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ARTICLE INFO ABSTRACT

The extensive use of natural gas (NG) in urban areas for heating and cooking and as a vehicular fuel is associated
with potentially significant emissions of methane (CH,4) to the atmosphere. Methane, a potent greenhouse gas
that influences the chemistry of the atmosphere, can be emitted from different sources including leakage from
NG infrastructure, transportation activities, end-use uncombusted NG, landfills and livestock. Although sig-
nificant CH,4 leakage associated with aging local NG distribution systems in the U.S. has been reported, further
investigation is required to study the role of this infrastructure component and other NG-related sources in
atmospheric CH4 enhancements in urban centers. In this study, neighborhood-scale mobile-based monitoring of
potential CH4 emissions associated with NG in the Greater Houston area (GHA) is reported. A novel dual-gas
3.337 um interband cascade laser-based sensor system was developed and mobile-mode deployed for simulta-
neous CH, and ethane (C,Hg) monitoring during a period of over 14 days, corresponding to ~ 90 h of effective
data collection during summer 2016. The sampling campaign covered ~ 250 exclusive road miles and was
primarily concentrated on eight residential zones with distinct infrastructure age and NG usage levels. A
moderate number of elevated CH4 concentration events (37 episodes) with mixing ratios not exceeding 3.60
ppmv and associated with atmospheric background enhancements below 1.21 ppmv were observed during the
field campaign. Source discrimination analyses based on the covariance between CH,4 and C,Hg levels indicated
the predominance of thermogenic sources (e.g., NG) in the elevated CH, concentration episodes. The volumetric
fraction of C,Hg in the sources associated with the thermogenic CH, spikes varied between 2.7 and 5.9%,
concurring with the CoHg content in NG distributed in the GHA. Isolated CH,4 peak events with significantly
higher C,H¢ enhancements (~11%) were observed at industrial areas and locations with high density of pet-
roleum and gas pipelines in the GHA, indicating potential variability in Houston's thermogenic CH,4 sources.
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1. Introduction

Methane (CHy4), a potent greenhouse gas (GHG) that also con-
tributes to background ozone levels, is emitted from multiple sources
including natural gas (NG) and petroleum systems, mobile and sta-
tionary combustion, and microbial degradation in landfills and waste-
water treatment plants (EPA, 2017; Fiore et al., 2008). Natural gas
systems, including production, processing, and transmission and dis-
tribution, constitute the second largest known source of CH4 emissions
to the atmosphere, with estimated 6.5 million metric tons CH4 emitted
in 2015 (24.8% of total CH4 emissions in the U.S) (EPA, 2017). Ethane
(C2Hg), which also contributes to surface ozone formation and impacts
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the oxidative capacity of the atmosphere, is co-emitted with CH4 de-
rived from NG systems but not from non-fossil sources (Brandt et al.,
2016; Helmig et al., 2016; Schoell, 1980; Simpson et al., 2012; Xiao
et al., 2008). Considering the impact of CH,4 and C,Hg in the atmo-
sphere, fugitive emissions from NG systems may potentially outweigh
the benefits associated with increased NG usage derived from replace-
ment of coal and oil (Brandt et al., 2016).

Despite multiple studies investigating NG leakage occurring in
production and processing stages (Allen et al., 2015; Brantley et al.,
2014b; Mitchell et al., 2015; Subramanian et al., 2015; Zavala-Araiza
et al., 2015), particular uncertainty remains on the extent of CH,
emissions associated with NG distribution systems (NGDS), which
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deliver this fuel to final residential and commercial consumers in urban
areas (Hendrick et al., 2016; Jackson et al., 2014). This uncertainty is
reflected by differing estimates by the 1990-2010 U.S. GHG inventory
(EPA, 2012) and a recent study by Lamb et al. (2015), which based on
measurements in thirteen U.S urban distribution systems reported
36-70% lower CH,4 emissions from NGDS. Furthermore, the most recent
U.S. GHG inventory (EPA, 2017) estimates CH4 emissions from NGDS
~65% lower than the 1990-2013 U.S. GHG inventory for the same
period of time (e.g., 2011-2013) (EPA, 2015b, 2017). NGDS have been
identified as relevant CH, emission sources in different U.S. urban areas
with reported NG loss rates from local NGDS varying between ~2 and
6%, and nationwide estimates between 0.1 and 0.22% (Cambaliza
et al., 2015; Lamb et al., 2015, 2016; McKain et al., 2015; Wennberg
et al., 2012).

In the past 60 years, the NGDS infrastructure in the U.S. has evolved
from being mainly constituted by leak-prone materials such as un-
protected steel (bare steel, BS) and cast iron (CI) to being dominated by
plastic pipelines (DOE, 2017; PHMSA, 2016b). Pipeline replacement
programs have followed distinct dynamics in different U.S. states,
leading to local NGDS with marked differences in pipeline composition
and infrastructure age (DOE, 2017; Gallagher et al., 2015). As such, it is
expected that leaks from the NGDS are highly spatially dependent.

Recent initiatives such as those of the Environmental Defense Fund
and Google Earth Outreach (von Fischer et al., 2017) have conducted
CH, leak surveys in several U.S. urban areas, following previous studies
mostly conducted in Northeast and Midwest cities (Chamberlain et al.,
2016; Gallagher et al., 2015; Hendrick et al., 2016; Jackson et al., 2014;
Lamb et al., 2016; McKain et al., 2015; Phillips et al., 2013). The in-
cidence of CH, leaks associated with NGDS has been reported as sig-
nificant for urban centers with aging NG infrastructure including Wa-
shington D.C., Boston, MA and New York City, and more moderate for
cities such as Durham, NC, Cincinnati, OH and Ithaca, NY (leak den-
sities ranging between 0.22 and 4.3 leaks/road mile) (Chamberlain
et al., 2016; Gallagher et al., 2015; Jackson et al., 2014; Phillips et al.,
2013). In addition to emissions from local NGDS and end-use un-
combusted NG, emissions from compressed NG (CNG) fueled vehicles
have been reported as relevant urban sources of atmospheric CH,4
(Curran et al., 2014; Hesterberg et al., 2008; Lamb et al., 2016; von
Fischer et al., 2017).

