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ABSTRACT  14 

The extensive use of natural gas (NG) in urban areas for heating and cooking and as a vehicular 15 

fuel is associated with potentially significant emissions of methane (CH4) to the atmosphere. 16 

Methane, a potent greenhouse gas that influences the chemistry of the atmosphere, can be 17 

emitted from different sources including leakage from NG infrastructure, transportation 18 

activities, end-use uncombusted NG, landfills and livestock. Although significant CH4 leakage 19 

associated with aging local NG distribution systems in the U.S. has been reported, further 20 

investigation is required to study the role of this infrastructure component and other NG-related 21 

sources in atmospheric CH4 enhancements in urban centers. In this study, neighborhood-scale 22 

mobile-based monitoring of potential CH4 emissions associated with NG in the Greater Houston 23 

area (GHA) is reported. A novel dual-gas 3.337 µm interband cascade laser-based sensor system 24 

was developed and mobile-mode deployed for simultaneous CH4 and ethane (C2H6) monitoring 25 

during a period of over 14 days, corresponding to ~ 90 hours of effective data collection during 26 

summer 2016. The sampling campaign covered ~ 250 exclusive road miles and was primarily 27 

concentrated on eight residential zones with distinct infrastructure age and NG usage levels. A 28 

moderate number of elevated CH4 concentration events (37 episodes) with mixing ratios not 29 

exceeding 3.60 ppmv and associated with atmospheric background enhancements below 1.21 30 

ppmv were observed during the field campaign. Source discrimination analyses based on the 31 

covariance between CH4 and C2H6 levels indicated the predominance of thermogenic sources 32 
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(e.g., NG) in the elevated CH4 concentration episodes. The volumetric fraction of C2H6 in the 33 

sources associated with the thermogenic CH4 spikes varied between 2.7 and 5.9%, concurring 34 

with the C2H6 content in NG distributed in the GHA. Isolated CH4 peak events with significantly 35 

higher C2H6 enhancements (~11 %) were observed at industrial areas and locations with high 36 

density of petroleum and gas pipelines in the GHA, indicating potential variability in Houston’s 37 

thermogenic CH4 sources.  38 
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1. INTRODUCTION 44 

Methane (CH4), a potent greenhouse gas (GHG) that also contributes to background ozone 45 

levels, is emitted from multiple sources including natural gas (NG) and petroleum systems, 46 

mobile and stationary combustion, and microbial degradation in landfills and wastewater 47 

treatment plants (EPA, 2017; Fiore et al., 2008). Natural gas systems, including production, 48 

processing, and transmission and distribution, constitute the second largest known source of CH4 49 

emissions to the atmosphere, with estimated 6.5 million metric tons CH4 emitted in 2015 (24.8 % 50 

of total CH4 emissions in the U.S) (EPA, 2017). Ethane (C2H6), which also contributes to surface 51 

ozone formation and impacts the oxidative capacity of the atmosphere, is co-emitted with CH4 52 

derived from NG systems but not from non-fossil sources (Brandt et al., 2016; Helmig et al., 53 

2016; Schoell, 1980; Simpson et al., 2012; Xiao et al., 2008).  Considering the impact of CH4 54 

and C2H6 in the atmosphere, fugitive emissions from NG systems may potentially outweigh the 55 

benefits associated with increased NG usage derived from replacement of coal and oil (Brandt et 56 

al., 2016). 57 

Despite multiple studies investigating NG leakage occurring in production and processing stages 58 

(Allen et al., 2015; Brantley et al., 2014b; Mitchell et al., 2015; Subramanian et al., 2015; 59 

Zavala-Araiza et al., 2015), particular uncertainty remains on the extent of CH4 emissions 60 

associated with NG distribution systems (NGDS), which deliver this fuel to final residential and 61 



3 
 

commercial consumers in urban areas (Hendrick et al., 2016; Jackson et al., 2014). This 62 

uncertainty is reflected by differing estimates by the 1990-2010 U.S. GHG inventory (EPA, 63 

2012) and a recent study by Lamb et al. (2015), which based on measurements in thirteen U.S 64 

urban distribution systems reported 36 to 70% lower CH4 emissions from NGDS. Furthermore, 65 

the most recent U.S. GHG inventory (EPA, 2017) estimates CH4 emissions from NGDS ~65% 66 

lower than the 1990-2013 U.S. GHG inventory for the same period of time (e.g., 2011-2013) 67 

(EPA, 2015b, 2017). NGDS have been identified as relevant CH4 emission sources in different 68 

U.S. urban areas with reported NG loss rates from local NGDS varying between ~2 and 6%, and 69 

nationwide estimates between 0.1 and 0.22% (Cambaliza et al., 2015; Lamb et al., 2016; Lamb et 70 

al., 2015; McKain et al., 2015; Wennberg et al., 2012).  71 

In the past 60 years, the NGDS infrastructure in the U.S. has evolved from being mainly 72 

constituted by leak-prone materials such as unprotected steel (bare steel, BS) and cast iron (CI) 73 

to being dominated by plastic pipelines (DOE, 2017; PHMSA, 2016b). Pipeline replacement 74 

programs have followed distinct dynamics in different U.S. states, leading to local NGDS  with 75 

marked differences in pipeline composition and infrastructure age (DOE, 2017; Gallagher et al., 76 

2015).  As such, it is expected that leaks from the NGDS are highly spatially dependent. 77 

Recent initiatives such as those of the Environmental Defense Fund and Google Earth Outreach 78 

(von Fischer et al., 2017) have conducted CH4 leak surveys in several U.S. urban areas, 79 

following previous studies mostly conducted in Northeast and Midwest cities (Chamberlain et 80 

al., 2016; Gallagher et al., 2015; Hendrick et al., 2016; Jackson et al., 2014; Lamb et al., 2016; 81 

McKain et al., 2015; Phillips et al., 2013). The incidence of CH4 leaks associated with NGDS 82 

has been reported as significant for urban centers with aging NG infrastructure including 83 

Washington D.C., Boston, MA and New York City, and more moderate for cities such as 84 

Durham, NC, Cincinnati, OH and Ithaca, NY (leak densities ranging between 0.22 and 4.3 85 

leaks/road mile) (Chamberlain et al., 2016; Gallagher et al., 2015; Jackson et al., 2014; Phillips 86 

et al., 2013). In addition to emissions from local NGDS and end-use uncombusted NG, emissions 87 

from compressed NG (CNG) fueled vehicles have been reported as relevant urban sources of 88 

atmospheric CH4 (Curran et al., 2014; Hesterberg et al., 2008; Lamb et al., 2016; von Fischer et 89 

al., 2017). 90 
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The reported variability in NG leakage across the U.S. and the potential occurrence of CH4 91 

emissions from distinct in-use NG sources in urban centers highlight a need for area-specific 92 

investigations of enhancements in atmospheric CH4 levels associated with NG distribution and 93 

usage. Although the Greater Houston area (GHA) is the fifth-largest metropolitan area in the 94 

U.S. and Houston is the most populated center in Texas (which in turn is the largest consumer of 95 

NG and has the second largest CNG vehicle fleet in the U.S. (EIA, 2015)), no studies on the 96 

occurrence of CH4 emissions associated with the use of NG in this urban center have been 97 

reported in the scientific literature to date. 98 

This paper describes an initial study on the incidence of NG-related CH4 emissions in selected 99 

zones of the GHA during August and September 2016. Daytime mobile-mode monitoring of CH4 100 

and C2H6 concentrations was conducted primarily in eight selected residential zones with high, 101 

medium and low expected probability of CH4 emissions, according to selected proxies for NGDS 102 

infrastructure age and NG usage. Multi-day sampling was performed in zones with higher 103 

expected probability of CH4 emissions, while single-day monitoring was conducted in zones 104 

with lower potential of CH4 leakage. More limited CH4 and C2H6 sampling was completed at 105 

three GHA neighborhoods with recent reports of NGDS-related incidents associated with 106 

pipelines dating back to 1945 (PHMSA, 2016a). Additionally, monitoring of CH4 and C2H6 107 

levels was conducted continuously while en route to the selected sampling areas. Total 108 

monitoring comprised ~90 hours of CH4 and C2H6 concentration data and encompassed 109 

approximately 250 exclusive road miles. 110 

CH4 and C2H6 mixing ratios were measured employing a novel infrared laser-based sensor 111 

system developed for simultaneous detection of these gas species based on a single 3.337-µm 112 

light source. The compactness of this sensor system, derived mainly from the use of a single 113 

laser source and reduced-size electronics, enables its use in mobile-mode environmental 114 

monitoring allowing C2H6/CH4 ratio-based CH4 source discrimination analyses. While CH4 115 

source profiling based on off-line analysis of (C2H6+propane)/CH4 ratios in limited subsets of 116 

samples and using the C2H6/CH4 ratio employing separate CH4 and C2H6 instruments has been 117 

previously demonstrated (Jackson et al., 2014; Yacovitch et al., 2014), this study reports, for the 118 

first time, the application of a single dual-gas instrument enabling continuous CH4 source 119 

identification. 120 
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2. METHODS 121 

2.1 Selection of sampling zones 122 

Eight residential zones in the GHA with distinct expected probability of NG leakage were 123 

selected for monitoring of CH4 and C2H6 levels. The median housing age (MHA) and the NG 124 

heating units density (HUD), as proxies for the NGDS infrastructure age and NG consumption, 125 

respectively, were used to define the expected probability of CH4 leakage in the block groups in 126 

the GHA (United States Census Bureau, 2014). Four categories of expected CH4 leak occurrence 127 

(low, high, medium A and medium B) were defined based on the intersection between MHA and 128 

HUD levels as depicted in Figure 1. 129 

 130 

Figure 1.  Expected probability of NG leakage based on median housing age and density of NG 131 

heating units as proxies for infrastructure age and NG consumption, respectively. 132 

 133 

The transition between old and new infrastructure was established based on the predominant 134 

pipeline materials used in NG distribution systems over the past 60 years and the tendency of 135 

these materials to crack and/or leak (Figure S1, Supplementary Information, SI). According to 136 

the timeline in Figure S1, pre-1980 and post-1990 block groups in the GHA were classified with 137 

higher and lower expected probability of CH4 leakage, respectively (high and medium A, and 138 

low and medium B categories in Figure 1, respectively). This timeline coincides with the 139 

approximate transition between metal and plastic pipelines in the Houston area according to non-140 

official information provided by the local NG distribution company (CenterPoint Energy Entex). 141 
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Census data from the American Community Survey (United States Census Bureau, 2014) were 142 

used to identify neighborhoods in the GHA associated with high density of pre-1980 and post-143 

1990 housing units (above the 90th percentile of the housing unit density in each category for the 144 

Houston area). The statistical distribution of the HUD in the pre-selected zones was examined, 145 

and the 10th and 90th percentiles of this variable were used as the upper and lower limit to define 146 

zones in the low/medium A and high/medium B probability categories, respectively (Figure1). 147 

According to these criteria, two residential zones were selected in each category (High: H1 and 148 

H2, Medium A: MA1 and MA2, Medium B: MB1 and MB2, and Low: L1 and L2). The location 149 

of these zones is presented in Figure 2 and their characteristics are summarized in Table S1. 150 

 151 

 152 

Figure 2. Selected residential sampling zones in the Houston area and expected probability of 153 

NG leakage. The characteristics of each zone are presented in Table S1. 154 

 155 

In addition to the residential zones selected based on MHA and HUD levels, some areas in the 156 

GHA with likely presence of NG aged infrastructure (pre-1980) were identified based on reports 157 

of NGDS-related incidents by the local NG distribution Company during 2009-2016 (PHMSA, 158 

