete points at each sampling altitude and are similarly colored by region. Gray
shading indicates altitude cutoffs for LT and UT flask samples as described in section 2.6.

these sites. A correction is calculated by averaging available wintertime measurements for clean, onshore
flow conditions between January and March during 2016 and 2018 (Figure 6) and yields LT enhancements
of +0.90 ± 1.2 ppm CO2 and +17.7 ± 7.8 ppb CH4. Because ambient absolute humidity at these sites for win-
ter 2016 and 2018 was below 1%, the residual CO2 gradient correction at Trinidad Head and Estevan Point
was unaffected by flask CO2 water vapor artifacts discussed above.

3. Results and Discussion
3.1. Greenhouse Gas Vertical Distributions
Vertical distributions of trace gases were examined throughout the partial atmospheric column on
fair-weather days (Figure 7) with flasks sampled between 300 m MSL and 7,000 m MSL. The largest CO2,
CH4, and CO mole fractions were observed below 1,000 m MSL, indicating local surface sources, while
decreased trace gas mole fractions in the UT are evidence of air that is less influenced by surface emissions.
Although LT CO2 and CH4 levels were similar among regions, differences in UT CO2 and CH4 were appar-
ent moving northeastward in the ACT-America domain. Wintertime UT mole fractions of CO2, CH4, and
CO in the northern United States increase over days to weeks due to the vertical propagation of seasonal
changes in surface mole fractions. Similar wintertime integrated CO2, CH4, and CO mole fraction enhance-
ments in the northern United States relative to lower-latitude sites have been observed through sampling of
the broader NOAA/ESRL aircraft network (Sweeney et al., 2015).

3.2. Determining Long-Lived Trace Gas Enhancements
3.2.1. Assessment of Upper-Tropospheric Background
Trace gas mole fractions sampled within the UT are used to define continental background air for the LT. We
assess this background estimate using HYSPLIT-WRF particle back trajectories and simulated CO2 and CH4
fields from global model products (section 2.4). Simulated CO2 and CH4 mole fractions at back trajectory
endpoints (i.e., locations upwind of the continent) from the CT-NRT CO2 inversion model and the ACTM
CH4 forward model (section 2.5) are used to infer continental background CO2 and CH4 mole fractions prior
to influence from regional emissions. Because CT-NRT CO2 is gridded at 1◦ × 1◦ resolution over CONUS,
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Figure 8. Simulated and observed endpoint mole fractions for all flight days. Shaded areas indicate frontal weather flights. Flask upper-tropospheric (UTobs)
mole fractions for CO2 (a) and CH4 (c) are compared to those modeled at lower- (LTend) and upper-tropospheric (UTend) flask back trajectory endpoints by the
CT-NRT inversion system and the ACTM, respectively. Error bars on simulated mole fractions indicate the mean 1𝜎 standard deviation of CO2 and CH4 back
trajectory endpoints across all 500 particles dispersed. Error bars on flask observations indicate the 1𝜎 standard deviation in daily upper-tropospheric mole
fractions. UT and LT mole fraction differences in (a) and (c) are shown in (b) and (d).

and both model products are gridded at roughly 3◦ × 2◦ globally, flask mole fractions will exhibit higher
variability when compared to these lower resolution model products. The following criteria are examined
to determine the representativeness of the average daily UT as a continental background: (1) There is no
vertical gradient in the UT of the continental boundary, (2) vertical mixing of emissions from the surface
into the UT does not contaminate background air, (3) the air mass origin for UT and LT flask samples during
ACT-America are similar, and (4) there is no spatial gradient in the UT.