The reported variability in NG leakage across the U.S. and the po-
tential occurrence of CH4 emissions from distinct in-use NG sources in
urban centers highlight a need for area-specific investigations of en-
hancements in atmospheric CH, levels associated with NG distribution
and usage. Although the Greater Houston area (GHA) is the fifth-largest
metropolitan area in the U.S. and Houston is the most populated center
in Texas (which in turn is the largest consumer of NG and has the
second largest CNG vehicle fleet in the U.S. (EIA, 2015)), no studies on
the occurrence of CH,4 emissions associated with the use of NG in this
urban center have been reported in the scientific literature to date.

This paper describes an initial study on the incidence of NG-related
CH, emissions in selected zones of the GHA during August and
September 2016. Daytime mobile-mode monitoring of CH4 and CyHg
concentrations was conducted primarily in eight selected residential
zones with high, medium and low expected probability of CH, emis-
sions, according to selected proxies for NGDS infrastructure age and NG
usage. Multi-day sampling was performed in zones with higher ex-
pected probability of CH4 emissions, while single-day monitoring was
conducted in zones with lower potential of CH, leakage. More limited
CH,4 and C,Hg sampling was completed at three GHA neighborhoods
with recent reports of NGDS-related incidents associated with pipelines
dating back to 1945 (PHMSA, 2016a). Additionally, monitoring of CH4
and C;Hg levels was conducted continuously while en route to the se-
lected sampling areas. Total monitoring comprised ~90h of CH4 and
C,Hg concentration data and encompassed approximately 250 exclusive
road miles.

CH, and C,He mixing ratios were measured employing a novel
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infrared laser-based sensor system developed for simultaneous detec-
tion of these gas species based on a single 3.337-um light source. The
compactness of this sensor system, derived mainly from the use of a
single laser source and reduced-size electronics, enables its use in mo-
bile-mode environmental monitoring allowing C,He¢/CH,4 ratio-based
CH, source discrimination analyses. While CH, source profiling based
on off-line analysis of (CoH + propane)/CH, ratios in limited subsets of
samples and using the CyHg/CH, ratio employing separate CH, and
CoHg instruments has been previously demonstrated (Jackson et al.,
2014; Yacovitch et al., 2014), this study reports, for the first time, the
application of a single dual-gas instrument enabling continuous CH4
source identification.

2. Methods
2.1. Selection of sampling zones

Eight residential zones in the GHA with distinct expected prob-
ability of NG leakage were selected for monitoring of CH, and C,Hg
levels. The median housing age (MHA) and the NG heating units density
(HUD), as proxies for the NGDS infrastructure age and NG consump-
tion, respectively, were used to define the expected probability of CH4
leakage in the block groups in the GHA (United States Census Bureau,
2014). Four categories of expected CH,4 leak occurrence (low, high,
medium A and medium B) were defined based on the intersection be-
tween MHA and HUD levels as depicted in Fig. 1.

The transition between old and new infrastructure was established
based on the predominant pipeline materials used in NG distribution
systems over the past 60 years and the tendency of these materials to
crack and/or leak (Fig. S1, Supplementary Information, SI). According
to the timeline in Fig. S1, pre-1980 and post-1990 block groups in the
GHA were classified with higher and lower expected probability of CH4
leakage, respectively (high and medium A, and low and medium B
categories in Fig. 1, respectively). This timeline coincides with the ap-
proximate transition between metal and plastic pipelines in the
Houston area according to non-official information provided by the
local NG distribution company (CenterPoint Energy Entex).

Census data from the American Community Survey (United States
Census Bureau, 2014) were used to identify neighborhoods in the GHA
associated with high density of pre-1980 and post-1990 housing units
(above the 90" percentile of the housing unit density in each category
for the Houston area). The statistical distribution of the HUD in the pre-
selected zones was examined, and the 10th and 90 percentiles of this
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Fig. 1. Expected probability of NG leakage based on median housing age and density of
NG heating units as proxies for infrastructure age and NG consumption, respectively.
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Fig. 2. Selected residential sampling zones in the Houston
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variable were used as the upper and lower limit to define zones in the
low/medium A and high/medium B probability categories, respectively
(Fig. 1). According to these criteria, two residential zones were selected
in each category (High: H1 and H2, Medium A: MA1 and MA2, Medium
B: MB1 and MB2, and Low: L1 and L2). The location of these zones is
presented in Fig. 2 and their characteristics are summarized in Table S1.

In addition to the residential zones selected based on MHA and HUD
levels, some areas in the GHA with likely presence of NG aged infra-
structure (pre-1980) were identified based on reports of NGDS-related
incidents by the local NG distribution Company during 2009-2016
(PHMSA, 2016a). Three neighborhoods (I1, 12 and I3, Fig. S2) with
reported incidents involving pre-1980 polyethylene and steel mains and
services lines were identified and included in the sampled areas. As no
information on the spatial distribution of NGDS pipeline materials in
the GHA was accessible, these three zones constitute case studies of
interest where (i) some certainty on pipeline type and infrastructure age
exists and (ii) NGDS infrastructure failure has occurred. Table S2 pre-
sents further information on the NGDS-related incidents reported in
these supplementary sampling zones. Although the eight selected zones
and supplementary sampling locations corresponded to residential lo-
cations with no evident industrial installations, certain areas with high
density of industrial facilities and petroleum/gas pipelines outside these
zones also were sampled occasionally while en route to/from the se-
lected neighborhoods.
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2.2. Interband cascade laser-based sensor system for CH, and C,Hg
detection

A continuous wave (CW) distributed feedback (DFB)-interband
cascade laser (ICL)-based sensor system using long-path absorption
spectroscopy was developed for the detection of CH, and CoHg. This
sensor unit employs a single ICL (Nanoplus, Germany) centered at
3337 nm (2996.70 cm ™~ ') and simultaneously targets absorption lines
at 2999.06 and 2996.88 cm ™! for CH, and C,Hg detection, respectively
(Fig. S3). These absorption lines are not influenced by the presence of
typical atmospheric trace gases such as carbon dioxide and nitrous
oxide, although potential interference by nearby water absorption lines
located at 2998.97 and 2999.16 cm ™! can occur (Fig. S3). This poten-
tial interaction was addressed by installing a CaSO4-based water trap in
the sampling line (Drierite, 8 mesh, W.A. Hammond Drierite Co, LTD,
OH).