2016a). Three neighborhoods (I1, I2 and I3, Figure S2) with reported incidents involving pre-159 

1980 polyethylene and steel mains and services lines were identified and included in the sampled 160 
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areas. As no information on the spatial distribution of NGDS pipeline materials in the GHA was 161 

accessible, these three zones constitute case studies of interest where (i) some certainty on 162 

pipeline type and infrastructure age exists and (ii) NGDS infrastructure failure has occurred. 163 

Table S2 presents further information on the NGDS-related incidents reported in these 164 

supplementary sampling zones. Although the eight selected zones and supplementary sampling 165 

locations corresponded to residential locations with no evident industrial installations, certain 166 

areas with high density of industrial facilities and petroleum/gas pipelines outside these zones 167 

also were sampled occasionally while en route to/from the selected neighborhoods. 168 

2.2 Interband cascade laser-based sensor system for CH4 and C2H6 detection 169 

A continuous wave (CW) distributed feedback (DFB)-interband cascade laser (ICL)-based 170 

sensor system using long-path absorption spectroscopy was developed for the detection of CH4 171 

and C2H6. This sensor unit employs a single ICL (Nanoplus, Germany) centered at 3337 nm 172 

(2996.70 cm-1) and simultaneously targets absorption lines at 2999.06 and 2996.88 cm-1 for CH4 173 

and C2H6 detection, respectively (Figure S3). These absorption lines are not influenced by the 174 

presence of typical atmospheric trace gases such as carbon dioxide and nitrous oxide, although 175 

potential interference by nearby water absorption lines located at 2998.97 and 2999.16 cm-1 can 176 

occur (Figure S3).  This potential interaction was addressed by installing a CaSO4-based water 177 

trap in the sampling line (Drierite, 8 mesh, W.A. Hammond Drierite Co, LTD, OH). 178 

The ICL was coupled into a compact multipass gas cell (MPGC) (Sentinel Photonics-Aeris 179 

Technologies, CA) with an absorption path length of 54.6 m. The output of the MPGC was 180 

measured using a mercury-cadmium-telluride infrared detector (PVI-4TE-3.4, Vigo Systems, 181 

Poland) with optimal detection at 3400 nm. A temperature controller (model 0520, Wavelength 182 

Electronics, MT) and a reduced-size custom laser current driver were used for the ICL operation. 183 

The ICL beam pattern in the MPGC mirror surfaces was adjusted by using a visible diode laser 184 

beam (wavelength 630 nm, Coherent Inc., CA) co-aligned with the ICL until a non-overlapping 185 

dense pattern in the MPGC was obtained. 186 

Wavelength modulation spectroscopy with second harmonic (2f signal) detection was 187 

implemented by employing LabVIEW-based ICL wavelength scan, function generator, signal 188 

acquisition module and lock-in amplifier software. These signals were transmitted via a DAQ 189 

card (NI USB-6356, National Instruments). Dual gas detection was realized by applying a 190 

current range between 31 and 49 mA to the ICL while operating at 10 ºC. A flowmeter (M-191 
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2SLPM-D, Alicat Scientific, Inc, AZ), pressure controller (649A, MKS Instruments, Inc, MA) 192 

and vacuum pump (N 813.5 ANE/AF, KNF Neuberger Inc, NJ) formed the sampling component 193 

of the sensor unit. The sensor architecture is presented in Figure S4.  194 

The sensor system was operated at 100 Torr and calibrated using different concentrations of CH4 195 

and C2H6 obtained by dilution of standard gas cylinders (2.1 ppmv and 1.14 ppmv for CH4 and 196 

C2H6, respectively) employing an automated gas dilution system (series 4040, Environics, Inc, 197 

CT). Linear response (2f signal) of the sensor system at different concentrations of CH4 and C2H6 198 

was observed as illustrated in Figure S5. The stability of the response of the sensor unit was 199 

examined at different concentration levels of CH4 (0, 300, 600 and 900 ppbv) and C2H6 (0, 30, 60 200 

and 90 ppbv). Relative standard deviations between 2.6 and 5.3 % and 3.0 and 9.4 % for CH4 201 

and C2H6, respectively, indicated relatively minor fluctuation at the evaluated conditions. 202 

Further evaluation of the stability and precision of the output from the sensor system was 203 

conducted using an Allan-Werle variance analysis. Results of this analysis using pure N2 (Cao et 204 

al., 2015) indicated minimum sensor system detection levels of 17.4 and 2.4 ppbv for CH4 and 205 

C2H6, respectively, for an averaging time of 4.3 sec. The response time of the sensor system, 206 

defined as the time required to rise from 10% to 90% and to fall from 90% to 10% of the final 207 

concentration for increasing/decreasing concentration steps, was ~ 90 sec, as illustrated in Figure 208 

S6. Thus, although the ICL-based sensor unit allows effective detection of CH4 and C2H6 209 

concentration enhancements during field measurements, short-term concentration fluctuations of 210 

these gas species (<90 sec) might not be fully captured by the instrument and associated time 211 

delays might exist when monitoring CH4 and C2H6 spikes. The performance of the dual-gas 212 

sensor unit for laboratory and short-term stationary atmospheric monitoring was previously 213 

evaluated, and sensitive simultaneous detection of CH4 and C2H6 was demonstrated, indicating 214 

its suitability for studying the incidence of NG-related CH4 atmospheric enhancements. The 215 

results of these tests, as well as detailed information on the sensor operation and development 216 

process, were reported previously (Ye et al., 2016). 217 

 218 

2.3 Sensor deployment and field campaign 219 

The incorporation of a LabVIEW lock-in amplifier and reduced-size electronics to replace bulky 220 

commercial devices traditionally employed, as well as the use of a single ICL for dual gas 221 
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detection, led to the compact field-deployable sensor system presented in Figure S7. As observed 222 

in Figure S7, an aluminum enclosure was installed in the optical core of the sensor unit to protect 223 

its optical components and reduce the potential impact of characteristic high ambient humidity 224 

levels present in the Houston area during summer.  After weatherization, the CH4 and C2H6 225 

sensor system was deployed in a gasoline mid-size passenger vehicle for mobile-mode 226 

monitoring of these trace gases in the GHA during summer 2016.  227 

A set of high capacity rechargeable batteries (PG-12V150-FG, Power-sonic Corporation, CA) 228 

and a DC to AC inverter (Model 9622, Wagan Coporation, CA) were used to supply power to 229 

the components of the sensor system during mobile deployment. A Teflon filter (pore size 1.0 230 

µm, PALL Corporation, NY) was installed at the entrance of the sampling line to prevent particle 231 

flow to the MPGC. This filter and the desiccant employed in the water trap were replaced daily. 232 

A Teflon sampling line (1/8 in), located ~ 1 m above ground level and positioned ahead of the 233 

vehicle exhaust in order to prevent any self-sampling, was used for introducing the sampled gas 234 

to the MPGC. A weather station with an integrated 10 Hz GPS (Airmar 150WX) was installed 235 

on the roof of the vehicle and employed for acquiring ambient temperature, barometric pressure, 236 

vehicle geographical coordinates and apparent/true wind speed and direction while sampling. A 237 

single data file containing the Airmar 150WX data output as well as the sensor system output 238 

(i.e. CH4 and C2H6 2f signals and concentrations) at unified time stamps was generated every ~5 239 

sec during each field test (Table S3). The in-motion noise floor of the sensor system during field 240 

deployment was evaluated and compared with noise levels observed during typical laboratory 241 

measurements, as illustrated in Figure S8. As shown in this Figure, similar noise levels of ~20 242 

and 1.2-2 ppbv for CH4 and C2H6 detection, respectively, were observed for field and laboratory 243 

operation, indicating minor impact of mobile mode-related factors (e.g., vibration and vehicle 244 

movement) on the sensor unit response. This instrument noise level is sufficient for detecting 245 

typical NGDS-related leaks, which according to previous reports usually involve atmospheric 246 

CH4 enhancements exceeding ~700 ppbv, and only few instances with leaks associated with 247 

concentration spikes below 150 ppbv (Jackson et al., 2014; Phillips et al., 2013; Chamberlain et 248 

al., 2016; Gallagher et al., 2015). Additional information on the mobile sampling configuration is 249 

presented in Table S3. 250 

Calibration of the sensor system was conducted on a regular basis during the field campaign 251 

using standard gas cylinders of CH4 (2.1 ppmv) and C2H6 (1.14 ppmv). Mobile-mode monitoring 252 
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of CH4 and C2H6 concentration levels was conducted during 14 days encompassing ~ 90 hours of 253 

sampling in the selected residential zones (vehicle speed below 15 mph) and while driving 254 

to/from these areas (vehicle speed below 30 mph). Additionally, less intensive monitoring was 255 

conducted in the three neighborhoods corresponding to likely pre-1980 NG infrastructure (I1-I3, 256 

Figure S2). Table S4 summarizes the frequency, times and duration of sampling, as well as the 257 

road miles covered at the eight selected residential zones during the field campaign. As shown in 258 

this Table, sampling in the H1, H2, MA and MA2 zones (i.e., zones with higher expected 259 

probability of CH4 leakage based on infrastructure age) was conducted in a multi-day basis, 260 

alternating between morning and afternoon periods. Sampling in the zones with more recent 261 

infrastructure (MB1, MB2, L1 and L2) was performed at a single instance with longer duration 262 

than the daily monitoring in the multi-day sampling scheme (Table S4). As shown in Table S4, 263 

monitoring was conducted only during daytime (~10:00- 17:00 CST), covering similar periods in 264 

each zone. At each selected location, transects were monitored repeatedly by driving the entire 265 

area of the neighborhood multiple times. The approximate 90 hours of field sampling covered an 266 

area of ~ 250 exclusive miles (i.e., not including repeated sampling on the same roads), from 267 

which about 98 road miles were driven in the selected residential zones and supplementary 268 

sampling locations I1, I2 and I3 (Tables S4 and S5). The remaining over 150 miles corresponded 269 

to roads covered while en route to/from the selected sampling locations. The sampling/driving 270 

time, monitoring dates and number of driving cycles in these roads are presented in Figure S9 271 

and Table S6.  272 

 273 

2.4 Peak identification and source discrimination methods 274 

Sustained increases in CH4 concentration exceeding by three standard deviations the atmospheric 275 

CH4 background level were considered as CH4 peak events. This peak identification criterion was 276 

equivalent to the definition of peaks based on concentration increases over the 90th percentile of 277 

the observed CH4 mixing ratios for a monitoring interval. The background concentration of CH4 278 

for a particular period was calculated as the 5th percentile of the corresponding concentration 279 

time series (Brantley et al., 2014a; Bukowiecki et al., 2002). 280 

The likely origin of the observed CH4 peaks (e.g., thermogenic versus biogenic) during the field 281 

campaign was determined based on the slope of the orthogonal regression (OR) between CH4 282 
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and C2H6 concentrations levels during the concentration spikes (Yacovitch et al., 2014). The 283 

slope of the OR represents the C2H6 enhancement (%v/v) in the detected CH4 peaks and thus 284 

provides information on the nature of the source associated with the detected increase in CH4 285 

concentration. C2H6 is primarily absent from CH4 emitted from biogenic sources and therefore 286 

constitutes a marker of CH4 derived from thermogenic sources (Hausmann et al., 2016; Schoell, 287 

1980). Additionally, the intercept of a Keeling-like plot (KLP), which equally provides the C2H6 288 

