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Section	1. Description	of	Mobile	Laboratories	
The Aerodyne Mobile Laboratory (Kolb et al., 2004; Roscioli et al., 2015) step van 

(AML) and miniature AML (minAML) cargo van supported suites of meteorological and 
analytical equipment.  

Several Tunable Infrared Laser Direct Absorption Spectroscopy (TILDAS) trace-gas 
monitors from Aerodyne Research, Inc. (McManus et al., 2015) performed gas-phase 
measurements of the ambient air, including methane (CH4), ethane (C2H6) and tracer 
release gases nitrous oxide (N2O) and ethyne (C2H2 aka acetylene). Inlet lines extended out 
on a boom mounted to the roof of each vehicle for continuous sampling of ambient air. 
Every 15 minutes, carbon dioxide (CO2) and hydrocarbon-free air (ultra-zero air) was 
delivered in excess of the intake flow. These gas additions served to spectroscopically 
background certain TILDAS instruments and check zero values for the other instruments. 
The TILDAS instruments were operated in series at pressures between 30-50 Torr, with an 
upstream pressure controller managing flow from a downstream scroll pump (Agilent 
TriScroll TM 600).  

In the AML, two single-laser mini-TILDAS instruments measured 1) nitrous oxide, 
carbon monoxide and water (N2O, CO, and H2O); and 2) C2H6. A two-laser dual-TILDAS 
measured CH4 and C2H2. In the minAML, two mini-TILDAS spectrometers measured 1) 
CH4, N2O, C2H2, and 2) C2H6. Both mobile laboratories also operated LI-COR® analyzers 
for CO2.  

Each vehicle measured meteorological conditions and GPS-based positioning near the 
inlet line opening and rooftop. A Hemisphere (V100) GPS Compass was operated in 
conjunction with an AIRMAR 200WX WeatherStation to determine wind speed and 
direction and map vehicle location and bearing during measurements. RM Young 3D 
Ultrasonic Anemometers collected additional redundant wind data. 

Real-time data were logged and displayed on monitors in the mobile laboratory, 
allowing scientists to rapidly detect and follow plumes of interest. Notes were recorded on 
the same computer and the observer defined and labeled periods of trace-gas data showing 
enhancements above background (plumes) while in the field. 

Tracer release vehicles were equipped to transport, release and log tracer gas flows. 
Alicat mass-flow controllers defined the flows from cylinders of industrial-grade N2O and 
C2H2 gas. 100 to 300 feet of 3/8" tubing extended from the flow controllers to the release 
points. A computer logged and displayed data for easy monitoring. Portable weather 
stations using Airmar anemometers wirelessly transmitted wind data back to the tracer 
release vehicle computer. These weather stations were deployed at the facility of interest 
and their supporting tripods were often used to mount and elevate the end of the tracer gas 
tubing.  

Instrument calibrations involved precision blending of a known calibration gas 
(commercially available high-ppm concentration standards with < 1% typical 
uncertainties) with the diluent, ultra-zero air. The calibration factors applied are reported 
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in Table S1. Flow-rates of tracer release gases were corrected for the purity of the industrial 
gases: 99% for N2O and 98% for C2H2. All emission results within are reported in 
kilograms of methane per hour (kg CH4 hr-1).  

Table S1. Instrument and flow calibration factors with their uncertainties. Calibration factors 
are defined via the equation: Standard = Cal Factor * Measured. Instrument suites for each mobile 
laboratory during each campaign are shown. Measurement uncertainties are defined based on the 
observed variation in calibration factors for multiple calibrations during the campaign. 

Measurement Cal Factor Uncertainty 
in correction 

(%) 

Cal Factor Uncertainty 
in correction 

(%) 

Cal Factor Uncertainty 
in correction 

(%) 
N2O flow 0.990 4%     
C2H2 flow 0.980 4%     
 minAML (FV) AML (FV) AML (DJ) 
CH4 0.967 1% 0.975 3.0% 0.830 6.1% 
C2H6 instrument 0.915 10% 0.970 3.2% 0.971 1.5% 
N2O instrument 0.952 3% 0.982 1.8% 1.00 2% 
C2H2 instrument 0.886 2.3% 0.892 3.1% 0.836 3.3% 
CO instrument n/a  1.014 4.3% 1.00 4% 

 

The TILDAS instruments have sub-ppb precisions (McManus et al., 2015) regardless 
of instrument configuration (see Table S2). The limit of detection of the tracer release 
method (LODTF) is not limited by instrument precision or instrument limit of detection 
(LOD).  