The ICL was coupled into a compact multipass gas cell (MPGC)
(Sentinel Photonics-Aeris Technologies, CA) with an absorption path
length of 54.6 m. The output of the MPGC was measured using a mer-
cury-cadmium-telluride infrared detector (PVI-4TE-3.4, Vigo Systems,
Poland) with optimal detection at 3400 nm. A temperature controller
(model 0520, Wavelength Electronics, MT) and a reduced-size custom
laser current driver were used for the ICL operation. The ICL beam
pattern in the MPGC mirror surfaces was adjusted by using a visible
diode laser beam (wavelength 630 nm, Coherent Inc., CA) co-aligned
with the ICL until a non-overlapping dense pattern in the MPGC was
obtained.

Wavelength modulation spectroscopy with second harmonic (2f



N.P. Sanchez et al.

signal) detection was implemented by employing LabVIEW-based ICL
wavelength scan, function generator, signal acquisition module and
lock-in amplifier software. These signals were transmitted via a DAQ
card (NI USB-6356, National Instruments). Dual gas detection was
realized by applying a current range between 31 and 49 mA to the ICL
while operating at 10 °C. A flowmeter (M-2SLPM-D, Alicat Scientific,
Inc, AZ), pressure controller (649A, MKS Instruments, Inc, MA) and
vacuum pump (N 813.5 ANE/AF, KNF Neuberger Inc, NJ) formed the
sampling component of the sensor unit. The sensor architecture is
presented in Fig. S4.

The sensor system was operated at 100 Torr and calibrated using
different concentrations of CH,; and C,Hg obtained by dilution of
standard gas cylinders (2.1 ppmv and 1.14 ppmv for CH, and C,Hg,
respectively) employing an automated gas dilution system (series 4040,
Environics, Inc, CT). Linear response (2f signal) of the sensor system at
different concentrations of CH, and C,Hg was observed as illustrated in
Fig. S5. The stability of the response of the sensor unit was examined at
different concentration levels of CH, (0, 300, 600 and 900 ppbv) and
C,Hg (0, 30, 60 and 90 ppbv). Relative standard deviations between 2.6
and 5.3% and 3.0 and 9.4% for CH, and C,Hg, respectively, indicated
relatively minor fluctuation at the evaluated conditions.

Further evaluation of the stability and precision of the output from
the sensor system was conducted using an Allan-Werle variance ana-
lysis. Results of this analysis using pure N, (Cao et al., 2015) indicated
minimum sensor system detection levels of 17.4 and 2.4 ppbv for CH4
and C,Hg, respectively, for an averaging time of 4.3 sec. The response
time of the sensor system, defined as the time required to rise from 10%
to 90% and to fall from 90% to 10% of the final concentration for in-
creasing/decreasing concentration steps, was ~ 90 sec, as illustrated in
Fig. S6. Thus, although the ICL-based sensor unit allows effective de-
tection of CH4 and C,Hg concentration enhancements during field
measurements, short-term concentration fluctuations of these gas spe-
cies (< 90 sec) might not be fully captured by the instrument and as-
sociated time delays might exist when monitoring CH, and C,Hg spikes.
The performance of the dual-gas sensor unit for laboratory and short-
term stationary atmospheric monitoring was previously evaluated, and
sensitive simultaneous detection of CH4 and C,He was demonstrated,
indicating its suitability for studying the incidence of NG-related CH4
atmospheric enhancements. The results of these tests, as well as de-
tailed information on the sensor operation and development process,
were reported previously (Ye et al., 2016).

2.3. Sensor deployment and field campaign

The incorporation of a LabVIEW lock-in amplifier and reduced-size
electronics to replace bulky commercial devices traditionally employed,
as well as the use of a single ICL for dual gas detection, led to the
compact field-deployable sensor system presented in Fig. S7. As ob-
served in Fig. S7, an aluminum enclosure was installed in the optical
core of the sensor unit to protect its optical components and reduce the
potential impact of characteristic high ambient humidity levels present
in the Houston area during summer. After weatherization, the CH, and
C,Hg sensor system was deployed in a gasoline mid-size passenger ve-
hicle for mobile-mode monitoring of these trace gases in the GHA
during summer 2016.

A set of high capacity rechargeable batteries (PG-12V150-FG,
Power-sonic Corporation, CA) and a DC to AC inverter (Model 9622,
Wagan Coporation, CA) were used to supply power to the components
of the sensor system during mobile deployment. A Teflon filter (pore
size 1.0 pum, PALL Corporation, NY) was installed at the entrance of the
sampling line to prevent particle flow to the MPGC. This filter and the
desiccant employed in the water trap were replaced daily. A Teflon
sampling line (1/8 in), located ~ 1 m above ground level and posi-
tioned ahead of the vehicle exhaust in order to prevent any self-sam-
pling, was used for introducing the sampled gas to the MPGC. A
weather station with an integrated 10 Hz GPS (Airmar 150WX) was
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installed on the roof of the vehicle and employed for acquiring ambient
temperature, barometric pressure, vehicle geographical coordinates
and apparent/true wind speed and direction while sampling. A single
data file containing the Airmar 150WX data output as well as the sensor
system output (i.e. CHy and C,Hg 2f signals and concentrations) at
unified time stamps was generated every ~ 5 sec during each field test
(Table S3). The in-motion noise floor of the sensor system during field
deployment was evaluated and compared with noise levels observed
during typical laboratory measurements, as illustrated in Fig. S8. As
shown in this Figure, similar noise levels of ~20 and 1.2-2 ppbv for
CH,4 and C,H¢ detection, respectively, were observed for field and la-
boratory operation, indicating minor impact of mobile mode-related
factors (e.g., vibration and vehicle movement) on the sensor unit re-
sponse. This instrument noise level is sufficient for detecting typical
NGDS-related leaks, which according to previous reports usually in-
volve atmospheric CH, enhancements exceeding ~ 700 ppbv, and only
few instances with leaks associated with concentration spikes below
150 ppbv (Jackson et al., 2014; Phillips et al., 2013; Chamberlain et al.,
2016; Gallagher et al., 2015). Additional information on the mobile
sampling configuration is presented in Table S3.