/CH4 ratio in a CH4 peak by paralleling C2H6 to a CH4 isotope, was calculated for comparison 289 

purposes (Yacovitch et al., 2014). CH4 concentration peak events with statistically significant 290 

association (p<0.01) between CH4 and C2H6 mixing ratios and coefficients of correlation (R) 291 

above 0.7 were related with thermogenic sources. Peak events with no statistically significant 292 

association or low R levels between CH4 and C2H6 concentrations were categorized as likely of 293 

biogenic origin. For these peaks, the upper limit of the 95% confidence interval of the OR slope 294 

was reported as an estimate of the maximum C2H6 volumetric content in the potential emission 295 

source (Yacovitch et al., 2014). 296 

 297 

3. RESULTS AND DISCUSSION 298 

3.1 Inter and intra-neighborhood variation in CH4 concentration  299 

The spatial variation of the CH4 mixing ratios in each selected zone during the field campaign is 300 

presented in Figure 3, while the associated zonal concentration statistics are summarized in Table 301 

S7. Figure 3 presents multi and single-day sampling concentration data for H1/H2/MA1/MA2 302 

and L1/L2/MB1/MB2, respectively. For the zones in which multi-day sampling was conducted 303 

(H1/H2/MA1/MA2), Table S8 shows slight variability between the mean CH4 mixing ratios in 304 

each neighborhood (relative standard deviations (RSD) of 3.0, 3.99, 1.78 and 0.26% in H1, H2, 305 

MA1 and MA2, respectively). Table S8 also indicates minor differences between the mean CH4 306 

mixing ratios for morning and afternoon sampling hours in the distinct zones (variability < 5%). 307 

This observation is consistent with sampling being conducted after development of the boundary 308 

layer, and concurs with results on the diurnal dynamics of CH4 mixing ratios previously reported 309 

by our research group, which indicate that after a significant increase in concentration occurring 310 

in the early morning, a variation below 4% was observed for the CH4 levels between 10:00 and 311 

18:00 CST (Dong et al., 2016). As presented in Figure 3, atmospheric CH4 concentrations in the 312 



12 
 

selected neighborhoods ranged between 1.89 and 3.57 ppmv, with larger levels observed in the 313 

zones with high expected probability of CH4 leakage (H1 and H2). The mean CH4 mixing ratio 314 

followed the sequence H1 > H2 > MA1 > L2 > MA2 > MB2 > L1 > MB1, with higher 315 

variability present in H1 and H2, as reflected by larger RSD levels (Table S7).  316 

The meteorological conditions during sampling at each zone are summarized in Table S4, and 317 

the zonal variability in wind speed (WS) levels is illustrated in Figure S10. As presented in 318 

Figure S10, relatively consistent WS levels were observed in the distinct neighborhoods, with 319 

mean WS varying between 1.37 and 1.92 m/s (associated RSD: 11.8%). As shown in Table S4, 320 

similar zonal WS distributions were observed during sampling, with levels below 2 m/s being 321 

predominant across the selected zones. Additionally, as sampling was conducted during similar 322 

daytime hours, comparable ambient temperatures (90.6 - 97.6 ºF), were recorded during 323 

monitoring (Table S4), reinforcing the presence of fairly consistent meteorological conditions 324 

during the field campaign. Based on WS levels, sky cover and solar elevation angles during 325 

sampling, it was established that atmospheric turbulence levels corresponded primarily to 326 

Pasquill stability classes A and B (extremely and moderately unstable, respectively - Table S4) 327 

(Turner, 1994), suggesting, as discussed in the SI (including Tables S9 and S10), that similar 328 

zonal pollutant dispersion dynamics was likely present during the field monitoring (Beychok, 329 

2005). Considering the relatively consistent meteorology in the course of the field campaign, it is 330 

expected that the CH4 concentration comparison presented in Figure 3 and summarized by the 331 

H1 > H2 > MA1 > L2 > MA2 > MB2 > L1 > MB1 sequence represents the inter-zone variability 332 

in CH4 mixing ratios during the sampling period. In order to further examine this hypothesis, the 333 

potential impact of the WS levels on this concentration trend during sampling was examined by 334 

analysis of covariance (ANCOVA) (SPSS 20.0, IBM Corp., Armonk, NY) (Table S11), as 335 

described in the SI. The mean CH4 mixing ratio adjusted by the effect of WS, as resulting from 336 

ANCOVA, are included in Table S7. As indicated by these results, minor variations (not 337 

exceeding 0.17%) can be noticed between the mean and adjusted mean CH4 concentrations in 338 

each zone, indicating that the sequence above also represents the zonal CH4 mixing ratios trends 339 

while accounting for WS during sampling. Additional details on the ANCOVA application are 340 

provided in the SI.  341 
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An inverse significant linear relationship between MHA and the mean concentration of CH4 in 342 

the selected zones (R=-0.76, p<0.05) was observed, suggesting higher atmospheric levels of this 343 

gas species in neighborhoods with older infrastructure. As recently constructed neighborhoods 344 

tend to be located in more outlying zones of the GHA, the significant inverse association 345 

between MHA and CH4 levels could reflect this fact. The co-linearity between block group’s 346 

MHA and its distance from downtown Houston (R=0.92 and R= 0.53, p <0.01 for the eight 347 

selected zones and for 2523 block groups within 35 miles from the center of Houston, 348 

respectively) support this observation. 349 

One-way analysis of variance (Minitab 17, Minitab Inc., PA) indicated statistically significant 350 

differences (p<0.01) between the average CH4 concentrations in the distinct residential zones, 351 

pointing out noticeable inter-neighborhood variation in CH4 levels. Differences between zones 352 

with high, medium (A and B), and low expected probability of NG leakage were examined by 353 

linear discriminant analysis (LDA) (SPSS 20.0, IBM Corp., Armonk, NY) using CH4 and C2H6 354 

mixing ratios as the discriminating variables. Two canonical discriminant functions (F1 and F2) 355 

accounting for 66.1 and 33.9% of the discriminating ability of the CH4 and C2H6 concentrations, 356 

respectively, were obtained. CH4 concentration is highly correlated with F1, while F2 exhibits 357 

high association with C2H6 concentrations (i.e. greater impact of CH4 and C2H6 levels on F1 and 358 

F2 discriminant scores, respectively, Tables S12 and S13). The higher discriminating capability 359 

accounted by F1 is reflected by the larger difference in the mean of the F1 scores (functions at 360 

group centroids, Table S14) between the High, Medium A, Medium B and Low zones compared 361 

with the corresponding difference for F2. The mean of the scores for F1 differs particularly for 362 

the High and Low zones, with more moderate differences between the Medium A/Medium B and 363 

High/Low zones (Table S14). The F1 and F2 discriminant scores for the distinct zones (Figure 364 

S11) show that the High, Medium A and Low leakage probability zones can be differentiated 365 

primarily based on F1, while unclear differentiation of Medium B from the other zones can be 366 

noticed based on F1 and F2 scores (number of Medium B data points classified correctly by 367 

LDA was ~41%, Table S15). 368 

   369 
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 Figure 3. Spatial variation of CH4 mixing ratios in the GHA residential zones selected for monitoring during summer 2016. Color scale in ppmv is 392 

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 393 

MA2 the mapped CH4 mixing ratios include multiple days of sampling, while concentratios mapped for MB1, MB2, L1 and L2 correspond to single-394 

day monitoring (Table S4). The variation in CH4 concentrations in zones where multi-day sampling was conducted (H1/H2/MA1/MA2) is presented 395 

in Table S8. Mean CH4 mixing ratios and background levels (5th percentile of the collected concentration data) in each zone are shown in Table S7. 396 

Meteorological conditions present during each sampling instance are included in Table S4. Darker points in zones such as H2, MA2 and L1 397 

correspond to detected CH4 peak events, while darker coloration in zones such as H1 and MA1 mostly reflect overall larger atmospheric CH4 levels 398 

not evidently associated with peak occurrences (Section 3.3). Potential time delay in concentration data due to the specific sensor system time 399 

response is not reflected in this Figure. 400 

 401 

 402 

 403 
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The intra-neighborhood spatial variation of CH4 mixing ratios was also examined by applying 404 

the Anselin Local Moran’s I statistics (Spatial Statistical tools, ArcMap 10.1, ESRI, CA) at each 405 

sampling location (intra-zone clusters). The H1, H2, MB2 and L2 zones were characterized by 406 

clusters of high CH4 concentration (HH) disperse across the sampling areas, while HH clusters 407 

were more grouped at H2, MA1 and L1, and nearly absent from MB1 (Figure S12). The 408 

maximum CH4 concentration of the observed HH clusters in the selected residential zones 409 

ranged between 2.16 and 3.57 ppmv, with the largest levels observed in the H2 and MA2 zones 410 

(Table S16). Further details on the Anselin Local Moran’s I statistics for cluster analysis and 411 

LDA application are provided in the SI. 412 

Potential differences in the type of CH4 sources impacting the selected zones during the 413 

monitoring period were investigated based on the correlation between C2H6 and CH4 mixing 414 

ratios at each location. Significant association between C2H6 and CH4 levels (p<0.01) with 415 

coefficients of correlation above 0.6 was noticed in the MA2 and L1 zones (Figure 4), indicating 416 

probable influence of thermogenic CH4 sources in these areas. C2H6/CH4 ratios of 3.3 ± 0.10% 417 

and 1.9 ± 0.13% (slope of the OR between C2H6 and CH4 concentrations ± standard error) for 418 

MA2 and L1, respectively, agreed well with the fraction of C2H6 in NG distributed in the 419 

Houston area (Section 3.3). 420 

In contrast, the H1, H2 and MB1 zones were characterized by nearly null association (p<0.01) 421 

between CH4 and C2H6 levels, suggesting minor influence of CH4 thermogenic sources during 422 

the sampling period.  Although the C2H6 and CH4 concentrations were significantly correlated 423 

(p<0.0.1) in the MA1 and MB2 areas, lower R levels were observed in these zones (0.57 and 424 

0.41, respectively). 425 

As shown in Figure 4, two distinct trends between C2H6 and CH4 mixing ratios were observed in 426 

L2. While null correlation between C2H6 and CH4 concentrations was observed during the major 427 

portion of the sampling interval, the influence of CH4 sources was reflected by a C2H6/CH4 ratio 428 

of 14 ±0.8 % detected during a fraction of the monitoring period. This large C2H6/CH4 ratio was 429 

associated with an increase in CH4 and C2H6 mixing ratios observed across the L2 area for a ~1h 430 

sampling period. As no significant differences in wind patterns occurred during this episode and 431 

the remaining sampling interval at L2, potential CH4 sources other than NGDS leakage (which 432 

would be observed consistently) are considered. Large C2H6/CH4 molar ratios (~0.164) have 433 
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been reported for emissions derived from biomass burning during open cooking (Akagi et al., 434 

2011), and biomass burning has been identified as a relevant source of atmospheric CH4 and 435 

C2H6 by previous studies (Aydin et al., 2011; Kirschke et al., 2013; Xiao et al., 2008). 436 

Considering that the observed episode occurred while sampling at lunchtime during a summer 437 

holiday weekend (9/3/2016) and that the wind was blowing predominantly from the Northeast 438 

where a nearby major public park is located, biomass burning related with open cooking is 439 

hypothesized as a potential CH4 source at L2.  440 

 441 

 442 

 443 

 444 

   445 

 446 

 447 

 448 

 449 

 450 

 451 

Figure 4. 60-sec average mixing ratios of CH4 and C2H6 in residential zones where statistically 452 

significant association (p<0.01) and coefficients of correlation > 0.6 were observed between 453 

these trace gases during the sampling period. C2/C1 corresponds to the slope of the orthogonal 454 

regression between C2H6 and CH4 concentrations. The slope ± associated standard error is 455 

reported in each case. The two slopes shown for the L2 sampling are described in the text. 456 
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3.2 Spatial variation of CH4 mixing ratios in the Houston area 457 