Formally, a limit of detection for an instrument is defined as the lowest concentration 
of a species distinguishable from zero. For trace-gas species with significant ambient 
concentrations (N2O at ~320 ppb, CH4 at ~2000 ppb, and even C2H6 in oil and gas regions) 
the relevant metric is how well the instrument can distinguish concentration enhancements 
over background. In these cases, the precision (s) in the measurement at ambient 
concentrations is the relevant metric, with concentration enhancements of 3s over 
background being detectable. For fast plume measurements lasting several seconds to a 
few minutes, measurements are done at 1 Hz, and so the 1-second precisions are used. For 
the tracer gas C2H2, the ambient background is usually below the instrument detection 
limit, and so the 3s corresponds to a true LOD. All TILDAS instruments had LOD or 3s 
noise metrics below 1 ppb, as listed in Table S2.  
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Table S2. TILDAS instrument LODs or 3s noise at ambient concentrations. Values are given 
in parts per trillion (ppt, where 1000 ppt = 1 ppb). The path length for the instrument is listed, along 
with the laser frequency of the measurement (rounded; the actual laser scans over a small frequency 
range <2 cm-1). The precisions are either the Aerodyne instrument specifications (spec) if 
commercially sold, otherwise they are measured for the specific instrument (meas).  

Gas Path Length 
(m) 

Laser 
Frequency 

(cm-1) 

1 second 
noise,  
s 

(ppt) 

LOD or 3s at 
ambient conc. 

(ppt) 

Reference 

minAML (FV) 
CH4 76 1300 100 300 spec 
C2H6 76 2993 130 390 meas 
N2O 76 1300 60 180 spec 
C2H2 76 1300 100 300 spec 

AML (FV and DJ) 
CH4 210 1294 260 780 meas 
C2H6 76 2998 25 75 spec 
N2O 76 2200 30 90 spec 
C2H2 210 1352 26 78 meas 
CO 76 2200 100 300 spec 

 

In an idealized atmosphere, background concentrations are constant. However, we find 
that in real measurement situations, the ambient background fluctuates significantly more 
than the LOD or 3s values in the table above. Also note that the uncertainties in emission 
rates measured by tracer flux ratio are driven by limitations in the assumption of co-
dispersion (Roscioli et al., 2015), and are explored in Section 7. LODs for the tracer flux 
ratio method itself (LODTF) are explored in the methods section of the manuscript.  

Section	2. Study	Areas		
Prior to measurement campaigns, study coordinators divided the region into clusters of 

sites. The goal of this clustering was to: 

1. Maximize the number of measurements by dividing large geographic regions into 
manageable sub-regions. This helped minimize commute time between sites. 

2. Increase coordination between teams and maximize overlap of different methods. 
3. Communicate daily plans to site operators (FV study area only, see also methods 

section of the main text. DJ measurements were done on public roads without 
operator cooperation). 

4. Facilitate the random sampling of sites within a sub-region. Sites must be screened 
for road access given current wind conditions. Limiting this screening to a subset 
of sites improved efficiency. 

For the DJ study, a simple gridding of the region was done. The DJ study area was 
gridded into 12 separate clusters, in an 80 km by 76 km region and including Fort Collins 
to the north, Boulder to the west, and Broomfield to the south.  
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Figure S1. DJ study area in the Denver-Julesburg Basin. Sub-regions are labeled A1 through 
C4. 

The FV study area was divided into 17 randomly assembled clusters, 6 of which were 
randomly chosen as primary measurement areas, in a 130 km by 60 km region. Instead of 
a simple gridding, the clustering was done in an automated way to cluster wellpads to 
nearby gathering stations. A description of the clustering methodology can be found in Bell 
et al. (2017) and Vaughn et al. (2017).  

 
Figure S2. FV study area in the Fayetteville shale play. Sub-regions where sampling was focused 
are labeled. 