Trace gas vertical gradients observed within the UT during ACT-America (Figure 7) and at CCGG continen-
tal aircraft sites (Figure 6, third column) are weak relative to gradients observed between the UT and LT. This
lack of vertical gradient above 3,500 m MSL suggests that daily mean background mole fractions derived
from UT samples will not result in biased background estimates. Vertical mixing of surface flux-induced
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Figure 9. Average February 2017 CO2 (top) and CH4 (bottom) fields at 140◦ W longitude as a function of altitude and
latitude. CO2 and CH4 fields were constructed from the CT-NRT and ACTM model products.

changes in mole fractions into the UT can also bias background estimates. However, analysis of the foot-
prints calculated using HYSPLIT-WRF for LT and UT flask samples suggests an order of magnitude less
surface influence above 3,500 m MSL during the wintertime (Figure 5). Therefore, UT contamination from
surface fluxes during the wintertime is considered to be negligible.

Air mass origin for the UT can significantly affect estimated background CO2 and CH4 mole fractions due
to large vertical and latitudinal gradients in CO2 and CH4 (Dlugokencky et al., 1994; Tans et al., 1990) and
the seasonal positioning of these gradients. Further, if the upper and lower atmosphere are significantly
decoupled, the UT may not be a well-suited background for the LT. Upwind mole fractions for flask recep-
tor back trajectories intersecting 140◦ W are examined to determine if significant air mass origin differences
exist between the UT and LT. We find model LT-UT differences of +1.13 ± 0.79 for CO2 and +22.49 ± 13.55
ppb for CH4 (Figure 8). When comparing simulated LT endpoint mole fractions to observed flask UT
mole fractions for all flight days and assuming no vertical entrainmnet of surface fluxes, differences were
+2.09 ± 0.90 ppm CO2 and +30.03 ± 13.70 ppb CH4, which may reflect small inconsistencies in CT-NRT,
ACTM and HYSPLIT-WRF transport, and/or errors in surface fluxes or tracer transport in model products.

These differences in endpoint mole fractions may develop due to the nature of how flasks were sampled dur-
ing ACT-America—which spatially separated UT and LT samples—or through wind shear. Back trajectories
were run at 3,000 m MSL above each LT receptor to simulate vertical profiling and no spatial separation
between UT and LT samples. This test yielded statistically similar background values (Figure 8). Because
the variability in the UT flask mole fractions was similar to that found by sampling model products, model
smoothing was determined not a factor.

Differences in UT and LT endpoint mole fractions indicate UT-LT decoupling (Figure 8) that is likely driven
by wind shear. Figure 9 shows average February 2017 CO2 and CH4 cross sections. Comparing mean end-
points for all-weather days, LT and UT air masses originated at approximately 47 and 37◦ N latitude, at
altitudes of 3,100 ± 800 and 5,100 ± 1,400 m MSL, respectively. Thus, UT endpoint mole fractions are lower
than LT ones, creating a positive bias in trace gas enhancements for the analysis below. Higher variabil-
ity in UT endpoint latitudes on frontal passage flight days (also seen in simulated endpoint mole fraction
variability in Figure 8) suggests increased vertical wind shear near frontal boundaries. Simulated CO2 and
CH4 mole fractions at mean flask sample endpoint latitudes and altitudes specified above result in potential
biases of +0.75 ppm CO2 and +16 ppb CH4 (LT-UT; Figure 9). These estimates fall within 1𝜎 of the simu-
lated LT and UT flask sample endpoint CO2 and CH4 differences calculated in Figure 8 for the wintertime.
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Figure 10. CH4 versus CO2 fair-weather LT enhancements plotted for Southeast (a), Midwest (b), and Mid-Atlantic (c) regions. Continuously measured LT
enhancements are colored by altitude. Probability distribution functions of the continuous enhancements (also corrected to remove upwind vertical gradients
(see section 2.5)) are shown on each axis. Black text indicates the slope and correlation from a linear least squares geometric mean regression for the
continuous data, while red points and text indicate calculated flask enhancements for each region, correlations, and regressions.