Spatial averages (100 x 100 m) of the CH4 mixing ratios measured during the entire field 458 

campaign (Figure 5) showed a variation between 1.87 and 3.57 ppmv in CH4 levels across the 459 

Houston area. As illustrated by Figure S13, measured CH4 mixing ratios were mainly 460 

concentrated in the 2.02 and 2.37 ppmv range with only some instances above 2.40 ppmv (90th 461 

percentile of the 100 x 100 m averages). Higher CH4 concentrations (2.40-3.60 ppmv, Figure 5) 462 

were mostly observed in the central, central west and central south parts of Houston, with some 463 

large levels detected in the east region of the GHA. Although limited in temporal and 464 

geographical coverage, Figure 5 suggests a gradient in CH4 concentrations with lower levels in 465 

north and west peripheral locations. This observation is consistent with differences above 160 466 

ppbv in the estimated CH4 background levels (computed as the 5th percentile of the CH4 467 

concentration times series at each sampling zone, Table S7) observed between perimetric 468 

Houston areas (e.g., MB1 and L1) and more central GHA locations (e.g., H1 and H2). 469 

 470 

Figure 5. Spatial variation (100 x 100 m averages) of CH4 mixing ratios in the Houston area 471 

during the field campaign conducted in summer 2016. Potential time delay in concentration data 472 

due to the specific sensor system time response is not reflected in this Figure. 473 

 474 
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The presence of clusters of high CH4 concentration across the GHA was examined by applying 476 

the Anselin Local Moran’s I statistics on the 100 x 100 m averaged data. Six major regions of 477 

HH clusters (CR1 to CR6) mainly located in the central (including the H1 zone) and west central 478 

parts of Houston were identified during the sampling period (Figure 6). 479 

The association between C2H6 and CH4 mixing ratios in the cluster regions was examined to gain 480 

insight into the influence of different types of CH4 sources during the sampling intervals at these 481 

locations. No statistically significant association (p>0.01) or low correlations (R< 0.4) between 482 

C2H6 and CH4 levels were observed at CR1, CR3, CR4 and CR5, and thus the upper limit of the 483 

95% confidence interval of the C2H6/CH4 ratios is reported for these locations in Figure 6. As 484 

illustrated in this Figure, two trends in the correlation between C2H6 and CH4 concentrations were 485 

observed in CR2 and CR6. CR2 exhibited a C2H6/CH4 ratio <0.05% (R=0.23) in most of its area 486 

and a larger ratio of 1.5±0.32 % (R=0.63) in the northern segment of the cluster region. Significant 487 

association (p<0.01, R>0.75) between C2H6 and CH4 levels were noticed at CR6 with C2H6/CH4 488 

ratios of 2.5±0.21 % and 5.7±0.73% for the two segments encompassed by the cluster (Figure 6). 489 

The C2H6/CH4 ratios in the detected cluster regions suggest predominant impact of biogenic CH4 490 

sources in CR1 to CR4 during the sampling period and point out NG-related sources of CH4 likely 491 

impacting CR6 and a minor portion of CR2 (according to data on the C2H6 content in NG 492 

distributed in the GHA, Section 3.3). No conclusive inference on the character of potential sources 493 

influencing CR5 was possible as the upper limit of the 95% confidence interval of the C2H6/CH4 494 

ratio in this region comprises both biogenic and thermogenic patterns. 495 

 496 

 497 

 498 

 499 

 500 

 501 

 502 

 503 
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 504 

 505 

 506 

  507 

 508 

 509 

 510 

 511 

 512 

 513 

 514 

Figure 6. Clusters of high CH4 concentration and CH4/C2H6 ratio for major cluster regions 515 

identified within the areas sampled in the GHA. CH4/C2H6 ratio were derived from orthogonal 516 

regression between the mixing ratios of these trace gases. Clusters were defined based on the 517 

Anselin Local Moran’s I statistics-Spatial Statistical tools (ArcMap 10.1, ESRI, Redlands, CA). 518 

 519 

Probable CH4 sources associated with the established HH cluster regions include distinct bayous 520 

located near CR1 to CR4, as well as petroleum and gas pipelines present in the area 521 

encompassed by CR6. Specifically, CR1 and CR2 are located in the perimeter of Brays Bayou 522 

with CR2 closely paralleling the course of this water body in this area (Figure S14). Similarly, 523 

White Oak and Buffalo Bayous near CR3 and CR4 might be related with the high CH4 524 

concentration clusters detected at these locations (Figure S14). The role of water bodies as CH4 525 

emitters to the atmosphere has been studied previously, and CH4 plumes originating from 526 

stagnant water in the Houston area have been reported in a recent publication (Stanley et al., 527 

2016; Yacovitch et al., 2014). 528 

 529 

3.3 CH4 concentration peak events 530 

A total of thirty-seven events of increased CH4 concentration with maximum levels not 531 

exceeding 3.60 ppmv (mean 2.62 ± 0.33 ppmv) were detected during the field campaign 532 
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Twenty of these CH4 spikes had durations below 10 min (median of the peak CH4 concentration 533 

episodes), while the remaining concentration peaks (17) were associated with increased CH4 534 

levels lasting between ~12 and 40 min, resembling large-area concentrations enhancements 535 

rather than CH4 concentration peak events (Tables 1 and S17).It is worth noting here that as the 536 

likelihood of peak detection and associated peak concentrations likely are influenced by specific 537 

meteorological conditions, the results reported in Table 1 and S17 primarily reflect emission 538 

detection capabilities for predominantly unstable atmospheric conditions as the ones present 539 

during the sampling intervals (Pasquill stability classes A and B - Table S4). The spatial 540 

distribution of the shorter CH4 concentration increases (i.e., peaks events <= 10 min) observed 541 

during the sampling period are presented in Figure 7, while the location of the large-area 542 

concentration spikes is presented in Figure S15. 543 

The central, west central and east central areas of Houston contained most of the detected peaks, 544 

which exhibited enhancements in CH4 background levels ranging between 138 and 803 ppbv 545 

(mean 368 ± 190 ppbv) and maximum CH4 concentrations below 2.93 ppmv. The maximum 546 

observed CH4 and C2H6 concentrations and associated background enhancements at each peak 547 

event are summarized in Table 1. The OR and KLP were fit on the CH4 and C2H6 mixing ratios 548 

during the concentration peaks, as illustrated in Figure S16. These calculation approaches 549 

produced similar estimates of the C2H6 content for most of detected peak events, with values 550 

generally differing within 5% except for episodes 13 and 17, which varied by ~35% (Table 1). 551 

The probable causes of these differences are discussed later in this Section. Based on the OR and 552 

KLP results, 18 of the observed short-term CH4 concentration spikes were likely of thermogenic 553 

origin, while biogenic sources were associated with two peak events exhibiting not statistically 554 

significant relationships between CH4 and C2H6 (Table 1).555 
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Table 1. CH4 concentration peak events (duration <=10min) observed during the field campaign conducted in the Houston area during 556 

summer 2016. OR-orthogonal regression, KLP- Keeling-like plot, B-biogenic, T-thermogenic. *significant at α 0.01. SE-standard 557 

error of the OR slope. The upper limit of the 95% confidence interval for the C2H6/CH4 ratio is reported for coefficients of correlation 558 

< 0.6. No sampling zone is reported for CH4 spikes detected in the driving path toward/from the selected residential zones. Location of 559 

the peak events is presented in Figure 7.  560 
 561 

Event 
ID 

Date 
Sampling 

zone 

 
Duration 

(min) 

Maximum CH4 
concentration 

(ppmv) 

Maximum 
C2H6 

concentration 
(ppbv)

ΔCH4 

(ppbv) 
ΔC2H6 

(ppbv) 

C2H6-CH4 

correlation 
coefficient 

C2H6/CH4 ratio ± SE 

(OR slope (%)) 

 
C2H6/CH4 ratio ± SE 

(KLP intercept (%)) 
Likely 
origin 

1 8/9/2016  10 2.76 22.28 467.31 20.32 0.93* 3.9±0.15 3.9±0.14 T
2 8/11/2016 MA2 8 2.53 13.12 367.32 11.76 0.61* 2.7±0.35 2.6±0.36 T
3 8/24/2016 MA2 5 2.93 37.20 802.89 36.43 0.99* 4.6±0.14 4.6±0.12 T
4 8/24/2016 MA2 5.5 2.81 34.71 679.13 33.94 0.99* 4.9±0.11 4.8±0.12 T
5 8/24/2016 MA2 4 2.57 19.83 437.72 19.06 0.97* 4.6±0.15 4.5±0.17 T
6 8/24/2016 MA2 4 2.35 10.38 225.66 9.61 0.80* 2.7±0.32 2.6±0.30 T
7 8/24/2016 MA2 4 2.43 15.23 304.68 14.46 0.89* 3.9±0.37 3.8±0.33 T
8 8/24/2016 MA2 4 2.39 11.25 260.31 10.48 0.80* 3.2±0.32 3.0±0.34 T
9 8/24/2016 MA2 3 2.37 11.27 242.27 10.50 0.68* 2.8±0.53 2.7±0.52 T

10 8/29/2016  8 2.46 10.93 137.87 7.32 0.57* 3.1±0.46 2.9±0.44 T
11 8/29/2016  9.5 2.68 16.23 287.82 12.09 0.78* 3.9±0.28 3.7±0.30 T
12 9/3/2016  7 2.50 29.77 258.05 16.14 0.76* 3.7±0.42 3.5±0.37 T
13 9/3/2016  5.5 2.40 23.64 148.42 19.17 0.70* 17.0±2.22 11.0±1.47 T
14 9/3/2016  5 2.78 20.92 482.64 17.70 0.70* 3.5±0.44 3.2±0.47 T
15 9/6/2016  9 2.55 19.85 560.28 17.74 0.73* 3.0±0.24 2.8±0.25 T
16 9/6/2016  7 2.56 28.82 571.86 26.70 0.77* 4.5±0.43 4.2±0.40 T
17 9/6/2016  9.1 2.21 32.09 206.54 29.60 0.69* 16.9±1.77 10.8±1.14 T
18 9/6/2016  10 2.27 16.76 228.78 14.65 0.79* 4.8±0.38 4.5±0.35 T
19 9/7/2016  8 2.59 17.56 531.62 14.91 0.14 <0.10 <0.13 B
20 9/8/2016 L1 8 2.19 11.84 150.41 9.19 0.24 <0 <0 B

562 
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 563 

Figure 7. Location and likely origin of CH4 peak events observed in the GHA during the field 564 

campaign conducted in summer 2016. The background enhancement and maximum CH4 565 

concentrations associated with the detected elevated concentration episodes are presented. Peak 566 

numbers correspond to peak IDs presented in Table 1. 567 

 568 

The location of the CH4 peaks identified as likely biogenic/thermogenic as well as the maximum 569 

detected concentration at each peak event are presented in Figure 7. As shown in Table 1, nine of 570 

the detected peaks were located in the selected residential zones, with eight thermogenic peak 571 

events detected at MA2 and one likely biogenic CH4 concentration peak observed at L1. The 572 

CH4 peak events detected at MA2 and the corresponding OR and KLP for a selected 573 

concentration spike are presented in Figure S17. No CH4 peak events were detected in the high 574 