Section	3. Sample	Dual	Tracer	Flux	Ratio	Plume	
Nitrous oxide (N2O) and ethyne (C2H2 aka acetylene) were released on site as tracer 

gases. Methane (CH4) was measured in order to determine an emission rate, while other 
trace-gases (e.g. C2H6, CO and CO2) provided context and chemical fingerprinting of 
various emission sources.  

A"

B"

C"

1" 2" 3" 4"

14#
17#

3#
1#

11#

14#



 7 

Figure S3 shows a sample downwind transect for FV site 14: a gathering compressor 
station. This station had 4 compressors at the southern edge of the facility, which were fully 
operational at the time of measurement. A 3-tank battery was in the NW corner and two 
dehydrators were in the NE corner. The N2O tracer was located just east of the compressor 
building, and the C2H2 tracer was placed to the north of the compressor building, 
equidistant between the tank battery and dehydrators. This transect was performed west to 
east at ~700 meters downwind of the site. Other measurements were performed at 300 and 
500 meters.  

The plume in Figure S3 was analyzed via the dual correlation method: a scatter plot of 
CH4 vs N2O mixing ratios along the downwind transect was constructed after optimization 
of small time offsets between instruments to maximize the R2 of the fit. The slope, m, of 
this correlation plot gives the tracer ratio in units of ppb CH4/ppb N2O (panel C). The 
quantity of released N2O tracer gas was accurately controlled and logged, and was 
multiplied by the slope to yield this plume’s estimate of methane emission rate in 
kg CH4 hr-1. The C2H2 tracer was used as a check of data quality. The analysis can be done 
with either N2O or C2H2 as the x-axis of the CH4 vs tracer plot, but N2O was chosen because 
it was released in higher quantity and had marginally better signal-to-noise. The ratio of 
C2H2 to N2O release rates was 0.49 (unitless) for this site. The measured tracer ratio of 0.35 
(panel D) falls well within a factor of two of the ideal ratio, and so this plume passed the 
internal data quality check. This factor of two acceptance criteria balances the number of 
accepted plumes with the quality of those plumes for an overall good uncertainty on the 
average emission. Additional details of the methodology are explored in subsequent 
sections, including the effect of changing the acceptance criteria, and a tracer ratio 
assessment of the performance of the dual tracer flux ratio method.  

For this site, 11 plumes were measured within a 1-hour time window, and the average 
methane emission was determined to be 38 ± 8 kg CH4 hr-1. These error bars are at 95% 
confidence, and were calculated from the standard deviation of the mean of these 11 plumes 
and the Student’s T statistic (see the methods section of the paper). This emission is fairly 
representative of the peak of the gathering sector emissions distribution. 

The measurements of auxiliary species help better understand emissions from this site. 
Ethane/methane enhancement ratios are 1.37%, consistent with the composition of the dry 
gas produced in this mid-continental FV play. The spatial extent of this site’s CO2 and CO 
plumes is particularly interesting, since it highlights the presence of multiple sources of 
combustion on site. CO2 emissions are well correlated with CH4 throughout the entire 
plume, suggesting that the main source of methane at this site was entrained with 
compressor exhaust. Conversely, CO emissions are not well correlated with methane and 
dominate only the eastern section of this plume. They are a signature of the combustion in 
the dehydrators to the NE of the site.  
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Figure S3. Sample plume transect at site 14. Calibrated, measured mixing ratios (panel A) are 
shown for the tracers (N2O and C2H2) and methane (CH4) along with the auxiliary species ethane, 
carbon dioxide and carbon monoxide (C2H6, CO2 and CO). A map of the site (panel B) shows the 
tracer locations and vehicle drive path colored with methane intensity. Measured wind from the 
NNW is shown from the on-site anemometer (red wind vector) and mobile anemometer (red wind 
barbs). Methane-tracer (panel C) and tracer-tracer (panel D) correlation plots for this plume are 
shown.  