During the summer, the vertical and latitudinal gradients for CH4 remain the same sign but are reversed for
CO2. NOAA/ESRL surface marine boundary layer measurements of CO2 and CH4 during February–March
2017 (https://www.esrl.noaa.gov/gmd/ccgg/mbl/) corroborate these model estimates in Figure 9, indicat-
ing that the latitudinal gradient between LT and UT flask endpoint mole fractions results in a +0.40 ppm
CO2 and +8 ppb CH4 average bias at the surface. As discussed in section 2.6, the correction for a preexist-
ing continental vertical gradient applied to all enhancements for species in Table 1 decreases these air mass
origin biases to 0.4 ppm CO2 and 5 ppb CH4, which results in less than a 10% bias on average for regional
enhancement calculations.
3.2.2. Representivity of Discrete Flask Samples
With limited flask samples, we show that large-scale features are not missed and that flask samples can
capture mean, regional CO2 and CH4 enhancements. Scatterplots of flask and continuous ΔCO2 versus
ΔCH4 for each region are shown in Figure 10. Here, continuous CO2 and CH4 enhancements were calculated
in the same manner as flasks (described in section 2.6). For each region, the distribution of flask ΔCO2
and ΔCH4 falls within the peak probability density function of continuous ΔCO2 and ΔCH4. The slope and
intercept of these continuous and flask scatterplots are comparable for all domains, indicating that the range
of flask samples capture the mean air mass characteristics in each ACT-America region. Slightly different
slopes and intercepts for flask distributions relative to continuous data are found in the Southeast due to the
variability in CO2 and CH4 mole fractions observed here and to point source plumes that were outside of
the normal distribution found in the majority of measurements.

3.3. Multispecies Assessment of CO2 and CH4 Enhancements
Correlation results between CO2, CH4, and other source-specific trace gas species are discussed by source
sector below as a qualitative approach to examine processes influencing LT CO2 and CH4 enhancements
throughout the eastern United States. The implications of these results with respect to CO2 and CH4 surface
sources are then discussed by each ACT-America region in section 3.4.
3.3.1. Urban and Vehicular Fossil Fuel Combustion
Carbon monoxide, benzene, and acetylene are all primarily sourced from urban fossil fuel combustion and
vehicular emissions (Harley et al., 1997; Warneke et al., 2007) and were used to identify CO2 and CH4 emit-
ted from urban and vehicular fossil fuel combustion. Footprints indicated influence from urban regions
in Figures 5a–5c. For the Mid-Atlantic and Midwestern regions, strong correlations between CO, benzene,
and acetylene enhancements and ΔCO2 were found that were significant at the 95% confidence interval
(p < 0.05, R > 0.56) (Figures 11a–11c). In contrast, urban and vehicular fossil fuel tracer correlations with
ΔCO2 in the Southeast indicated almost no correlation, potentially due to the influence of wintertime ecosys-
tem CO2 exchange on net CO2 fluxes, which will be examined in section 3.3.6. The Mid-Atlantic and the
Midwest ΔCH4 were well correlated with CO, benzene, and acetylene enhancements, suggesting CH4 vari-
ability from fossil fuel combustion (Figures 12a–12c). While significant correlations were found between
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Figure 11. Multispecies LT (alt < 1,500 m MSL) enhancement correlations with ΔCO2 for fair-weather flights. Enhancements are derived as in section 2.6.
Points are colored by ACT-America sampling region, along with corresponding correlation coefficient (R) and p values for correlations (p > 0.05 indicates no
statistically significant correlation at the 95% confidence level). Regression lines are plotted as a least squares geometric mean for the x and y axes.

CO, benzene, and CH4 enhancements in the Southeast, the lack of correlation with acetylene enhancements
(Figure 12b) suggests that ΔCH4 was influenced by other, off-road combustion processes.