(H1 and H2) and medium B (MB1 and MB2) zones, and no evident correlation between the 575 

expected probability of NG leakage (defined based on MHA and HUD) and the number of 576 

thermogenic CH4 peak occurrences at the selected residential zones was observed during the 577 

sampling campaign. Furthermore, no CH4 peak events were detected in the supplementary 578 

residential sampling zones (I1 to I3) where aged NGDS infrastructure is likely present. 579 

The OR-based content of C2H6 peak events related with thermogenic sources (Events 1 to 18 in 580 

Table 1) ranged between 2.9 and 17.0 %(v/v), with most of the peaks falling in the 2.9-4.9 % 581 

region. The spatial distribution of the C2H6 volumetric fractions in the likely thermogenic 582 

concentration peaks is illustrated in Figure 8. The range of C2H6 concentration in most of the 583 

thermogenic CH4 peaks (2.9-4.9 %) overlaps with the C2H6 content of NG distributed in the 584 
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Houston area, which according to a recent report, varies between 1.05 and 10.4% (Eastern 585 

Research Group, 2012). Furthermore, the potential association of these peak events with NG 586 

leakage is reinforced by the consistency between the C2H6 content range in the observed CH4 587 

peaks and (i) the NG C2H6 fraction estimated based on the gross heat content of the NG 588 

delivered to consumers in Texas during 2016 (C2H6 ranging between 2.5 and 3.4%, assuming 589 

CH4 and C2H6 as the predominant NG constituents) and (ii) the C2H6 volumetric content of 590 

pipeline quality NG typically transported in local NGDS (<10%) (EIA, 2016; Michot Foss, 591 

2004). 592 

 593 

Figure 8. Spatial distribution of C2H6 content in thermogenic peaks identified during sampling in 594 

the GHA in summer 2016.  595 

 596 

Two CH4 concentration peaks with larger C2H6 enhancements were observed while driving in 597 

areas with large concentration of chemical/petrochemical facilities and petroleum and gas 598 

pipelines (Events 13 and 17 in Table 1). The C2H6/CH4 ratios of these peak events were 599 

calculated as 16.9 and 17.0% based on OR and as ~10.8 and 11% based on the KLP and ordinary 600 

least-squares linear regression (OLR). Considering that the OR and KLP methods are reported to 601 

differ when low increases in CH4 levels occur during peak events, as well as the agreement 602 

between OLR and the KLP approach, the lower C2H6 enhancement levels are reported for these 603 
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peak episodes (Yacovitch et al., 2014). Regardless of the calculation approach used to determine 604 

the C2H6/CH4 ratio in these peak episodes, these incidences appear to differ in nature/source from 605 

the rest of thermogenic peaks detected in the GHA.  606 

Although evident CH4 peak events were only observed at MA2 and L1, large-area CH4 607 

concentration increases spanning between 12 and 47 min occurred in H1, H2, MA1, MA2 and 608 

L1 during the sampling period (Table S17). The number of longer CH4 concentration spikes in 609 

the selected zones followed the trend H2 > MA2 > MA1> H1~L1 and involved maximum CH4 610 

mixing ratios between 2.26 and 3.57 ppmv (mean 2.72 ±0.39 ppmv), with the largest CH4 peak 611 

detected at H2 during collection of residential solid wastes by a waste management vehicle on 612 

8/5/2016. This observation is consistent with previous reports on large CH4 concentration peaks 613 

associated with the transit of waste collection vehicles in the GHA during summer 2013 (Jahjah 614 

et al., 2014). 615 

The association between CH4 and C2H6 levels during the observed large-area CH4 concentration 616 

increases indicates primary influence of biogenic CH4 emission sources in ~80% of these 617 

episodes (14) and the potential impact of thermogenic sources in the remaining three instances 618 

(with C2H6/CH4 ratios varying between 2.9 and 5.9 %) (Table S17). Although the C2H6 content 619 

of 16 thermogenic peak events and three large-area concentration episodes indicates their likely 620 

association with the NG consumed in the GHA, their connection to leakage from the local NGDS 621 

requires further consideration. Previous studies have reported that due to the pressurized 622 

character of NGDS, leaks from this infrastructure component usually are observed consistently 623 

while repeatedly sampling at a specific location, and that the associated concentration spikes 624 

generally extend over short distances (<160 m) even at high emission rates (von Fischer et al., 625 

2017). In this study, repeated sampling at different days/times conducted at the locations of peak 626 

events 1 to 9 (MA2 and a location near Rice University, Table 1 and Figure 7) indicated that 627 

these concentration spikes were not recurrent. Although from these episodes, peaks 2, 6 and 9 628 

(Table 1) were observed for distances shorter than 160 m, the sporadic occurrence of these 629 

events necessitates consideration of sources other than NGDS leaks. From the remaining seven 630 

peak events, all except peak 15 (Table 1) spanned distances above 160 m, and while dispersion 631 

of the plumes can potentially contribute to further extension of the elevated CH4 concentrations, 632 

the frequency of sampling at these episode locations is insufficient to determine their potential 633 

recurrence. 634 
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For comparison purposes, a crude estimate of the upper limit of the leak density for the sampled 635 

Houston area can be obtained by assuming that all the observed short-term thermogenic peak 636 

events correspond to NGDS leaks. Based on this supposition, an upper limit of 0.08 leaks/mile is 637 

calculated, which is an order of magnitude lower than the NG leak incidence reported for cities 638 

such as Durham, NC and Ithaca, NY (Chamberlain et al., 2016; Gallagher et al., 2015) and two 639 

orders of magnitude lower than the NG leak density observed in Washington D.C. and Boston, 640 

MA (Jackson et al., 2014; Phillips et al., 2013). Although, the contrast between the observations 641 

from this study and previous reports for other urban centers might be influenced to some extent 642 

by the predominance of unstable atmospheric conditions during sampling in the GHA, it is also 643 

likely associated with differing NG infrastructure age, variations in the proportion of BS and CI 644 

pipelines in the NGDS and local NGDS operative conditions (e.g., infrastructure maintenance 645 

programs). Figure S18 illustrates the number of BS and CI service lines and distribution mains 646 

miles reported by the local NG distribution company operating in Houston, Boston, MA and 647 

Washington, D.C. to the Pipeline and Hazardous Materials Safety Administration in 2016 (EPA, 648 

2013, 2015a; PHMSA, 2016b). According to Figure S18, CI pipelines are nearly absent from the 649 

Houston NG distribution system, and the combined BS and CI distribution mains miles in 650 

Washington, D.C. and Boston, MA, are four and sixteen times larger than those present in 651 

Houston, respectively. Similarly, the aggregated BS and CI service line count follows the ratio 652 

trend 37:3:1 between Boston, MA, Washington, D.C. and Houston. It is worth noting that 653 

although the GHA constitutes a large proportion of the area covered by the respective local NG 654 

distribution company, the data reported by this Company also include locations in east and south 655 

Texas, indicating that the actual ratios between BS and CI pipelines in the three urban centers are 656 

likely larger than the estimations presented above (EPA, 2013). 657 

During the sampling campaign, MA2 was the only selected residential zone where thermogenic 658 

peak events with a signature reflecting the composition of NG distributed in the GHA were 659 

observed. This zone, contrasting with the rest of selected sampling areas, is characterized by its 660 

proximity to a major highway (Katy Freeway). The location of the CH4 concentration peaks 661 

observed in MA2 and the wind patterns during their occurrence are presented in Figure S19. 662 

Similar wind direction and atmospheric turbulence levels were present during the sampling 663 

periods where no CH4 concentration spikes were detected in this zone (Table S4), suggesting that 664 

the sources associated with these spikes were not permanently situated at the same location. As 665 
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illustrated in Figure S19, the peak events in the MA2 zone were mostly observed on main roads 666 

and in the proximity of the Katy Freeway, with the highest CH4 concentrations detected during 667 

episodes 3 and 4 (Table 1), which were located on the service road of the Freeway.  These 668 

observations, as well as southerly winds consistently blowing during the peak episodes, suggest 669 

the potential association of these elevated concentration events with mobile sources fueled by 670 

NG. This hypothesis is consistent with previous observations on major expected incidence of 671 

elevated CH4 concentration episodes related with CNG vehicles on high traffic density roadways 672 

(von Fischer et al., 2017). 673 

 674 

4 CONCLUSIONS 675 

Monitoring of atmospheric CH4 and C2H6 mixing ratios conducted in the GHA during August 676 

and September 2016 indicated clear differences in CH4 concentrations across selected sampling 677 

areas, with levels varying between 1.89 and 3.60 ppmv. Regions with clusters of large CH4 678 

concentration influenced by biogenic and thermogenic CH4 sources mainly were observed in the 679 

central, west and southwest parts of the Houston area. Similar meteorological conditions were 680 

present during sampling in the selected zones, with wind speeds primarily below 2 m/s and 681 

extreme/moderate unstable atmospheric conditions consistently present during the field 682 

campaign. Thirty-seven incidences of elevated CH4 concentration were detected during the 683 

sampling campaign in the GHA. Twenty of these incidences were classified as peak events 684 

(duration < 10 min), while the remaining instances (~12 to 40 min) were considered as large-area 685 

concentration episodes. These large area concentration increases were primarily related with 686 

biogenic sources, as indicated by the lack of correlation between their CH4 and C2H6 levels. 687 

Sixteen peak events and three large-area concentration episodes were related with thermogenic 688 

sources exhibiting a C2H6 content ranging between 2.9 and 5.9 % (v/v), which agree with the 689 

composition of the NG distributed in the Houston area. Repeated monitoring at the locations of 690 

nine of the thermogenic CH4 peak events indicated that leakage from the NGDS was potentially 691 

out of consideration as a likely source of these episodes. From the remaining peak incidences (7), 692 

six episodes were observed over distances above a reference span reported for NGDS leaks 693 

(<160 m), and while dispersion of the plumes can potentially contribute to further extension of 694 

the elevated CH4 concentrations, the frequency of sampling at these locations was insufficient to 695 

establish a potential link between the NGDS and the detected episodes. Overall, no evident 696 
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correlation between the expected probability of NG leakage (based on MHA and HUD) and the 697 

number of detected thermogenic events in the selected residential zones was observed. The 698 

largest density of thermogenic CH4 peak events occurred in a west Houston neighborhood 699 

characterized by its proximity to a major highway. The spatial distribution of the increased 700 

concentration episodes in this zone, as well as the predominant wind direction during their 701 

occurrence, suggest the influence of NG fueled vehicles on the concentration spikes observed in 702 

this area. Further study would be required to confirm this hypothesis. Additionally, two CH4 703 

concentration peaks with large C2H6 enhancements differing from the bulk of observed 704 

thermogenic episodes were observed at locations with large concentration of 705 

chemical/petrochemical facilities and petroleum and gas pipelines, indicating potential variability 706 

in the thermogenic CH4 sources impacting the GHA. Although, the observations from this study 707 

indicate that leakage from the NGDS in the GHA might be less frequent and of lower intensity 708 

compared to U.S. urban centers with more prevailing aged infrastructure, it is worth noting that 709 

these results reflect emission detection capabilities for predominantly unstable atmospheric 710 

conditions. Thus, long-term studies accounting for meteorological variation are needed to 711 

evaluate comprehensively the incidence of NG-related atmospheric CH4 enhancements in the 712 

GHA.  713 
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Atmospheric turbulence levels  

Based on wind speed, wind speed distribution, sky cover and solar elevation angles, the 

atmospheric turbulence prevailing during sampling in each neighborhood was established using 

the Pasquill stability classes (Table S4). Sky cover data were retrieved from NOAA stations in 

the Houston area (as specified in the caption of Table S4), while solar elevation angles were 

calculated using the NOAA solar calculator available at 

https://www.esrl.noaa.gov/gmd/grad/solcalc/. As presented in Table S4, sky cover ranging 

between clear sky and with few clouds, as well as wind speeds below 2 m/s (observed between 

53 and 82% of the sampling time) were prevalent in the eight sampled zones. Additionally, solar 

elevation angles ranged between ~33 and 77°, with levels above 60° prevailing during the 

sampling intervals in most of the selected zones (Table S4). For the definition of the dominant 

stability class during each sampling period, the solar insolation levels were inferred from the 

combined sky cover and solar elevation angles based on the criteria described by Turner (1994). 