 

Prior to tracer release measurements, the mobile laboratory sampled directly downwind 
of the facility and of individual pieces of equipment, without releasing tracers. This served 
two purposes. First, it often enabled scientists to pinpoint specific emission sources on site, 
helping to place tracers as close as possible to the emission sources. Second, it provided a 
chemical fingerprinting of individual emission sources (as in the example above) and 
helped assess whether any source on site or off might interfere with the measurement. Very 
rarely, plumes of N2O or C2H2 were observed downwind even when no tracers were 
released. In this campaign, one N2O plume was suspected to be from a nearby chicken 
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farm; and C2H2 was observed from a gathering station compressor house also emitting high 
CO. C2H2 from welding has also been observed in other campaigns. Usually the presence 
of two tracers allowed us to fall back to a single-tracer measurement; occasionally the 
experiment failed. 

Section	4. Impact	of	Plume	Rise	
The measurement campaign in the FV basin was a multi-team measurement effort. 

Both ground vehicles and aircraft were used to measure site emissions. Comparisons of 
these measurements are done in Vaughn et al. (2017). A potential concern in comparing 
such disparate means of measurement is the impact of plume rise, particularly for heated 
exhaust plumes from compressor stacks that are several stories high. Tracer release points, 
in contrast were only released from heights of 1 – 3 meters, typically from the top of a 
tripod. Plume rise is not expected to pose a problem at wellpads, particularly if no flares 
are present. 

In the supplemental materials of Roscioli et al. (2015), the potential for biases due to 
plume rise were investigated using Gaussian plume simulations. These simulations 
suggested a worse-case scenario where significant (~50%) fractions of the compressor 
stack methane may be lost when measurements are performed at distances < 1000 m. The 
further downwind a measurement is performed, the less impact. For the dataset of plume 
transects described below, the average distance was 700 m, while the median distance was 
514 m. 

In order to assess the potential for plume rise, we investigated measured methane 
emission rates for the individual plumes (replicates) as a function of distance. In order to 
remove the effect of varying emission rates, each plume’s emissions were normalized by 
the site-wide average. In order to account for the fact that distances downwind do not 
change much for a given site due to road access, the distance has also been normalized by 
average distance at each site. Sites with varying emissions, or no detectable emissions have 
been removed from this analysis. Only the FV emission rates from the gathering and 
transmission sector were used in this analysis. The site’s geographic position has been set 
to the center of the two tracer release points, since this was reasonable proxy for the location 
of the emissions.  
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Figure S4. Normalized methane emission values for each measured plume as a function of 
normalized distance downwind.  

Figure S4 shows the results from the FV basin. The R2 for the linear fit is extremely 
poor (0.008), indicating no systematic correlation between distance of measurement and 
emission rate.  

Road access was often limited downwind of these facilities such that data points for the 
same facility at significantly different distances were rare. This limits the usefulness of this 
plot. A coordinated case study is needed in order to allow for a more systematic 
investigation of plume rise from heated compressor exhaust. One tracer could be released 
directly into the heated exhaust of a compressor house, another from a tripod, and both 
tracers measured downwind and aloft. A region with gridded road systems and varying 
wind conditions would allow for the best variety in acquired data.  

Section	5. Automated	Plume	Acceptance	Algorithm	
The use of dual tracers allows us to assess the data quality of any given dual tracer flux 

ratio plume. In the ideal case, the ratio of measured tracer plume enhancements is equal to 
the ratio of known tracer release rates. We assessed these ratios using a factor error, which 
compares the measured tracer ratio from a single plume (Rplume) with the released tracer 
ratio Rflow: 
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Factor error is a unitless quantity. In the ideal case, the factor error is equal to 1. When 
factor error > 1, this indicates an overestimate of the tracer ratio; when factor error < 1, we 
have an underestimate of the true tracer ratio. Since it is arbitrary which tracer species (N2O 
or C2H2) acts as the denominator in the formula above, factor errors of 2 and 0.5 indicate 
the same degree of tracer release data quality.  

Another data quality indicator is the degree of correlation of two plumes, measured by 
the coefficient of correlation (R2) of a correlation plot (see Figure S3, panels C and D). 
The degree of correlation of the two plumes provided an experimental measure of the extent 
of co-dispersion of the two species. The extent of co-dispersion determined which analysis 
method was appropriate.  