Calibration of the sensor system was conducted on a regular basis
during the field campaign using standard gas cylinders of CH, (2.1
ppmv) and CyHe (1.14 ppmv). Mobile-mode monitoring of CH4 and
C,Hg concentration levels was conducted during 14 days encompassing
~90h of sampling in the selected residential zones (vehicle speed
below 15 mph) and while driving to/from these areas (vehicle speed
below 30 mph). Additionally, less intensive monitoring was conducted
in the three neighborhoods corresponding to likely pre-1980 NG in-
frastructure (I1-13, Fig. S2). Table S4 summarizes the frequency, times
and duration of sampling, as well as the road miles covered at the eight
selected residential zones during the field campaign. As shown in this
Table, sampling in the H1, H2, MA and MA2 zones (i.e., zones with
higher expected probability of CH,4 leakage based on infrastructure age)
was conducted in a multi-day basis, alternating between morning and
afternoon periods. Sampling in the zones with more recent infra-
structure (MB1, MB2, L1 and L2) was performed at a single instance
with longer duration than the daily monitoring in the multi-day sam-
pling scheme (Table S4). As shown in Table S4, monitoring was con-
ducted only during daytime (~10:00-17:00 CST), covering similar
periods in each zone. At each selected location, transects were mon-
itored repeatedly by driving the entire area of the neighborhood mul-
tiple times. The approximate 90 h of field sampling covered an area of
~250 exclusive miles (i.e., not including repeated sampling on the
same roads), from which about 98 road miles were driven in the se-
lected residential zones and supplementary sampling locations I1, 12
and I3 (Tables S4 and S5). The remaining over 150 miles corresponded
to roads covered while en route to/from the selected sampling loca-
tions. The sampling/driving time, monitoring dates and number of
driving cycles in these roads are presented in Fig. S9 and Table S6.

2.4. Peak identification and source discrimination methods

Sustained increases in CH4 concentration exceeding by three stan-
dard deviations the atmospheric CH4 background level were considered
as CH, peak events. This peak identification criterion was equivalent to
the definition of peaks based on concentration increases over the 90™
percentile of the observed CH4 mixing ratios for a monitoring interval.
The background concentration of CH, for a particular period was cal-
culated as the 5th percentile of the corresponding concentration time
series (Brantley et al., 2014a; Bukowiecki et al., 2002).

The likely origin of the observed CH, peaks (e.g., thermogenic
versus biogenic) during the field campaign was determined based on
the slope of the orthogonal regression (OR) between CH, and C,Hg
concentrations levels during the concentration spikes (Yacovitch et al.,
2014). The slope of the OR represents the C;Hg enhancement (%v/v) in
the detected CH,4 peaks and thus provides information on the nature of
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the source associated with the detected increase in CH,4 concentration.
C,Hg is primarily absent from CH, emitted from biogenic sources and
therefore constitutes a marker of CH, derived from thermogenic sources
(Hausmann et al., 2016; Schoell, 1980). Additionally, the intercept of a
Keeling-like plot (KLP), which equally provides the C,Hs/CH,4 ratio in a
CH,4 peak by paralleling C,Hg to a CH, isotope, was calculated for
comparison purposes (Yacovitch et al., 2014). CH,4 concentration peak
events with statistically significant association (p < .01) between CH,4
and C;He mixing ratios and coefficients of correlation (R) above 0.7
were related with thermogenic sources. Peak events with no statistically
significant association or low R levels between CH, and C,Hg con-
centrations were categorized as likely of biogenic origin. For these
peaks, the upper limit of the 95% confidence interval of the OR slope
was reported as an estimate of the maximum C,Hg volumetric content
in the potential emission source (Yacovitch et al., 2014).

3. Results and discussion
3.1. Inter and intra-neighborhood variation in CH, concentration

The spatial variation of the CH, mixing ratios in each selected zone
during the field campaign is presented in Fig. 3, while the associated
zonal concentration statistics are summarized in Table S7. Fig. 3 pre-
sents multi and single-day sampling concentration data for H1/H2/
MA1/MA2 and L1/L2/MB1/MB2, respectively. For the zones in which
multi-day sampling was conducted (H1/H2/MA1/MA2), Table S8
shows slight variability between the mean CH, mixing ratios in each
neighborhood (relative standard deviations (RSD) of 3.0, 3.99, 1.78 and
0.26% in H1, H2, MA1 and MA2, respectively). Table S8 also indicates
minor differences between the mean CH4 mixing ratios for morning and
afternoon sampling hours in the distinct zones (variability < 5%). This
observation is consistent with sampling being conducted after devel-
opment of the boundary layer, and concurs with results on the diurnal
dynamics of CH4 mixing ratios previously reported by our research
group, which indicate that after a significant increase in concentration
occurring in the early morning, a variation below 4% was observed for
the CHy levels between 10:00 and 18:00 CST (Dong et al., 2016). As
presented in Fig. 3, atmospheric CH, concentrations in the selected
neighborhoods ranged between 1.89 and 3.57 ppmv, with larger levels
observed in the zones with high expected probability of CH, leakage
(H1 and H2). The mean CH, mixing ratio followed the sequence
Hl > H2 > MA1 > L2 > MA2 > MB2 > L1 > MBI, with higher
variability present in H1 and H2, as reflected by larger RSD levels
(Table S7).