According to these criteria, for instance, solar elevation angles above 60° with clear sky, would 

correspond to strong solar insolation, while summer days with solar elevations between 35 and 

60° and clear sky/few clouds would reflect moderate solar insolation levels. For sampling zones 

where wind speeds < 2 m/s occurred at least 75% of the sampling time, only this wind speed 

interval was considered for definition of the Pasquill stability class (this leads, for instance, to 

defining B as the stability class predominant for the zones MB2 and L1, where scattered clouds 

were prevailing). According to the observed conditions and the described criteria, the 

atmospheric turbulence during the sampling periods in the distinct zones would fall mainly in the 

Pasquill stability classes A and B (extremely and moderately unstable, respectively) (Table S4). 

The Pasquill stability class D (overcast-neutral conditions) was not considered as relevant since 

nighttime sampling was not performed and overcast conditions were not present during the 

sampling intervals (Table S4).  

Based on a typical Gaussian plume dispersion model (Eq. S1), for a particular emission rate Q, 

the concentration of a pollutant observed at a specific distance downwind (x,y,z) will depend on 

the wind speed (in the x direction) and the dispersion coefficients in the y and z directions (σy 

and σz, respectively). The values of σy and σz can be calculated for urban conditions employing 

the coefficients and equations established by Briggs-Gifford and McElroy (Beychok, 2005; Essa 

et al., 2005) (Table S9 and S10).  



 

, , ,    Eq. S1 

where: 
x: distance downwind from the emission point (m) 
y: crosswind distance from the plume centerline (m) 
z: vertical distance from ground level (m)  
C: concentration of pollutant in (µg/m3) at a location (x,y,z) 
H: vertical distance of the plume centerline above the ground-level (m). H equals 0 for ground-
level emissions. 
u: horizontal wind speed (m/s) 
σy and σz: urban dispersion coefficients in the crosswind and vertical directions, respectively (m)  
Q: Source emission rate (g/s) 
 

According to Tables S9 and S10, the coefficients for calculation of σy and σz under Pasquill 

atmospheric stability classes A and B are identical for both the McElroy and the Briggs-Gifford 

approaches, leading to equal σy and σz values for a specific distance downwind. Equal urban 

dispersion coefficients in the crosswind and vertical directions for the A and B stability 

categories indicate that for the relatively consistent wind speed levels in the different zones, 

similar pollutant dispersion dynamics likely could be expected during the sampling conducted in 

the Houston area. 

 

Analysis of covariance (ANCOVA) 

Analysis of covariance (ANCOVA) was applied to the 5-sec CH4 mixing ratios collected at the 

eight selected residential zones in the Houston area. ANCOVA, a type of analysis of variance, 

allows investigating the potential role of a specific variable as a cofounding variable, and thus 

provide insight on whether statistically significant differences between zonal CH4 are still 

observed while accounting/controlling for the effect of wind speed levels at each sampling area  

(Pourhoseingholi et al., 2012). The multi-day sampling data collected in H1, H2, MA1 and MA2 

was aggregated to generate four datasets. These datasets along with the CH4 concentrations 

acquired in single-day sampling zones (L1, L2, MB1 and MB2) were used for ANCOVA. Over 

31,000 CH4 concentration data points were used as input to SPSS 20.0 (IBM Corp., Armonk, 

NY) for analysis. The eight residential zones corresponding to the CH4 concentration data were 

used as the fixed factor, with discrete values between 1 and 8 (Zones in Table S11). The true 



wind speed levels (after accounting for vehicle motion) acquired by the Airmar 150WX weather 

station during the field sampling were used as the single covariate for ANCOVA. The 

assumptions related to ANCOVA, such as linear association between wind speed and CH4 

mixing ratios in the distinct sampling zones as well as homogeneous slopes among zones, were 

examined prior to analysis. This association was statistically significant (p<0.05), although 

generally involved low coefficients of determination. As summarized in Table S11, the 

ANCOVA results indicate that according the corrected model (including wind speed as 

covariate), statistically significant differences exist in a zone-basis (p<0.01). Table S11 also 

shows that wind speed levels have limited effect on the detected CH4 concentrations (P>0.05). 

Through ANCOVA application, the adjusted CH4 concentration means for each zone (adjusted 

for the effect of wind speed) were obtained and are reported in Table S7. 

 

 

Anselin Local Moran’s I statistics for spatial cluster analysis  

The presence of clusters of high CH4 concentration in the sampled areas during the field 

campaign was examined using the Anselin Local Moran’s I statistic (Spatial Statistical Tools 

ArcMap 10.1, ESRI, CA). This methodology, classified as a local indicator of spatial association 

(Anselin, 1995), was applied independently to determine the potential existence of high CH4 

level groups in each selected residential zone based on the acquired 5-sec CH4 concentration data 

(Figure S13). Additionally, a cluster analysis was applied to the 100 x 100 m spatial 

concentration averages determined for the sampling areas covered during the field campaign 

(Figure 6). Based on the use of Euclidean distances, this tool determines whether spatial 

similarities (i.e., clusters of high or low concentrations) in a dataset are the result of complete 

spatial randomness (CSR) (Anselin, 1995; Zhang et al., 2008). The statistical significance of the 

observed spatial aggregations is determined based on the Local Moran’s index (I) and its 

associated z-score. The null hypothesis of CSR as the underlying cause of the spatial aggregation 

of high or low CH4 concentrations is rejected when high positive values of I and z indicate the 

presence of clusters at a statistically significant level (p < 0.05). Based on the I index and z score, 

the data points are classified into four cluster types: high values surrounded by high values (HH), 

high values surrounded by low values (HL), low values surrounded by high values (LH) and low 



values surrounded by low values (LL). HH and LL constitute statistically significant clusters of 

high and low values, respectively, while HL and LH can be considered as spatial outliers. 

 

Linear discriminant analysis (LDA) 

SPSS 20.0 (IBM Corp., Armonk, NY) was used for LDA of the 5-sec CH4 and C2H6 mixing 

ratios collected at the eight selected residential zones in the Houston area. Four groups, 

corresponding to the established leakage probabilities categories (high, medium A, medium B 

and low) and comprising over 31,000 CH4 and C2H6 concentration data points, were employed 

for this analysis. LDA is a data classification technique derived from the Fisher’s linear 

discriminant method, that determines the linear combinations of variables that best discriminate 

distinct groups of data (Balakrishnama and Ganapathiraju, 1998; Fisher, 1936). These linear 

combinations are known as the canonical linear discriminant functions (CLDF), and the 

statistical significance of their discriminant capacity is evaluated based on the Chi-square 

statistic. This statistics is used to test the null hypothesis of non-discriminant ability associated 

with these functions at a statistical significance levels of 0.01 (UCLA: Institute for Digital 

Research and Education).  For LDA applied to the CH4 and C2H6 concentration data points in the 

defined groups, two functions with statistically significant discriminant ability (p<0.01 

associated with the Chi-square statistic) were obtained. The relative importance of each 

discriminating variable in the resultant CLDFs is reflected in the discriminant loadings of the 

variables in each function, which represent the correlation between each discriminating variable 

and the resultant CLDFs (Table S12). The standardized coefficients of the CLDFs, which are 

used to calculate the discriminant scores of each function for each data point, also reflect the 

relevance of each variable in the obtained discriminant functions (Table S13). The degree of 

separation between groups achieved by each discriminant function is represented by the mean of 

the CLDF scores in each group (functions at group centroids, Table S14), and is also reflected by 

the standardized scores of each function in each data point (Figure S11). Finally, the number of 

data points classified in the correct groups by LDA can be examined in order to determine the 

discriminant effectiveness of the specific CLFDs. The percentage of CH4 and C2H6 concentration 

data points classified by LDA in each defined group is presented in Table S15. According to this 

Table, LDA is able to correctly classify 56, 66.4 and 67.1% of the data points in the High, 

Medium A and Low expected leakage probability categories, respectively. Lower discrimination 



power, as noticed in Figure S11, is observed for CH4 and C2H6 mixing ratios in the Medium B 

sampling zones (~41 of the data points originally in this category are classified correctly by 

LDA). 
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Figure S1. Expected leak probability of different pipeline materials at different periods of time 
in U.S NG distribution systems (NGDS). 1Steel pipelines comprise protected and unprotected 
pipelines. This Figure was generated based on the following information: (i) plastic pipelines 
(mainly polyethylene) installed from ~1960 through the early 1980s present brittle-like cracking 
issues and have been related with several incidents, including leaks (California Public Utilities 
Commission, 2014; National Transportation Safety Board, 1998), (ii) after 1983, reformulated 
polymeric resins with high resistance to cracking are used in plastic pipelines (California Public 
Utilities Commission, 2014), (iii) unprotected steel pipelines were predominant in U.S. NGDS 
until ~1960 and continued being installed until ~1971, when pipeline coating was initially 
required (PHMSA, 2016c), and (iv) currently, ~3.8% of pipeline mains miles and ~2.9 % of 
service lines in U.S. NGDS correspond to unprotected steel (PHMSA, 2016d). 
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Figure S2. Supplementary sampling locations selected based on NGDS-related incidents 
reported by CenterPoint Energy Entex during 2008-2016. Incidents involved steel and 
polyethylene pipelines installed prior to1980 (see Table S2). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S3. High-resolution transmission molecular absorption (HITRAN)-based simulation of 
CH4, C2H6, H2O, CO2 and N2O absorption at 100 Torr and 293.15 K for a 54.6- m optical path-
length. Selected absorption lines for CH4 and C2H6 detection are indicated.  

 

Figure S4. CH4 and C2H6 ICL-based sensor system architecture. DAQ-Data acquisition card, 
M1/M2-plane mirrors, DM- dichroic mirror, ICL-interband cascade laser, MCT- mercury-
cadmium-telluride infrared detector 
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Figure S5. Sensor system calibration using different concentrations of CH4 and C2H6  generated 
with a gas dilution system and standard cylinders of CH4 and C2H6 with concentrations of 2.1 
and 1.14 ppmv, respectively. 