Four methods of plume analysis were considered: dual-tracer correlation, single-tracer 
correlation, area-area and sum-sum. Dual-tracer correlation determined the measured tracer 
ratio by taking the slope of the correlation plot of CH4 vs tracer and was the method of 
choice when all gases were well mixed and co-dispersed. Single-tracer correlation also 
used the slope but was used when only one tracer is well mixed and co-dispersed with the 
emission signal. Area-area compared integrated areas underneath the plume, and was often 
chosen when measurement distances were close enough that co-dispersion had not 
occurred. These three methods were described in detail, with examples, in the paper by 
Roscioli et al. (2015). 

The sum-sum method was used at intermediate distances where only partial correlation 
was observed, and involved taking the slope of methane versus an optimized tracer sum (t, 
in ppb): 

𝑡 = N4O + 	𝛼 ∙ C4H4. 

Here, N2O and C2H2 are the time traces of the respective species in ppb, and α is a 
unitless parameter from 0 to infinity. The optimal α was found by maximizing the 
coefficient of correlation (R2) for the plot of CH4 vs t. This α was then used along with the 
slope of the correlation plot, m, and the known flows of N2O and C2H2 (f, in SLPM) to 
yield a methane emission, 𝑥BCDin SLPM.  

𝑥BCD = 𝑚 𝑓GHI + 	𝛼 ∙ 𝑓BHCH . 

Finally, a simple unit conversion was done to express 𝑥BCDas g CH4 hr-1
. 

A flow chart describing the choice of analysis method is presented in Figure S5. The 
factor error of a plume and the R2 values of various correlations were used to choose the 
flowchart path followed. The R2 values always came from a correlation plot. Factor errors 
were taken either from the slope of a correlation plot or from a ratio of areas under the 
curve, depending on the progress through the flowchart. The threshold values used were: 
R2 > 0.5 and 0.5 < Factor Error < 2. 

 



 12 

 
Figure S5. Automated plume analysis method flowchart. F is short for factor error. 

These choices for threshold values aimed to balance the accuracy of each individual 
plume determination (high accuracy for fewer plumes) against the precision of the final 
site-wide average (higher precision via many replicates). To illustrate this tradeoff, Figure 
S6 shows results from the FV basin and compares them to results analyzed with stricter 
acceptance criteria, as were used in a previous study (Roscioli et al., 2015). Most data 
points do not change significantly in either emission rate or 95% confidence interval. Of 
those few that change, the 95% confidence intervals are the same or expanded, and in all 
cases, overlap with the original data point.  
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Figure S6. Comparison of FV data with varied automated method choice thresholds. The 
paper thresholds of R2 > 0.5 and 0.5 < Factor Error < 2 (circles) are compared against data with 
stricter thresholds of R2 >0.75 and 0.67 < Factor Error < 1.5 (diamonds). The sites with no detected 
emissions via tracer flux ratio (FV zero emis) are not considered here and are nominally shown at 
0.01 kg CH4 hr-1 so that they appear on the lognormally scaled plot. 

The performance of the dual tracer flux ratio methodology using these thresholds is 
assessed in Section 7.  

Section	6. Manual	Overrides	to	Automated	Acceptance	

Algorithm	
Rejection of individual plumes occurred via the automated decision tree shown above. 

However, manual quality assurance of the data was also performed. Plumes could be 
manually eliminated for any of the following reasons.  

1. Plume start and stop times defined in the field did not include enough 
background. Plumes were rejected and new plumes start stop times defined. 

2. Duplicate plume was accidentally defined in the field.  
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3. Plume included vehicle exhaust from mobile laboratory (self-sampling) or other 
vehicles.  

4. The geometry of the measurement (wind vector, vehicle location, facility 
location) was such that an interfering source might have been present (wellpad, 
stagnant water, pasture with cows, etc.). When possible, the in-field 
measurement team sampled the interfering source to determine whether or not 
it was emitting. 

5. Geometry of measurement did not include entire facility (or the portion of the 
facility that was being quantified).  

6. Measurements were performed very close to methane source and tracer sources 
such that plumes were very short in duration, providing few data points with 
which to perform the correlation or area calculation.  

7. Monitoring of on-site activity indicated a major change in operational state that 
impacted emissions. The two operational states were quantified separately if 
possible. 