The meteorological conditions during sampling at each zone are
summarized in Table S4, and the zonal variability in wind speed (WS)
levels is illustrated in Fig. S10. As presented in Fig. S10, relatively
consistent WS levels were observed in the distinct neighborhoods, with
mean WS varying between 1.37 and 1.92 m/s (associated RSD: 11.8%).
As shown in Table S4, similar zonal WS distributions were observed
during sampling, with levels below 2 m/s being predominant across the
selected zones. Additionally, as sampling was conducted during similar
daytime hours, comparable ambient temperatures (90.6-97.6 °F), were
recorded during monitoring (Table S4), reinforcing the presence of
fairly consistent meteorological conditions during the field campaign.
Based on WS levels, sky cover and solar elevation angles during sam-
pling, it was established that atmospheric turbulence levels corre-
sponded primarily to Pasquill stability classes A and B (extremely and
moderately unstable, respectively - Table S4) (Turner, 1994), sug-
gesting, as discussed in the SI (including Tables S9 and S10), that si-
milar zonal pollutant dispersion dynamics was likely present during the
field monitoring (Beychok, 2005). Considering the relatively consistent
meteorology in the course of the field campaign, it is expected that the
CH, concentration comparison presented in Fig. 3 and summarized by
the H1l > H2 > MA1 > L2 > MA2 > MB2 > L1 > MB1
quence represents the inter-zone variability in CH4 mixing ratios during
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the sampling period. In order to further examine this hypothesis, the
potential impact of the WS levels on this concentration trend during
sampling was examined by analysis of covariance (ANCOVA) (SPSS
20.0, IBM Corp., Armonk, NY) (Table S11), as described in the SI. The
mean CH, mixing ratio adjusted by the effect of WS, as resulting from
ANCOVA, are included in Table S7. As indicated by these results, minor
variations (not exceeding 0.17%) can be noticed between the mean and
adjusted mean CH,4 concentrations in each zone, indicating that the
sequence above also represents the zonal CH, mixing ratios trends
while accounting for WS during sampling. Additional details on the
ANCOVA application are provided in the SI

An inverse significant linear relationship between MHA and the
mean concentration of CHy in the selected zones (R = —0.76, p < .05)
was observed, suggesting higher atmospheric levels of this gas species
in neighborhoods with older infrastructure. As recently constructed
neighborhoods tend to be located in more outlying zones of the GHA,
the significant inverse association between MHA and CH,4 levels could
reflect this fact. The co-linearity between block group's MHA and its
distance from downtown Houston (R = 0.92 and R = 0.53, p < .01 for
the eight selected zones and for 2523 block groups within 35 miles from
the center of Houston, respectively) support this observation.

One-way analysis of variance (Minitab 17, Minitab Inc., PA) in-
dicated statistically significant differences (p < .01) between the
average CH,4 concentrations in the distinct residential zones, pointing
out noticeable inter-neighborhood variation in CH, levels. Differences
between zones with high, medium (A and B), and low expected prob-
ability of NG leakage were examined by linear discriminant analysis
(LDA) (SPSS 20.0, IBM Corp., Armonk, NY) using CH4 and C,Hg mixing
ratios as the discriminating variables. Two canonical discriminant
functions (F1 and F2) accounting for 66.1 and 33.9% of the dis-
criminating ability of the CH4 and C,Hg concentrations, respectively,
were obtained. CH, concentration is highly correlated with F1, while F2
exhibits high association with C,He concentrations (i.e. greater impact
of CH4 and C,Hg levels on F1 and F2 discriminant scores, respectively,
Tables S12 and S13). The higher discriminating capability accounted by
F1 is reflected by the larger difference in the mean of the F1 scores
(functions at group centroids, Table S14) between the High, Medium A,
Medium B and Low zones compared with the corresponding difference
for F2. The mean of the scores for F1 differs particularly for the High
and Low zones, with more moderate differences between the Medium
A/Medium B and High/Low zones (Table S14). The F1 and F2 dis-
criminant scores for the distinct zones (Fig. S11) show that the High,
Medium A and Low leakage probability zones can be differentiated
primarily based on F1, while unclear differentiation of Medium B from
the other zones can be noticed based on F1 and F2 scores (number of
Medium B data points classified correctly by LDA was ~41%, Table
S15).

The intra-neighborhood spatial variation of CH, mixing ratios was
also examined by applying the Anselin Local Moran's I statistics (Spatial
Statistical tools, ArcMap 10.1, ESRI, CA) at each sampling location
(intra-zone clusters). The H1, H2, MB2 and L2 zones were characterized
by clusters of high CH,4 concentration (HH) disperse across the sampling
areas, while HH clusters were more grouped at H2, MA1 and L1, and
nearly absent from MB1 (Fig. S12). The maximum CH, concentration of
the observed HH clusters in the selected residential zones ranged be-
tween 2.16 and 3.57 ppmv, with the largest levels observed in the H2
and MA2 zones (Table S16). Further details on the Anselin Local Mor-
an's I statistics for cluster analysis and LDA application are provided in
the SI.

Potential differences in the type of CH,4 sources impacting the se-
lected zones during the monitoring period were investigated based on
the correlation between C,Hg and CH,4 mixing ratios at each location.
Significant association between C,Hg and CH,4 levels (p < .01) with
coefficients of correlation above 0.6 was noticed in the MA2 and L1
zones (Fig. 4), indicating probable influence of thermogenic CH,4
sources in these areas. C,Hg/CH4; ratios of 3.3 = 0.10% and
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Fig. 3. Spatial variation of CH4 mixing ratios in the GHA residential zones selected for monitoring during summer 2016. Color scale in ppmv is included in the central map of the Figure.
Mixing ratios correspond to data collected while driving in each sampling zone. For H1, H2, MA1 and MA2 the mapped CH,4 mixing ratios include multiple days of sampling, while
concentrations mapped for MB1, MB2, L1 and L2 correspond to single-day monitoring (Table S4). The variation in CH, concentrations in zones where multi-day sampling was conducted
(H1/H2/MA1/MAZ2) is presented in Table S8. Mean CH, mixing ratios and background levels (5th percentile of the collected concentration data) in each zone are shown in Table S7.
Meteorological conditions present during each sampling instance are included in Table S4. Darker points in zones such as H2, MA2 and L1 correspond to detected CH, peak events, while
darker coloration in zones such as H1 and MA1 mostly reflect overall larger atmospheric CH, levels not evidently associated with peak occurrences (Section 3.3). Potential time delay in
concentration data due to the specific sensor system time response is not reflected in this Figure. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

1.9 + 0.13% (slope of the OR between C,He and CH, concentra-
tions * standard error) for MA2 and L1, respectively, agreed well with
the fraction of C,Hg in NG distributed in the Houston area (Section 3.3).