Due to the significant, positive correlations between ΔCO and ΔCO2 in the Mid-Atlantic and Midwest, we
examine the slopes of these correlations compared to enhancement ratios reported in other studies. The
averageΔCO:ΔCO2 in the Mid-Atlantic was 9.3± 1.4 (Figure 11a), which falls outside of the range of average
ratios reported for the northeastern United States during winter of 11–14 ppb CO:ppm CO2 in recent litera-
ture (Miller et al., 2012; Potosnak et al., 1999), but was within the range of ΔCO:ΔCO2 reported in vehicular
tailpipe emissions (Ammoura et al., 2014). The observedΔCO:ΔCO2 in the Midwest was 6± 1.13 (Figure 11).
Because the ΔCO:ΔCO2 for the Southeast was not statistically significant, it is not discussed here.
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Figure 12. Multispecies LT (alt < 1,500 m MSL) enhancement correlations with ΔCH4 for fair-weather flights. Enhancements are derived as in section 2.6.
Points are colored by ACT-America sampling region, along with corresponding correlation coefficient (R) and p values for correlations (p > 0.05 indicates no
statistically significant correlation at the 95% confidence level). Regression lines are plotted as a least squares geometric mean for the x and y axes.

3.3.2. Oil and Natural Gas Operations
The release of carbon from oil and natural gas operations through fossil fuel combustion or leakage is a
large anthropogenic CH4 source in each region. Nonmethane hydrocarbons such as ethane and propane are
primarily sourced through oil and natural gas activity (Gilman et al., 2013; Pétron et al., 2012; Swarthout
et al., 2013; Thompson et al., 2014). While higher-order alkanes such as i,n-butane and i,n-pentane can
be emitted from automotive fuel evaporation and the wintertime burning of fossil fuels, they are mainly
derived from oil and natural gas evaporation, industrial flares, and fuel combustion (Blake & Rowland,
1986). In the Mid-Atlantic, correlations between ΔCO2 and C2-C5 hydrocarbon enhancements were strong
(Figures 11d–11g), and this region exhibited surface influence from areas encompassing both large coal and
oil and natural gas operations (Figure 5c) (Barkley et al., 2017). In the Midwest, strong correlations were
also found between ΔCO2, Δethane and Δpropane (Figures 11d and 11e), but not higher-order alkanes such
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Figure 13. Regional LT Δi-pentane:Δn-pentane ratios for fair-weather flights. Ratios are indicated by slopes (±1𝜎) of
linear least squares bisector regressions for each color-coded region. Slopes of i:n-pentane ratios of other regions within
the United States are also denoted for comparison. Slopes derived from Δi-pentane:Δn-pentane were not significantly
different from those derived from lower-tropospheric i:n-pentane mole fractions, indicating that the source signature of
continental background air does not significantly affect these results.

as pentanes and butanes. In the Southeastern region, no significant correlations between ΔCO2 and C2-C5
hydrocarbon enhancements were found, similar to correlations observed with urban and vehicular fossil
fuel tracers. For all three domains, ΔCH4 were well correlated with ethane and propane enhancements
(R > 0.67; Figures 12d–12e).