8. Wind direction did not point towards site, and there was no apparent 
topographical reason for this (wind directions across areas with dense forests 
and clearings can sometimes deviate from dominant wind direction).  

9. Tracer release flows were unstable, or were just recently started. 
10. Plume did not include tracer data, but was defined in field in order to provide a 

better ethane/methane enhancement ratio.  
11. Ethane/methane enhancement ratio (or other relevant ratio such as 

CO2/methane) deviated significantly from expected, with no explanation. 
Expected differences were seen, for example, between measurements of 
wellhead, condensate tank, and separator emissions.  

12. Instrumental problems affected the data, such as a bad spectral background due 
to insufficient zero air overblow.  

Some examples of situations where the default analysis algorithm was overridden are 
listed below.  

1. Both tracers were released from same location (e.g. bed of pickup truck). This 
occurred when no site access was available, and tracers could not otherwise be 
deployed to either side of facility (reasons include no-trespassing signs, road 
shoulder deemed too small/unsafe, facility size too large). In this case, tracer 
plumes would be near perfectly correlated, but methane-tracer plumes would 
not. The area-area method would then be manually chosen over the dual-tracer 
correlation method even though the algorithm defaults to dual-tracer 
correlation.  

2. Tracers were not co-located with source, and measurements were not performed 
far downwind. If tracers were not approximately equidistant from the mobile 
lab, then the plume would be rejected because of poor area-area tracer ratios. 
However, if one of the tracers was the same distance away from the mobile lab 
as the expected methane source, a modified area-area method using a single 
tracer was appropriate.  

3. One tracer ran out during measurement. In this case, single-tracer correlation 
would be applied. 
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4. Other known source of tracer compound was present (e.g. welding operations 
on site producing acetylene; biogenic N2O observed during initial drives 
without tracer). The tracer ratio was then not an acceptable metric for data 
quality. The single-tracer method would be used.  

5. Other known source of tracer compound was present, but with a known and 
fixed ratio to another measured species. For example, combustion producing 
acetylene with CO. A subtracted tracer-only acetylene trace would be computed 
using the measured ratio of acetylene/CO with tracers off. The standard 
methods could then be applied.  

6. Tracers were well correlated with a plume from the facility (e.g. compressors) 
but there was another emission source appearing as a shoulder to the methane 
plume (eg. a condensate tank). In this case, the area-area method would be 
chosen over the dual-tracer correlation method to allow for a full-facility 
quantification.  

7. An acceptable R2 was measured for CH4 vs N2O (as in the dual-tracer 
correlation or single-tracer correlation methods), but a close look showed that 
the fit was better with the sum-sum method. This might happen at intermediate 
distances, when the mobile lab was nearly but not quite far enough away to 
observe completely correlated results.  

A comparison of the FV basin results with and without manual method overrides is 
shown in Figure S7. Both datasets have the same degree of manual plume rejection. With 
a few exceptions, results with no overrides fall within the 95% confidence intervals of the 
original results. In all cases, the results with no overrides have 95% confidence intervals 
that include the original results. The sites with no detectable emissions (“zero emis”) have 
upper limits determined using the LODTF method and do not change. The DJ study results 
were not appropriate for this type of analysis because of the prominence of method override 
situation 1 above.  
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Figure S7. Comparison of FV data with and without manual analysis method overrides. Data 
worked up allowing manual overrides of plume analysis methods (circles) are compared to data 
without (diamonds) such overrides. The sites with no detected emissions via tracer flux ratio (FV 
zero emis) do not change with overrides and are nominally shown at 0.01 kg CH4 hr-1 so that they 
appear on the lognormally scaled plot. 

Section	7. Assessing	the	Performance	of	the	Dual	Tracer	

Flux	Ratio	Method	

Factor	Errors	

In order to assess the overall performance of the tracer release method, we investigated 
the relationship between the two tracer compounds, N2O and C2H2. We considered the 
factor error (see Section 5), which compares the measured tracer ratio to the released tracer 
ratio. 