 

 

 

Figure S6. Response time of the dual gas sensor system evaluated for CH4 concentrations 
between 0 and 2 ppmv generated by employing a standard 2 ppmv CH4 cylinder and a laboratory 
gas dilution system (Series 4040, Environics Inc). A sampling volumetric flow rate of 0.1 LPM 
was used for these tests. The time taken by the instrument to reach 90% of the step change in 
concentration for different increasing and decreasing steps (t90), as well as the time required to 
rise from 10% of the initial concentration to 90% of the concentration step (t10-90%) and to fall 
from 90% of the initial concentration to 10% of the concentration step (t90-10%) are presented. 
Blue lines indicate (t10-90%) and (t90-10%). 
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Figure S7. Weatherized optical core of the CH4 and C2H6 ICL-based sensor system including an 
aluminum-based enclosure and a poly (methyl methacrylate) cover. Multi-pass gas cell (1), 
mercury-cadmium-telluride infrared detector (2), 3337 nm continuous wave interband cascade 
laser (3), parabolic mirror (4), plane mirrors (5), lens (6), gas inlet (7) and gas outlet (8).      
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Figure S8. Noise levels for mobile (a-b) and laboratory operation (c-d) of the CH4 and C2H6 

sensor system. Mobile noise levels were obtained by applying a smooth curve fitting to the data 
in Figure S17 using a Fast Fourier Transform (FFT) algorithm (OriginPro 9.0, OriginLab, 
Northampton, MA). Smoothed signal from periods other than those with peak occurrences is 
reported as the noise level. Laboratory noise levels (c-d) were derived from a FFT-based smooth 
curve fitting applied to the signal from standard CH4/C2H6 concentrations (600 and 0 ppbv, 
respectively). Standard concentrations of CH4 and C2H6 were generated using a 2.1 ppmv CH4 
gas cylinder and an automated gas dilution system as described in Section 2.2 of the manuscript.  
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Figure S9. Driving/sampling times for main roads monitored outside the selected residential 
zones and supplementary sampling locations. Statistics on transects 1 to 13 are presented in 
Table S6. 
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Figure S10. Variation in wind speed levels at the selected sampling zones during the field 
campaign 
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Figure S11. Scores of linear discriminant functions (F1 and F2) based on aggregated CH4 and 
C2H6 concentrations in residential zones with high, medium and low expected probability of CH4 
leakage as defined in Figure 1. 
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Figure S12. Clusters of high CH4 concentration identified in the selected sampling zones by independent application of Anselin Local 
Moran’s I statistics (Spatial Statistical tools, ArcMap 10.1, ESRI, Redlands, CA). The driving path is illustrated in each residential 
zone. The range of CH4 mixing ratios in the clusters within each zone is presented in Table S6. 
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Figure S13. Distribution of spatial averaged (100m x100m) CH4 mixing ratios measured during 
the sampling campaign in the Houston area in August and September 2016. 
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Figure S14. Bayou watersheds located in the identified high CH4 concentration cluster regions. 
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Figure S15. Large-area elevated CH4 concentration events observed during the field campaign 
conducted in the GHA during summer 2016. The location of the center of each episode is 
presented. 
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 Figure S16. CH4-C2H6 orthogonal regression (OR) and Keeling-like plot (KLP)-based source discrimination analyses applied to two CH4 peak 
events observed during sampling conducted on August 24 and September 7, 2016. The slope of the OR and the intercept of the KLP ± standard 
error are reported for each peak event. The C2H6 content is reported as 100 (OR slope) and as the intercept of the KLP (Yacovitch et al., 2014).  
For the peak event with low coefficient of correlation between CH4 and C2H6 (lower panel), an estimate of the C2H6 content is reported as the 
upper limit of the 95% confidence interval of the OR slope and KLP intercept (Yacovitch et al., 2014). Based on the slope of the OR and the 
intercept of the KLP, thermogenic and biogenic origins were established for the peak in the upper and lower panel, respectively.

CH4 concentration peak event Orthogonal regression (OR) Keeling-like plot (KLP) 
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Figure S17. CH4 peak events observed at MA2 on 8/24/2016 (upper panel) and C2H6 
enhancements for peak event 3 determined based on (a) orthogonal regression and (b) Keeling-
like plot approach. Peak numbers correspond to peak IDs presented in Table 1 and Figure 7.  
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Figure S18. Bare steel and cast/wrought iron mains miles and service lines in the NG 
distribution system of Boston, MA, Washington, D.C. and Houston, TX,  according to data from 
the US Department of Transportation Pipeline and Hazardous Materials Safety Administration 
for 2016 (PHMSA, 2016b). Local NG distribution companies operating in each urban area were 
established according to the Facility Level Information on Greenhouse Gases Tool (EPA, 2013). 
Boston- Boston Gas Company, Washington, D.C.- Washington Gas Light Co, Houston- 
CenterPoint Energy Entex.   
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Figure S19. Location of thermogenic CH4 peak events detected in MA2 and associated C2H6 

enhancement (% v/v). Predominant wind direction during the elevated concentration episodes is 
represented by black arrows. Peak numbers correspond to peak IDs presented in Table 1.  
 
 
 
 
 
 
 
 
 



Table S1. Characteristics of residential zones selected for monitoring of CH4 and C2H6 
concentration levels in the GHA during summer 2016. 

Zone ID 
Expected probability 

of NG leakage 
Median 

housing year
NG heating units 

/sq. mile
Areaa 

(sq. miles) 
H1 

High 
1939 2603 0.184 

H2 1960 2632 0.156 
MA1 

Medium 
1942 606 0.070 

MA2 1959 813 0.161 
MB1 

Medium 
2001 1770 0.283 

MB2 1991 1596 0.488 
L1 

Low 
2005 142 0.380 

L2 2002 683 1.250 
a The area of the selected zones differs as these correspond to census blocks with varying size. 

 

Table S2. NGDS-related incidents reported in the supplementary sampling zones (PHMSA, 
2016a). The location of these zones is presented in Figure S2. 

Zone ID 
Date of 
reported 
incident 

NGDS 
component 

Release 
type 

Pipeline material 
Year of pipeline 

installation 

I1 3/2013 Main line Rupture Polyethylene 
 

1971 

I2 2/2015 Service line Rupture Steel 
 

1979 

I3 10/2009 Service line Other Steel 
 

1945 

 

Table S3. Details of the mobile sampling configuration employed during the field campaign. 

Parameter Value 
Type of vehicle Gasoline 

Vehicle year 2015 

Average vehicle speed (mph) 
< 15 in selected neighborhoods 

< 30 while en route to/from selected neighborhoods 
 

Sampling flow rate (LPM) ~0.10 

Data sampling time (sec)a ~5.0 

Multipass gas cell volume (mL) ~220 

Cell volume turn-over time (sec) ~120 
a Includes laser scanning, detector signal processing, LabVIEW-based lock-in and 2f calculation time.



Table S4. Meteorological conditions and sampling details for monitoring conducted in eight GHA residential zones during summer 
2016. 

Zone Date Initial 
sampling 

time 
(CST) 

Sampling 
duration 

(h) 

Sampling 
duration 
per zone 

(h) 

Road 
milesa 

Average 
wind speed 

± (1σ) 
(m/s)b 

Average 
wind 

direction 
(degrees) 

Average 
ambient 

temperature 
± (1σ) (ºF) 

Sky coverc 

Solar 
elevation 

angle 
range 

(degrees)d

Wind speed 
frequency (%)

Dominant 
Pasquill 
stability 

classe <2 
m/s 

2-3 
m/s 

3-5 
m/s 

H1 8-2-16 10:32 1.35 

7.15 

5.8 --- --- --- Few clouds 48.3-65.1 --- --- --- ---
8-4-16 15:00 1.50 5.8 1.90±1.21 171.7 93.2±0.90 Few clouds 65.2-46.3 60.0 25.0 12.6 A, B
8-5-16 10:20 2.03 5.8 1.77±0.93 191.1 90.5±2.41 Clear sky 45.5-70.2 64.0 25.0 11.1 A, B
8-8-16 15:00 2.27 5.8 1.97±1.20 177.4 97.0±1.93 Clear sky/few clouds 64.4-35.9 59.0 23.0 15.5 A, B

H2 8-4-16 11:14 2.87 

10.76 

10.0 1.79±1.11 168.6 94.3±3.83 Few clouds 57.1-74.5 64.0 20.0 16.8 A, B
8-5-16 13:37 2.80 10.0 1.93±1.12 148.3 94.3±1.54 Clear sky 76.9-47.4 58.0 26.0 14.1 A, B
8-8-16 11:21 2.57 10.0 1.54±0.91 187.0 93.2±3.65 Clear sky 58.1-74.8 73.0 20.0 6.9 A, B
8-9-16 14:32 2.52 10.0 2.14±1.40 153.3 97.2±2.95 Clear sky 69.4-38.6 55.0 21.0 19.0 A, B

MA1 8-10-16 14:14 2.27 
7.26 

8.3 2.07±1.30 182.4 97.6±1.30 Clear sky 71.8-45.4 55.0 24.0 18.0 A, B
8-11-16 10:32 2.72 8.3 2.16±1.31 212.3 93.2±1.65 Clear sky /few clouds 47.5-75.0 53.0 25.0 18.7 A, B
8-24-16 15:05 2.27 8.3 1.88±1.13 112.1 90.3±2.80 Clear sky/few clouds 59.6-36.0 61.0 23.0 14.0 A, B

MA2 8-10-16 10:33 2.52 
7.26 

6.3 1.67±1.02 189.3 92.7±2.23 Clear sky 47.7-74.6 70.0 19.0 9.2 A, B
8-11-16 14:38 2.42 6.3 2.15±1.35 223.0 92.7±1.84 Clear sky/few clouds 67.8-38.3 53.7 22.6 20.0 A, B
8-24-16 11:14 2.38 6.3 1.54±0.97 197.7 97.6±2.39 Few clouds 54.4-70.7 77.0 15.4 6.7 A, B

MB1 9-7-16 12:38 3.40 3.4 6.9 1.59±1.05 184.1 92.3±3.34 Clear sky 63.9-44.9 72.0 18.0 8.9 A, B
MB2 8-25-16 12:15 4.55 4.55 14.8 1.37±0.78 165.0 90.6±5.92 Scattered clouds 65.0-38.9 82.0 13.0 4.0 B
L1 9-8-16 11:44 4.27 4.27 10.0 1.55±0.98 185.8 91.6±2.28 Scattered clouds 56.7-49.7 75.0 16.0 8.1 B
L2 9-3-16 12:17 5.08 5.08 11.5 1.68±1.03 136.3 91.4±2.12 Clear sky 62.8-32.8 69.6 20.0 9.5 A, B

a Road miles correspond to exclusive miles driven in each zone (not including repeated sampling on the same roads). bTrue wind speed (after accounting for 
vehicle motion) reported by the Airmar 150WX weather station used during the field campaign. c Predominant condition during sampling. Data retrieved from 
NOOA National Climatic Data Center for stations located in the Houston area (NOAA stations WBAN 00188, WBAN 00208, WBAN 00223, WBAN 53910 and 
WBAN 12975 were used for H1/H2/MA1/MA2, MB1, MB2, L1 and L2, respectively). Sky cover (in oktas)-clear sky: 0/8, few clouds:1/8-2/8, scattered clouds: 
3/8-4/8, broken clouds 5/8-7/8. dRange of solar elevation angles during the sampling interval (values correspond to angles at initial and final sampling times). 
Values calculated using the NOAA solar calculator available at https://www.esrl.noaa.gov/gmd/grad/solcalc/. Solar elevation angles above 60° prevailed 
during the sampling intervals in most of the selected zones. e Predominant condition during sampling established based on wind speed and insolation levels 
as derived from sky coverage and solar elevation angles-see section on atmospheric turbulence levels in SI. The Pasquill stability classes for the interval < 2 m/s 
were selected for sampling periods where wind speed below 2 m/s was predominant (frequency ≥ 75%).Wind speed/direction and ambient temperature data were 
not available for sampling conducted on 8-2-16 due to interface communication problems. 

 



Table S5. Meteorological conditions and sampling information for CH4 and C2H6 monitoring in 
selected areas with previous reports of NGDS-related incidents. 