The ratio of Δi-pentane:Δn-pentane can inform the relative influence of the oil and natural gas emissions
versus urban or vehicular emissions (Figure 13). Recent literature reports this ratio to be 2–3 for urban
areas and tailpipe emissions and ∼1 or lower in oil- and natural gas-influenced areas (Baker et al., 2008;
Broderick & Marnane, 2002; Gilman et al., 2013; Thompson et al., 2014); all ACT-America regions exhibited
an average i:n-pentane ratio of 1.3, with no significant differences observed between the three study regions.
Regional footprints also indicate surface influence near large oil and natural gas shale plays (Figure 5).
Further, theΔethane:ΔCH4 ratio observed in the Mid-Atlantic and Southeastern United States is comparable
to other enhancement ratios reported in recent literature. This enhancment ratio for the Mid-Atlantic was
4.5% (Figure 12e): within the range of reported ratios for Mid-Atlantic region shale plays (Marcellus, Utica)
of 2–16% (Conder & Lawlor, 2014; Peischl et al., 2015) and higher than the reported 2.6–3.3% Δethane:ΔCH4
in dense urban regions (Plant et al., 2019). In the Southeast, this enhancement ratio was approximately 5%
(Figure 12e), which is within the range of 2–10% reported in both Smith et al. (2015) and Peischl et al. (2018)
for the Bakken and other shale plays in this region. The Midwest Δethane:ΔCH4 was 3.8% (Figure 12e),
lower than those reported in the Bakken shale formation and Denver basins (approximately 50% and 16%,
respectively; Peischl et al., 2018). This lower ratio is likely due to agricultural emissions (Figure 5b) but still
generally higher than that found in urban areas.
3.3.3. Agriculture
Bottom-up inventories suggest that agriculture is the main source of CH4 and anthropogenic nitrous oxide
(N2O) emissions in the Midwestern United States (US EPA, 2016). Over half of the U.S. anthropogenic N2O
emissions are attributed to agriculture (Bouwman et al., 1995; Davidson & Kanter, 2014), and small amounts
of N2O can be emitted from fossil fuel combustion (Becker et al., 2000). In the Mid-Atlantic, no significant
correlations between ΔCO2 and ΔN2O were found. Correlations between ΔN2O and ΔCO2 yielded R values
of 0.74 and 0.51 in the Midwest and Southeast regions, respectively (Figure 11h). The ΔN2O was not well
correlated with other urban tracers in this region, further suggesting ecosystem sources of CO2.
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Midwest ΔN2O were approximately five times the ΔN2O in the Mid-Atlantic and Southeast and were cor-
related to ΔCH4 and ΔN2O (Figure 12h). In the Southeast, where large agricultural CH4 emissions are
prevalent (Maasakkers et al., 2016), strong correlations between ΔCH4 and ΔN2O were also observed.
3.3.4. Energy Transmission
Sulfur hexafluoride (SF6) is primarily used as a dielectric within the electricity sector, escaping into the
atmosphere through leaks and venting (Ko et al., 1993; Olivier et al., 2005). Given its long atmospheric
lifetime (∼850 years), and typical colocated emissions with CO2 and CH4 from fossil fuel-powered energy
facilities, SF6 is examined as a tracer for coal-fired and natural gas-fired power plant emissions of CO2 and
CH4, respectively. For the Mid-Atlantic and Midwest, statistically significant (p < 0.05) correlations between
ΔSF6 and ΔCO2 were found. No significant correlation was found in the Southeast between ΔCO2 and ΔSF6
(Figure 11i). Higher SF6 and CO2 and CH4 correlations resulting from colocated emissions from the energy
sector could be expected in high-density population regions in the absence of other, significant sources. In
this analysis, significant correlations between ΔSF6 and ΔCO2 and ΔCH4 are only found in the Midwest
(Figure 11i, Figure 12i). Emissions of SF6 are sporadic and based on energy usage, with energy generation,
transmission, and distribution facilities acting as a single point source. Closer to emissions sources, high
correlations between ΔSF6, ΔCO2, and ΔCH4 are expected; however, on regional scales, lower correlations
are observed. Thus, the higher variability between ΔSF6, ΔCO2, and ΔCH4 correlations observed at these
regional spatial scales is expected.
3.3.5. Wetlands and Biomass Burning
Methyl halides (i.e., methyl chloride (MeCl) and methyl bromide (MeBr)) have large natural emissions
sources including oceans, coastal salt marshes and wetlands, soils, and other plants (Khalil et al., 1998;
Rhew et al., 2000; Varner, 1999). Anthropogenic sources of MeCl include biomass burning (Crutzen et al.,
1979; Lobert et al., 1999), with enhanced natural emissions in coastal regions due to chlorine deposition
derived from sea salt. While MeBr also has other anthropogenic emissions sources, these are likely small
relative to natural emissions due to their phaseout by the Montreal Protocol (United Nations Environment
Programme, 2019).

In the Mid-Atlantic and Midwest, methyl halide enhancements exhibited a negative correlation with ΔCO2
and ΔCH4 (Figures 12j and 12k, Figures 11j and 11k). As sinks of methyl halides include a small loss to the
ocean and microbial degradation in soils (Keppler et al., 2005; Serça et al., 1998), depletions in methyl halides
relative to the UT continental background were observed in the Mid-Atlantic and Southeast. However, some
of the largest depletions in methyl halides were observed in the Southeast, alongside positive correlations
with ΔCO2 and ΔCH4.