In contrast, the H1, H2 and MB1 zones were characterized by nearly
null association (p < .01) between CH, and C,H¢ levels, suggesting
minor influence of CH, thermogenic sources during the sampling
period. Although the C,H¢ and CH, concentrations were significantly
correlated (p < .0.1) in the MA1 and MB2 areas, lower R levels were
observed in these zones (0.57 and 0.41, respectively).

As shown in Fig. 4, two distinct trends between C,Hg and CHy
mixing ratios were observed in L2. While null correlation between CoHg
and CH4 concentrations was observed during the major portion of the
sampling interval, the influence of CH4 sources was reflected by a
C,Heg/CH, ratio of 14 = 0.8% detected during a fraction of the mon-
itoring period. This large C,He/CH, ratio was associated with an
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increase in CH4 and C,Hg mixing ratios observed across the L2 area for
a ~1h sampling period. As no significant differences in wind patterns
occurred during this episode and the remaining sampling interval at L2,
potential CH4 sources other than NGDS leakage (which would be ob-
served consistently) are considered. Large C,He/CH, molar ratios
(~0.164) have been reported for emissions derived from biomass
burning during open cooking (Akagi et al., 2011), and biomass burning
has been identified as a relevant source of atmospheric CH, and C,Hg
by previous studies (Aydin et al., 2011; Kirschke et al., 2013; Xiao et al.,
2008). Considering that the observed episode occurred while sampling
at lunchtime during a summer holiday weekend (9/3/2016) and that
the wind was blowing predominantly from the Northeast where a
nearby major public park is located, biomass burning related with open
cooking is hypothesized as a potential CH, source at L2.
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3.2. Spatial variation of CH4 mixing ratios in the Houston area

Spatial averages (100 x 100 m) of the CH4 mixing ratios measured
during the entire field campaign (Fig. 5) showed a variation between
1.87 and 3.57 ppmv in CH,4 levels across the Houston area. As illu-
strated by Fig. S13, measured CH, mixing ratios were mainly con-
centrated in the 2.02 and 2.37 ppmv range with only some instances
above 2.40 ppmv (90" percentile of the 100 x 100 m averages). Higher
CH,4 concentrations (2.40-3.60 ppmv, Fig. 5) were mostly observed in
the central, central west and central south parts of Houston, with some
large levels detected in the east region of the GHA. Although limited in
temporal and geographical coverage, Fig. 5 suggests a gradient in CH,
concentrations with lower levels in north and west peripheral locations.
This observation is consistent with differences above 160 ppbv in the
estimated CH, background levels (computed as the 5th percentile of the
CH, concentration times series at each sampling zone, Table S7) ob-
served between perimetric Houston areas (e.g., MB1 and L1) and more
central GHA locations (e.g., H1 and H2).

The presence of clusters of high CH4 concentration across the GHA
was examined by applying the Anselin Local Moran's I statistics on the
100 x 100 m averaged data. Six major regions of HH clusters (CR1 to
CR6) mainly located in the central (including the H1 zone) and west
central parts of Houston were identified during the sampling period
(Fig. 6).

The association between C,Hg and CH4 mixing ratios in the cluster
regions was examined to gain insight into the influence of different
types of CH, sources during the sampling intervals at these locations.
No statistically significant association (p > .01) or low correlations
(R < 0.4) between C,Hg and CH,4 levels were observed at CR1, CR3,
CR4 and CRS5, and thus the upper limit of the 95% confidence interval

of the C,Hg/CH, ratios is reported for these locations in Fig. 6. As il-
lustrated in this Figure, two trends in the correlation between CoHg and
CH, concentrations were observed in CR2 and CR6. CR2 exhibited a
C,Hg/CH, ratio < 0.05% (R = 0.23) in most of its area and a larger
ratio of 1.5 = 0.32% (R = 0.63) in the northern segment of the cluster
region. Significant association (p < .01, R > 0.75) between C,Hg and
CH,4 levels were noticed at CR6 with C,He/CH,4 ratios of 2.5 * 0.21%
and 5.7 = 0.73% for the two segments encompassed by the cluster
(Fig. 6). The CoHg/CHy ratios in the detected cluster regions suggest
predominant impact of biogenic CH,4 sources in CR1 to CR4 during the
sampling period and point out NG-related sources of CH, likely im-
pacting CR6 and a minor portion of CR2 (according to data on the C;Hg
content in NG distributed in the GHA, Section 3.3). No conclusive in-
ference on the character of potential sources influencing CR5 was
possible as the upper limit of the 95% confidence interval of the CoHg/
CH, ratio in this region comprises both biogenic and thermogenic
patterns.

Probable CH, sources associated with the established HH cluster
regions include distinct bayous located near CR1 to CR4, as well as
petroleum and gas pipelines present in the area encompassed by CR6.
Specifically, CR1 and CR2 are located in the perimeter of Brays Bayou
with CR2 closely paralleling the course of this water body in this area
(Fig. S14). Similarly, White Oak and Buffalo Bayous near CR3 and CR4
might be related with the high CH4 concentration clusters detected at
these locations (Fig. S14). The role of water bodies as CH, emitters to
the atmosphere has been studied previously, and CH, plumes origi-
nating from stagnant water in the Houston area have been reported in a
recent publication (Stanley et al., 2016; Yacovitch et al., 2014).
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Fig. 5. Spatial variation (100 x 100 m averages) of CH,
mixing ratios in the Houston area during the field campaign
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3.3. CH,4 concentration peak events

A total of thirty-seven events of increased CH, concentration with
maximum levels not exceeding 3.60 ppmv (mean 2.62 * 0.33 ppmv)
were detected during the field campaign.

Twenty of these CH, spikes had durations below 10 min (median of
the peak CH, concentration episodes), while the remaining concentra-
tion peaks (17) were associated with increased CH, levels lasting be-
tween ~12 and 40 min, resembling large-area concentrations en-
hancements rather than CH,4 concentration peak events (Table 1 and
Table S17). It is worth noting here that as the likelihood of peak de-
tection and associated peak concentrations likely are influenced by
specific meteorological conditions, the results reported in Table 1 and
Table S17 primarily reflect emission detection capabilities for pre-
dominantly unstable atmospheric conditions as the ones present during
the sampling intervals (Pasquill stability classes A and B - Table S4).
The spatial distribution of the shorter CH, concentration increases (i.e.,
peaks events < Roman > < /Roman > 10min) observed during
the sampling period are presented in Fig. 7, while the location of the
large-area concentration spikes is presented in Fig. S15.