Zone 
ID 

Date Initial 
sampling 

time (CST) 

Sampling 
duration (h) 

Road 
milesa

Average 
wind speed 

± (1σ) 
(m/s)b 

Average 
wind 

direction 
(degrees) 

Average 
ambient 

temperature ± 
(1σ) (ºF) 

I1 9/6/16 11:50  2.0 3.5 1.43±0.82 138.7 93.25±1.08 

I2 9/7/16 11:14 2.4 9.7 1.62±1.04 174.5 90.02± 0.92 

I3 9/6/16 14:32 2.5 10.9 1.83±1.09 145.4 93.34±1.67 
a Road miles correspond to exclusive miles driven in each zone (not including repeated sampling on the same roads). 
bTrue wind speed (after accounting for vehicle motion) reported by the Airmar 150WX weather station used during 
the field campaign. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Table S6. Sampling information for the main transects monitored outside the selected residential 
and supplementary sampling zones as illustrated in (Figure S9).  

Transect IDa Total driving/sampling 
duration(h) 

Sampling dates Number of driving 
cyclesb 

1 3.00 9/8/16 2 
2 0.84 9/7/16 2 

3 4.25 
8/29/16 2 
9/7/16 2 

4 1.48 

8/2/16 1 
8/4/16 1 
8/5/16 1 
8/8/16 1 

5 1.40 9/6/16 1 
6 0.80 9/6/16 1 

7 1.99 
8/10/16 2 
8/11/16 2 
8/24/16 2 

8 2.0 9/3/16 2 
9 2.77 8/25/16 2 

10 3.68 

8/4/16 2 
8/5/16 2 
8/8/16 2 
8/9/16 2 

11 2.20 

8/4/16 1 
8/5/16 1 
8/8/16 1 

8/10/16 2 
8/11/16 2 
8/24/16 2 
8/29/16 2 
9/7/16 1 
9/8/16 1 

12 0.98 9/6/16 1 

13 4.92 
8/10/16 2 
8/11/16 2 
8/24/16 2 

a Transect IDs correspond to the numbers in Figure S9. b The number of driving cycles represents the number of 
times that the entire transect was sampled.  

 

 
 
 
 
 
 
 
 



Table S7. Statistics of CH4 mixing ratios in the selected residential zones during the field 
campaign. RSD: Relative standard deviation. 

Zone Minimum 

(ppmv) 

Maximum 

(ppmv) 

Mean ± (1σ) 

(ppmv) 

RSD (%) 5th percentile 

(ppmv) 

Adjusted 

mean ± (1σ) 

(ppmv)a 

H1 2.05 2.72 2.42±0.12 4.98 2.21 2.42±0.06 

H2 2.10 3.57 2.38±0.19 8.05 2.20 2.34±0.08 

MA1 2.05 2.53 2.27±0.07 2.90 2.18 2.28±0.07 

MA2 2.02 2.93 2.23±0.07 3.31 2.14 2.23±0.07 

MB1 1.93 2.18 2.05±0.03 1.64 1.99 2.05±0.07 

MB2 1.90 2.62 2.21±0.09 4.12 2.12 2.22±0.11 

L1 1.92 2.44 2.13±0.08 3.75 2.05 2.13±0.10 

L2 1.98 2.52 2.26±0.06 2.63 2.16 2.26±0.06 

a Mean CH4 concentrations adjusted for wind speed levels as obtained by analysis of covariance including wind 
speed as the covariate. Minimum, maximum, mean and adjusted mean CH4 concentrations and background level (5th 
percentile) reported for H1, H2, MA1 and MA2 correspond to multi-day sampling (3 to 4 sampling days), while data 
for MB1, MB2, L1 and L2 correspond to single sampling instances (Table S4). Meteorological conditions during 
sampling at each zone are listed in Table S4. 

 

 

Table S8. Variation in the CH4 concentrations observed in multi-day sampling conducted in H1, 
H2, MA1 and MA2 during the field campaign conducted in the GHA.  

Zone Date Initial 
sampling 

time (CST) 

Sampling 
duration 

(h) 

Sampling 
period 

Minimum 
(ppmv) 

Maximum 
(ppmv) 

Mean ± 
(1σ) (ppmv) 

H1 
8-4-16 15:00 1.50 PM 2.20 2.51 2.35±0.06
8-5-16 10:20 2.03 AM 2.05 2.72 2.39±0.15
8-8-16 15:00 2.27 PM 2.29 2.69 2.49±0.06

H2 

8-4-16 11:14 2.87 AM 2.11 2.73 2.37±0.12
8-5-16 13:37 2.80 PM 2.13 3.57 2.49±0.30
8-8-16 11:21 2.57 AM/PM 2.11 2.66 2.40±0.09
8-9-16 14:32 2.52 PM 2.15 2.44 2.26±0.05

MA1 
8-10-16 14:14 2.27 PM 2.13 2.41 2.23±0.04
8-11-16 10:32 2.72 AM 2.05 2.51 2.28±0.07
8-24-16 15:05 2.27 PM 2.11 2.53 2.31±0.05

MA2 
8-10-16 10:33 2.52 AM 2.02 2.48 2.23±0.06
8-11-16 14:38 2.42 PM 2.1 2.53 2.22±0.05
8-24-16 11:14 2.38 AM/PM 2.02 2.93 2.22±0.10

 



Table S9. Briggs-Gifford coefficients and equations for calculation of dispersion coefficients in 
the y and z directions (σy and σz, respectively) for urban conditions (Beychok, 2005) 

Pasquill 
stability 

class 

Coefficients for σz 

calculation 
Coefficients for σy calculation 

Equation for σy and 
σz calculationa 

L M N L M N 

A-B 240 1.0 0.5 320 0.4 -0.5

1  
C 200 0 0 220 0.4 -0.5
D 140 0.3 -0.5 160 0.4 -0.5

E-F 80 1.5 -0.5 110 0.4 -0.5
a x corresponds to the distance downwind from the emission point in km. σy and σz in m.  

 

Table S10. McElroy’s coefficients and equations for calculation of dispersion coefficients in the 
y and z directions (σy and σz, respectively) for urban conditions (Essa et al., 2005) 

Pasquill 
stability 

class 

Coefficients for 
σz calculation 

Coefficients for σy 

calculation
Equation for σy and 

σz calculationa 
d n c m 

A-B 0.01 1.54 1.46 0.71  
 C 0.04 1.17 1.52 0.69

D 0.09 0.95 1.36 0.67
E-F 0.4 0.67 0.79 0.7

a x corresponds to the distance downwind from the emission point in m. σy and σz in m.  

 

Table S11. ANCOVA output including wind speed as a covariate 

Source df Mean 
Square 

F Sig. 

Corrected Model 8 32.334 4234.848 .000 

Intercept 1 42288.958 5538725.071 .000 

Wind speed 1 .027 3.577 .059 

Zones 7 36.654 4800.647 .000 

Error 30508 .008   

Total 30517   

Corrected Total 30516   

 

 

 

 

 



Table S12. Discriminant loadings for functions obtained from linear discriminant analysis based 
on CH4 and C2H6 concentrations in the selected residential zones. 

Discriminant variable 
Discriminant function 

F1 F2 
CH4 concentration 0.782 0.623 
C2H6 concentration -0.521 0.853 

 

 

Table S13. Standardized canonical discriminant function coefficients for linear discriminant 
analysis based on CH4 and C2H6 concentrations in the selected residential zones. 

Discriminant variable 
Discriminant function 

F1 F2 
CH4 concentration 0.860 0.525 
C2H6 concentration -0.628 0.788 

 

 

Table S14. Discriminant functions at group centroids for linear discriminant analysis based on 
CH4 and C2H6 concentrations in the selected residential zones. 

Group 
Discriminant function 

F1 F2 
High 0.833 0.449 

Medium A 0.177 -0.577 
Medium B -0.591 -0.758 

Low -1.308 0.622 
 

 

Table S15. Percentage of predicted group membership for linear discriminant analysis (LDA) 
based on CH4 and C2H6 concentrations in the selected residential zones. The percentage of 
concentration data points in a specific zone that were correctly classified by LDA is shown in 
bold. 

Group 
Predicted group membership  

High Medium A Medium B Low Total (%)
High 56.0 28.7 5.5 9.8 100

Medium A 12.7 66.4 18.8 2.2 100
Medium B 7.8 31.5 41.5 19.2 100

Low 4.9 2.8 25.2 67.1 100
 



Table S16. CH4 mixing ratios range in the HH clusters identified in the selected residential zones 
by independent application of Anselin Local Moran’s I statistics (Spatial Statistical tools, 
ArcMap 10.1, ESRI, Redlands, CA). HH cluster location in each zone is presented in Figure S12. 

Zone Minimum (ppmv) Maximum (ppmv) Mean (ppmv)
H1 2.43 2.73 2.56 ±0.07
H2 2.40 3.57 2.57±0.15

MA1 2.29 2.51 2.36±0.04
MA2 2.25 2.93 2.39±0.15
MB1 2.07 2.16 2.09±0.02
MB2 2.26 2.62 2.41±0.07
L1 2.16 2.44 2.29±0.06
L2 2.28 2.52 2.34±0.04

 

 

 

 

 

 

 

 



Table S17. Long-duration CH4 concentration increases observed during the field campaign conducted in the Houston area during 
summer 2016. OR-orthogonal regression based on 60-sec concentration averages, B-biogenic, T-thermogenic. *significant at α 0.01. 
SE-standard error of the OR slope. The upper limit of the 95% confidence interval for the C2H6/CH4 ratio is reported for coefficients 
of correlation < 0.6. No sampling zone is reported for peak events detected in the driving path to/from the selected residential zones. 
The location of the peak events is presented in Figure S12. 
 

Event 
ID 

Date 
Sampling 

zone 

Duration 
(min) 

Maximum CH4 
concentration 

(ppmv)

Maximum C2H6 
concentration 

(ppbv)

ΔCH4 

(ppbv) 
ΔC2H6 

(ppbv) 

C2H6-CH4 

correlation 
coefficient

C2H6/CH4 ratio ± 
SE (OR slope 

(%))

Likely 
origin 

A1 8/4/2016 H2 47 2.73 12.25 556.5 10.9 0.42* <0 B
A2 8/4/2016  19 2.65 14.40 243.2 11.6 0.94* 2.9±0.23 T
A3 8/5/2016 H1 26 2.73 11.66 542.5 8.3 0.09 <0.40 B
A4 8/5/2016 H2 25 3.57 20.21 1321.4 18.9 0.05 <0.074 B
A5 8/5/2016 H2 37 3.22 20.21 970.1 18.9 0.18 <0.17 B
A6 8/8/2016 H2 18 2.67 13.06 290.3 11.3 0.68* <0 B
A7 8/8/2016 H2 14 2.67 20.64 290.3 18.9 0 <1.21 B
A8 8/8/2016  23 2.75 20.89 376.0 19.1 0.29 <1.63 B
A9 8/10/2016 MA2 32 2.48 8.21 312.4 6.8 0.20* <0.88 B
A10 8/10/2016  30 2.54 7.13 377.1 5.7 0.07 <0.9 B
A11 8/11/2016 MA2 14 2.40 7.20 239.7 5.8 0.45 <1.57 B
A12 8/24/2016 MA1 20 2.49 13.76 215.1 11.0 0.84* 4.6±0.67 T
A13 8/25/2016  17 3.59 13.97 1214.5 11.6 0.09 <0.046 B
A14 8/29/2016  26 2.90 13.78 572.5 6.7 0.69* 0.6±0.10 B
A15 9/6/2016 I1 12 2.24 16.58 248.2 14.6 0.91* 5.9±0.72 T
A16 9/7/2016  18 2.26 20.13 321.3 18.0 0.22* <0.30 B
A17 9/8/2016 L1 13 2.26 12.65 216.8 10.0 0.19 <2.09 B
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