In contrast, methyl halide enhancements in the Southeast were high during 9–10 February 2017 relative to
all other campaign flight days. During this period, positive correlations were observed between ΔMeCl and
ΔCO2 but were statistically insignificant. Statistically significant positive ΔCH4 correlations with methyl
halide enhancements were found in the Southeast, with ΔCH4 greater than 100 ppb and other coenhanced
species such as C3-C5 hydrocarbons, carbonyl sulfide, and ozone.
3.3.6. Biogenic Uptake
Carbonyl sulfide (OCS) seasonality in the Northern Hemisphere is largely driven by plant photosynthetic
uptake in a manner similar to CO2 (Montzka et al., 2007). OCS is also emitted in small amounts through
anthropogenic activity, particularly from cold-running vehicular emissions (Fried et al., 1992). During win-
ter 2017, a negative correlation between ΔOCS and ΔCO2 was found in the Mid-Atlantic and Midwest
regions. As discussed above, soil uptake of methyl halides is most evident in the Southeast from observed
depletions of tracer mole fractions relative to the UT. Molecular hydrogen (not shown) also has a large sink
due to soil uptake (Novelli et al., 1999) and shows the largest depletions in the Southeast, and a positive cor-
relation to ΔCO2. Similar to these biogenic tracers, the lowest average ΔOCS was observed in the Southeast
(Figure 11l). The positive ΔOCS-ΔCO2 correlation in the Southeast is in contrast to the ΔOCS-ΔCO2 corre-
lation in other regions. A weak correlation between OCS and other vehicular fossil fuel combustion tracers
such as CO, benzene, and acetylene in the Southeast suggests that vehicular emissions are not a significant
source of OCS influencing this regression.

3.4. Discussion
Examining tracer enhancements concurrently with ΔCO2 and ΔCH4 can help to illuminate significant
anthropogenic and biogenic processes that influence ΔCO2 and ΔCH4 variability in each of the three
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ACT-America study regions. However, few species measured in flasks are source specific; here, we discuss
significant correlations to source tracers, enhancement ratios, and implications for CO2 and CH4 sources.
3.4.1. Mid-Atlantic
Figure 10 indicates that Mid-Atlantic ΔCO2 and ΔCH4 were smaller than the other study regions during
winter 2017. Higher wind speeds in the Mid-Atlantic during February–March 2017 greatly diluted enhance-
ment signals, yielding lower surface influence in Figure 5 than in other ACT-America regions despite large
known urban and vehicular fossil fuel combustion and oil and natural gas emissions. Carbon enhancements
from flasks sampled off of the coast of Cape May, NJ, from 2011 to 2017 (“CMA,” Figure 2) in the NOAA
CCGG small aircraft network show larger climatological wintertime ΔCO2 and ΔCH4 than that observed
during the ACT-America campaign, also indicating that the ACT-America sampling time period experienced
anomalous wintertime meteorological conditions.