The four methods of plume analysis were considered separately: dual-tracer 
correlation, single-tracer correlation, area-area and sum-sum. For the dual-tracer 
correlation and area-area methods, the factor error was simply the ratio of measured tracer 
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(via slope or integration, respectively) versus the released ratio. For the single-tracer 
correlation and sum-sum methods, a third tracer would be required to formally determine 
a factor error. Instead, we used the methane emission as the third tracer, and compared the 
sum-sum or single-tracer correlation methane emission to the average methane emissions 
from all other methods at that site. This assumed that the site’s emissions were constant 
with time. One site with varying emissions, and three sites with no detected emissions were 
excluded from this analysis.  

Plumes from the mid continental (FV) basin campaign were used in this analysis. The 
Denver-Julesburg (DJ) study area data are not appropriate because no site access was 
available and tracers were usually released close together and quite far from expected 
methane sources. These DJ data resulted in highly correlated tracer results that are not 
indicative of the quality of the methane emission determination. 

The factor errors were calculated for each plume of each of the four analysis types. The 
results were then binned in logarithmically-sized bins and fit to a lognormal distribution 
P(x),  

𝑃 𝑥 =
𝐴

𝜎	𝜇	 2𝜋
𝑒𝑥𝑝 −

ln 𝑥 − 𝜇 4

2𝜎4 . 

Distributions of factor errors for all FV plumes of each type are shown in Figure S8. 
The lognormal fit parameters µ and s are reproduced in Table S3. The lognormal mode is 
also shown, and corresponds to the peak of the distribution. The ideal factor error 
distribution has mode=1.  

The factor error distributions peak near 1 (modes of 0.99, 0.97, 0.91 and 0.96 for dual-
tracer correlation, area-area and sum-sum methods, respectively). The lognormal 
distribution shape parameter s is smaller for dual-tracer correlation than for area-area and 
single-tracer correlation, indicating a less skewed distribution.  
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Figure S8. Distribution of factor errors for dual tracer release. Four separate methods of 
plume analysis are shown.  

 
Table S3. Lognormal fit parameters for the factor error distributions. The lognormal mode 
(mode), fit parameters (µ, s) and 1-sigma uncertainties (±µ, ±s) are shown. 

Method Mode µ ± µ σ ± σ 

Dual-Tracer 
Correlation 0.99 0.144 0.018 0.39 0.01 

Area-Area 0.97 0.3 0.1 0.53 0.09 

Single-Tracer 
Correlation 0.91 0.16 0.05 0.50 0.04 

Sum-Sum 0.96 0.14 0.06 0.43 0.05 

 
The single-tracer correlation method is further from the ideal factor error of 1 than 

desired, at 0.91. This single-tracer correlation method does not benefit from the quality 
control provided by a second tracer, which might explain this discrepancy. The method of 
factor error calculation for the single-tracer correlation method (and the sum-sum method) 
must also rely on using the actual methane emissions as a third tracer. Future studies 
leveraging a third tracer species should be performed in order to validate these method 
errors.  

The Roscioli et al. (2015) study also produced factor error distributions. These factor 
error distributions were generally narrower than those reported here. Discrepancies are 
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attributed to differing plume acceptance criteria. In this study, the acceptance criteria of R2 
< 0.5 and 0.5 < factor error < 2 were chosen. These criteria balance the number of accepted 
plumes for each site, improving statistics on the average, but sacrificing some certainty on 
any individual plume determination. In Roscioli et al. (2015), the acceptance criteria were 
R2 > 0.75 and 0.67 < factor error < 1.5. Altering the selection criteria in this study yields 
comparable distribution shapes for FV factor error distributions. Changes to the actual 
emissions estimates using tighter acceptance criteria are shown in Figure S6. 

Method	Errors	from	Factor	Error	Distributions	

In rare cases, only a single replicate plume was acquired at a given site. Only one such 
site is present in this dataset: site 5, a FV transmission station site. In this case, the 
confidence intervals on the measurement cannot be determined by standard statistical 
methods. Instead, we leveraged the large dataset of factor errors to predict the 95% 
confidence limits (CL) for this one data point. The predicted CL will depend on the 
magnitude of the emission rate, x.  

For an emission rate of magnitude x ± δ, the lower confidence limit (LL) is x - δ and 
the upper confidence limit (UL) is x + δ, resulting in a confidence interval (CI) of [x - δ, 
x + δ]. The emission x ± δ can also be expressed as . The size of the upper and lower 
confidence intervals may not be equal, particularly if the distribution from which x is drawn 
is skewed, and so we will determine them separately such that  

, and 

. 