The central, west central and east central areas of Houston con-
tained most of the detected peaks, which exhibited enhancements in
CH,4 background levels ranging between 138 and 803 ppbv (mean
368 + 190 ppbv) and maximum CH, concentrations below 2.93 ppmv.
The maximum observed CH4 and C,Hg concentrations and associated
background enhancements at each peak event are summarized in
Table 1. The OR and KLP were fit on the CH, and C,Hg mixing ratios
during the concentration peaks, as illustrated in Fig. S16. These
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calculation approaches produced similar estimates of the C;Hg content
for most of detected peak events, with values generally differing within
5% except for episodes 13 and 17, which varied by ~35% (Table 1).
The probable causes of these differences are discussed later in this
Section. Based on the OR and KLP results, 18 of the observed short-term
CH, concentration spikes were likely of thermogenic origin, while
biogenic sources were associated with two peak events exhibiting not
statistically significant relationships between CH, and C,H¢ (Table 1).

The location of the CH,4 peaks identified as likely biogenic/ther-
mogenic as well as the maximum detected concentration at each peak
event are presented in Fig. 7. As shown in Table 1, nine of the detected
peaks were located in the selected residential zones, with eight ther-
mogenic peak events detected at MA2 and one likely biogenic CH,4
concentration peak observed at L1. The CH, peak events detected at
MA2 and the corresponding OR and KLP for a selected concentration
spike are presented in Fig. S17. No CH, peak events were detected in
the high (H1 and H2) and medium B (MB1 and MB2) zones, and no
evident correlation between the expected probability of NG leakage
(defined based on MHA and HUD) and the number of thermogenic CH,4
peak occurrences at the selected residential zones was observed during
the sampling campaign. Furthermore, no CH4 peak events were de-
tected in the supplementary residential sampling zones (I1 to I3) where
aged NGDS infrastructure is likely present.

The OR-based content of C,Hg peak events related with thermogenic
sources (Events 1 to 18 in Table 1) ranged between 2.9 and 17.0%(v/v),
with most of the peaks falling in the 2.9-4.9% region. The spatial dis-
tribution of the C,Hg volumetric fractions in the likely thermogenic
concentration peaks is illustrated in Fig. 8. The range of C,Hg
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concentration in most of the thermogenic CH4 peaks (2.9-4.9%) over-
laps with the C,Hg content of NG distributed in the Houston area, which
according to a recent report, varies between 1.05 and 10.4% (Eastern
Research Group, 2012). Furthermore, the potential association of these
peak events with NG leakage is reinforced by the consistency between
the C,Hg content range in the observed CH,4 peaks and (i) the NG CoHg
fraction estimated based on the gross heat content of the NG delivered
to consumers in Texas during 2016 (C,Hg ranging between 2.5 and
3.4%, assuming CH4 and C,Hg as the predominant NG constituents) and
(i) the C,He volumetric content of pipeline quality NG typically
transported in local NGDS (< 10%) (EIA, 2016; Michot Foss, 2004).

Two CH,4 concentration peaks with larger C,Hg enhancements were
observed while driving in areas with large concentration of chemical/
petrochemical facilities and petroleum and gas pipelines (Events 13 and
17 in Table 1). The C,He/CH,4 ratios of these peak events were calcu-
lated as 16.9 and 17.0% based on OR and as ~10.8 and 11% based on
the KLP and ordinary least-squares linear regression (OLR). Considering
that the OR and KLP methods are reported to differ when low increases
in CH4 levels occur during peak events, as well as the agreement be-
tween OLR and the KLP approach, the lower C,Hg enhancement levels
are reported for these peak episodes (Yacovitch et al., 2014). Regardless
of the calculation approach used to determine the C,Hg/CH,4 ratio in
these peak episodes, these incidences appear to differ in nature/source
from the rest of thermogenic peaks detected in the GHA.

Although evident CH,4 peak events were only observed at MA2 and
L1, large-area CH, concentration increases spanning between 12 and
47 min occurred in H1, H2, MA1, MA2 and L1 during the sampling
period (Table S17). The number of longer CH, concentration spikes in
the selected zones followed the trend H2 > MA2 > MA1 > H1~L1
and involved maximum CH,4 mixing ratios between 2.26 and 3.57 ppmv
(mean 2.72 * 0.39 ppmv), with the largest CH,4 peak detected at H2
during collection of residential solid wastes by a waste management
vehicle on 8/5/2016. This observation is consistent with previous re-
ports on large CH,4 concentration peaks associated with the transit of
waste collection vehicles in the GHA during summer 2013 (Jahjah
et al., 2014).
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The association between CH4 and C,Hg levels during the observed
large-area CH4 concentration increases indicates primary influence of
biogenic CH, emission sources in ~80% of these episodes (14) and the
potential impact of thermogenic sources in the remaining three in-
stances (with C,He/CHy ratios varying between 2.9 and 5.9%) (Table
S17). Although the C,Hg content of 16 thermogenic peak events and
three large-area concentration episodes indicates their likely associa-
tion with the NG consumed in the GHA, their connection to leakage
from the local NGDS requires further consideration. Previous studies
have reported that due to the pressurized character of NGDS, leaks from
this infrastructure component usually are observed consistently while
repeatedly sampling at a specific location, and that the associated
concentration spikes generally extend over short distances (< 160 m)
even at high emission rates (von Fischer et al., 2017). In this study,
repeated sampling at different days/times conducted at the locations of
peak events 1 to 9 (MA2 and a location near Rice University, Table 1
and Fig. 7) indicated that these concentration spikes were not recurrent.
Although from these episodes, peaks 2, 6 and 9 (Table 1) were observed
for distances shorter than 160 m, the sporadic occurrence of these
events necessitates consideration of sources other than NGDS leaks.
From the remaining seven peak events, all except peak 15 (Table 1)
spanned distances above 160 m, and while dispersion of the plumes can
potentially contribute to further extension of the elevated CH, con-
centrations, the frequency of sampling at these episode locations is
insufficient to determine their potential recurrence.