Both ΔCO2 and ΔCH4 were strongly correlated in the Mid-Atlantic (R = 0.70, Figure 10c) and exhibited
significant, positive correlations to urban and oil and natural gas tracer (CO, acetylene, benzene, propane,
ethane, butanes, and pentanes) enhancements. Thus, anthropogenic, fossil fuel combustion sources domi-
nated observed ΔCO2 and ΔCH4 variability in this region. Vehicular-dominated sources were not apparent
in Figures 11a–11c because flight patterns were generally concentrated near oil and gas production regions
rather than urban regions (Figure 5c). The observed Mid-Atlantic ΔCO:ΔCO2 ratio for this region indicates
relatively efficient combustion (in contrast to less efficient biomass burning) and was slightly lower than
ratios reported in the studies above. As the Δi:n-pentane ratio indicates oil and natural gas-influenced com-
bustion sources, these ratios represent a mixture of both vehicular and nonvehicular fossil fuel point source
types. This average enhancement ratio of 9.3 assumes that all of the ΔCO2 can be attributed to fossil fuel
combustion sources; however, without analysis of the radiocarbon content (Δ14CO2) of CO2, the above ratio
can include nonfossil fuel sources. Nonfossil fuel sources are expected to be small, and the average correla-
tion (R = 0.60) between ΔCO2 and tracers in Figures 11a–11g indicates that the majority of ΔCO2 variability
is anthropogenic. Using Δ14CO2, Miller et al. (2012) found that up to 50% of the total CO2 signal could
be attributed to ecosystem respiration during the wintertime in the northeastern United States. As such,
depletions in methyl halides do indicate some ecosystem processing in Figure 11.

ΔCH4 was strongly correlated with ethane, propane, and higher-order alkane enhancements that are all
primarily sourced from the oil and natural gas industry. Fossil fuel combustion tracer enhancements thereby
explain approximately 80% of the variability inΔCH4 for this study. The examination of ratios between i- and
n-pentane isomers was slightly lower than those reported from northeastern U.S. cities, which are within the
range of 1.4 to 2.8 (Baker et al., 2008), further indicating that ΔCH4 variability had a nonnegligible influence
from the oil and natural gas industry.
3.4.2. Midwest
Similar to the Mid-Atlantic region, statistically significant Midwestern ΔCO2 correlations with
urban/vehicular and oil and natural gas tracer enhancements suggest that the variability in ΔCO2 is largely
explained by anthropogenic fossil fuel combustion sources. Conversely, strong correlations between ΔN2O
and ΔCO2 may be an effect of colocated sources of agricultural N2O and ecosystem CO2 respiration. Both
soil N2O (Mosier, 1998; Shepherd et al., 1991) and ecosystem respiration (CO2 effluxes) are temperature
dependent, and surface temperatures for the Midwestern domain during this flight campaign were above
21◦ C at times, reaching record highs. Thus, these higher-than-average temperatures may be one cause
of large wintertime enhancements in N2O and the strong correlation to ΔCO2. The ΔCO:ΔCO2 observed
in the Midwest is lower than typical reported vehicular ΔCO:ΔCO2 ratios, further reflecting a mixture of
nonanthropogenic and anthropogenic point sources in this region (Figure 5b).

The correlation between ΔCO2 and ΔCH4 (R = 0.98, Figure 10b) also suggests that CO2 and CH4 sources
may be colocated. The predominance of agriculture in this region is indicated by the large fraction of the
variability in ΔCH4 associated with ΔN2O (Figure 12h). Strong correlations between ΔCH4 and anthro-
pogenic tracer enhancements (CO, benzene, acetylene, and C2-C6 hydrocarbons; Figures 12a–12g) were
observed in the Midwestern study region indicating that variability in ΔCO2 and ΔCH4 is largely dominated
by anthropogenically sourced tracers.
3.4.3. Southeast
Potential biological uptake and ecosystem respiration was found to create additional variability in observed
ΔCO2 correlations. In addition, remote sensing phenology records indicate that Southeast vegetation is
more active by February than the other study regions (USGS, 2019). Consequently, weak and/or statistically
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insignificant correlations between ΔCO2 and ΔCH4 (Figure 10a) and between ΔCO2 other anthropogenic
tracers in the Southeast is indicative of the influence of ecosystem CO2 exchange, similar to ΔCO2 cor-
relations observed in Miller et al. (2012). While ΔOCS can provide some clues into ΔCO2 variability due
to biological uptake, its correlation to ΔCO2 was insignificant. However, the positive correlation between
ΔOCS and ΔCO2 in contrast to negative Midwest and Mid-Atlantic correlations suggests that biogenic
uptake of CO2 contributes to the net CO2 flux for the Southeast during winter. Given known anthropogenic
sources of CO2 in this region, their contribution to ΔCO2 variability may be masked in many correlations
to ΔCO2 due to wintertime biogenic CO2 uptake. Although soil uptake processes are different from pho-
tosynthesis, the depletion of other biogenic tracers (methyl halides, hydrogen) in the Southeast is further
indicative of active wintertime ecosystem processing.