For comparison purposes, a crude estimate of the upper limit of the
leak density for the sampled Houston area can be obtained by assuming
that all the observed short-term thermogenic peak events correspond to
NGDS leaks. Based on this supposition, an upper limit of 0.08 leaks/
mile is calculated, which is an order of magnitude lower than the NG
leak incidence reported for cities such as Durham, NC and Ithaca, NY
(Chamberlain et al., 2016; Gallagher et al., 2015) and two orders of
magnitude lower than the NG leak density observed in Washington D.C.
and Boston, MA (Jackson et al., 2014; Phillips et al., 2013). Although,
the contrast between the observations from this study and previous
reports for other urban centers might be influenced to some extent by
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the predominance of unstable atmospheric conditions during sampling
in the GHA, it is also likely associated with differing NG infrastructure
age, variations in the proportion of BS and CI pipelines in the NGDS and
local NGDS operative conditions (e.g., infrastructure maintenance

programs). Fig. S18 illustrates the number of BS and CI service lines and
distribution mains miles reported by the local NG distribution company
operating in Houston, Boston, MA and Washington, D.C. to the Pipeline
and Hazardous Materials Safety Administration in 2016 (EPA, 2013,
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2015a; PHMSA, 2016b). According to Fig. S18, CI pipelines are nearly
absent from the Houston NG distribution system, and the combined BS
and CI distribution mains miles in Washington, D.C. and Boston, MA,
are four and sixteen times larger than those present in Houston, re-
spectively. Similarly, the aggregated BS and CI service line count fol-
lows the ratio trend 37:3:1 between Boston, MA, Washington, D.C. and
Houston. It is worth noting that although the GHA constitutes a large
proportion of the area covered by the respective local NG distribution
company, the data reported by this Company also include locations in
east and south Texas, indicating that the actual ratios between BS and
CI pipelines in the three urban centers are likely larger than the esti-
mations presented above (EPA, 2013).

During the sampling campaign, MA2 was the only selected re-
sidential zone where thermogenic peak events with a signature re-
flecting the composition of NG distributed in the GHA were observed.
This zone, contrasting with the rest of selected sampling areas, is
characterized by its proximity to a major highway (Katy Freeway). The
location of the CH,4 concentration peaks observed in MA2 and the wind
patterns during their occurrence are presented in Fig. S19. Similar wind
direction and atmospheric turbulence levels were present during the
sampling periods where no CH4 concentration spikes were detected in
this zone (Table S4), suggesting that the sources associated with these
spikes were not permanently situated at the same location. As illu-
strated in Fig. S19, the peak events in the MA2 zone were mostly ob-
served on main roads and in the proximity of the Katy Freeway, with
the highest CH4 concentrations detected during episodes 3 and 4
(Table 1), which were located on the service road of the Freeway. These
observations, as well as southerly winds consistently blowing during
the peak episodes, suggest the potential association of these elevated
concentration events with mobile sources fueled by NG. This hypothesis
is consistent with previous observations on major expected incidence of
elevated CH,4 concentration episodes related with CNG vehicles on high
traffic density roadways (von Fischer et al., 2017).

4. Conclusions

Monitoring of atmospheric CH4 and CyHg mixing ratios conducted
in the GHA during August and September 2016 indicated clear differ-
ences in CH, concentrations across selected sampling areas, with levels
varying between 1.89 and 3.60 ppmv. Regions with clusters of large
CH, concentration influenced by biogenic and thermogenic CH,4 sources
mainly were observed in the central, west and southwest parts of the
Houston area. Similar meteorological conditions were present during
sampling in the selected zones, with wind speeds primarily below 2 m/s
and extreme/moderate unstable atmospheric conditions consistently
present during the field campaign. Thirty-seven incidences of elevated
CH, concentration were detected during the sampling campaign in the
GHA. Twenty of these incidences were classified as peak events
(duration < 10 min), while the remaining instances (~12-40min)
were considered as large-area concentration episodes. These large area
concentration increases were primarily related with biogenic sources,
as indicated by the lack of correlation between their CH, and CyHg
levels. Sixteen peak events and three large-area concentration episodes
were related with thermogenic sources exhibiting a CoHg content ran-
ging between 2.9 and 5.9% (v/v), which agree with the composition of
the NG distributed in the Houston area. Repeated monitoring at the
locations of nine of the thermogenic CH4 peak events indicated that
leakage from the NGDS was potentially out of consideration as a likely
source of these episodes. From the remaining peak incidences (7), six
episodes were observed over distances above a reference span reported
for NGDS leaks (< 160m), and while dispersion of the plumes can
potentially contribute to further extension of the elevated CH,4 con-
centrations, the frequency of sampling at these locations was in-
sufficient to establish a potential link between the NGDS and the de-
tected episodes. Overall, no evident correlation between the expected
probability of NG leakage (based on MHA and HUD) and the number of
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detected thermogenic events in the selected residential zones was ob-
served. The largest density of thermogenic CH,4 peak events occurred in
a west Houston neighborhood characterized by its proximity to a major
highway. The spatial distribution of the increased concentration epi-
sodes in this zone, as well as the predominant wind direction during
their occurrence, suggest the influence of NG fueled vehicles on the
concentration spikes observed in this area. Further study would be re-
quired to confirm this hypothesis. Additionally, two CH4 concentration
peaks with large CoHg enhancements differing from the bulk of ob-
served thermogenic episodes were observed at locations with large
concentration of chemical/petrochemical facilities and petroleum and
gas pipelines, indicating potential variability in the thermogenic CH,4
sources impacting the GHA. Although, the observations from this study
indicate that leakage from the NGDS in the GHA might be less frequent
and of lower intensity compared to U.S. urban centers with more pre-
vailing aged infrastructure, it is worth noting that these results reflect
emission detection capabilities for predominantly unstable atmospheric
conditions. Thus, long-term studies accounting for meteorological var-
iation are needed to evaluate comprehensively the incidence of NG-
related atmospheric CH, enhancements in the GHA.
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