Significant correlations between ΔCH4 and both anthropogenic and biogenic tracers are also found. Methyl
chloride enhancements in particular explain over 40% of the ΔCH4 variability. Wetland emissions can be
one source for methyl halides; they can also be emitted from biomass burning in the Southeast during winter
mainly from prescribed, residential, and agricultural burning (Liu et al., 2016; Tian et al., 2009; Zhang et al.,
2010). Observed enhancements in methyl halide and other nonmethane hydrocarbons alongside multiple
fire counts remotely observed from the NASA Visible Infrared Imaging Radiometer Suite (VIIRS) (NASA,
2018) near flight paths between 9–10 February 2017 support biomass burning as one source of methyl halide
and CH4 enhancement variability in the Southeast. As footprints in Figure 5a also intersect large wetland
regions, ΔCH4 variability may also be influenced by wetland emissions during these events. Due to the
potential colocation of biomass burning and wetland sources, it is difficult to disaggregate the two without
the use of additional tracers .

4. Summary and Conclusions
Regional CO2 and CH4 enhancements during the winter 2017 ACT-America campaign were computed using
multispecies measurements in aircraft flasks sampled under fair weather conditions. We use background
mole fractions from the UT, hypothesizing that the use of upper-atmospheric observations to define back-
ground is more appropriate during winter due to decreased wind shear, and to decreased convective mixing
of surface emissions into the upper atmosphere. Model products were used as a realistic test environment
alongside aircraft and surface observations for understanding potential issues with estimating background
mole fractions for this analysis.

Correlations between ΔCO2, ΔCH4 and fossil fuel combustion tracers, Δethane:ΔCH4, and Δi:n-pentane
all indicate that the variability in ΔCO2 and ΔCH4 in the all regions was broadly influenced by oil and
natural gas emissions and that most enhancements were anthropogenically sourced. Mid-Atlantic oil and
natural gas sources were evident as a result of close sampling proximity to dense oil and natural gas wells.
Large nitrous oxide enhancements in the Midwest alongside ΔCO2 under anomalously high temperatures
highlight prevalent agricultural sources and potential CO2 respiration. Wintertime biogenic uptake of CO2
emerged as a source of ΔCO2 variability in the Southeast, complicating ΔCO2 and anthropogenic tracer
enhancement correlations in the absence of 14CO2 measurements. However, the aggregate of fossil fuel,
wetland CH4 sources, and biomass burning sources in the Southeast contributed to large surface CH4
enhancements during the wintertime.

We show that flask sampling can indicate major sources of CO2 and CH4 enhancement variability for
informing regional-scale CO2 and CH4 flux priors. However, this analysis also highlights limitations in these
measurements. Sparse sampling near source regions and lack of a more diverse suite of source-specific
tracers inhibits quantitative source attribution. The mixture of emissions source types and tracer-tracer
ratios over large sample regions makes using a single tracer (other than 14CO2) for this analysis difficult.
Quantitatively attributing ΔCO2 and ΔCH4 to specific source sectors will require (a) increasing sampling
nearer to sources to isolate and increase enhancement signals over background levels and (b) the inclusion
of more uniquely sourced tracers either in or alongside the flask measurement suite. Additional species
could include nitrogen oxides as an urban tracer (Goldan et al., 2012); biomass burning tracers, acetonitrile,
aerosols, and C3-C4 alkynes (Andreae & Merlet, 2001; Blake et al., 1996); and ammonia as an agricultural
tracer (Anderson et al., 2003). While 14CO2 sampling is limited during the ACT-America campaign, its use
for partitioning ΔCO2 into fossil fuel and biogenic components can also enhance CO2 source attribution
analyses.
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