Here, βLL and βUL are the empirically determined factors that we will call “method 
errors.” 

Method errors were determined from the set of dual tracer flux ratio plumes from the 
FV dataset. The histograms of factor errors in Figure S8 were integrated and normalized 
to create a cumulative distribution function (CDF) (red markers, Figure S9). Also shown 
are the CDF calculated from the lognormal fit of the data (green), which have a smoother 
appearance.  

The fraction of the population with factor errors falling between α/2 and (1-α/2) defines 
a (1-α) confidence interval (α=0.05 for double-sided 95% confidence intervals). The 
crossing points of the red marker CDF at α/2=0.025 and (1-α/2)=0.975 (purple lines) 
yielded the factor errors at these limits.  

x−δ
+δ

LL = x −δLL = βLL ⋅ x

UL = x +δUL = βUL ⋅ x
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Figure S9. Cumulative distribution functions for the FV tracer dataset. The raw data 
distributions (red points) are used to determine crossing points for 95% confidence intervals 
(method errors). The lognormal fits to the data (green) are shown for comparison.  

The table below lists the crossing points of the histogram data CDF, which equal the 
method errors βLL and βUL. These method errors are used as follows: for an emission of 100 
kg CH4 hr-1 via the dual-tracer correlation method, the 95% confidence limits are [52.8, 
190], or in alternate notation,  kg CH4 hr-1. In the same way, for site 15, with a single 
replicate analyzed via the single tracer method, the emission rate is 0.59 kg CH4 hr-1, and 
the 95% confidence interval is [0.59 × 0.404, 0.59 × 2.56] = [0.24, 1.5], or, equivalently, 
0.59XY.Z[\Y.]4 kg CH4 hr-1. 

 

100−47
+90
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Table S4. Method errors (βLL and βUL) for each dual tracer flux ratio analysis method. For an 
emission rate x, the 95% confidence interval will be [x × βLL, x × βUL]. 

Analysis method βLL βUL 

Dual-Tracer Correlation 0.528 1.90 
Area-Area 0.411 4.09 
Single-Tracer Correlation 0.404 2.56 
Sum-Sum 0.432 2.27 

 

Note the sparse quality of the histogram data CDF for the area-area method, which 
makes the CDF appear step-function-like. The βUL value for area-area is higher than 
expected based on the βLL value: given a βLL of 0.411, we would expect a βUL of 1/0.411 = 
2.43 for a perfectly lognormal distribution. The sparseness of the area-area data is likely 
the cause of this discrepancy.  

A new result of this study is the performance of the sum-sum method compared to other 
methodologies. Here, the sum-sum method had better performance (tighter method errors) 
than either the area-area method or the single-tracer correlation method. This suggests that 
in future studies, the method choice algorithm outlined in the flowchart should test for the 
sum-sum method first, before either area-area and single-tracer correlation.  

Section	8. Denver-Julesburg	Facility	Scale	Emission	

Distributions	
Methane emission histograms from the Denver-Julesburg (DJ) study region are shown 

alongside multi-basin results in Figure S10. Only the gathering-sector results had 
sufficient data to produce a fit. Results of this fit are shown in Table S5. 
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Figure S10. Comparison of Denver-Julesburg study area emission rates to multi-

basin datasets. The blue distributions correspond to results from multi-basin studies by 
Allen et al. (2013) (production), Mitchell et al. (2015) (gathering, processing) and 
Subramanian et al. (2015) (transmission). The red distributions correspond to the data from 
this study’s DJ study area. Fits were done to a lognormal distribution. 
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Table S5. Lognormal mode, fit parameters (µ, s, A) and 1-sigma uncertainties (±µ, ±s) for 
emission rates from multi-basin and Denver-Julesburg (DJ) study area.  

 mode  
(kg CH4 hr-1) µ ±µ s ±s A ±A 

Multi-Basin Transmission 39 6.007 0.662 1.527 0.206 1249.68 555.12 
Multi-Basin Processing 136 5.872 0.274 0.981 0.124 762.88 183.27 
Multi-Basin Gathering 25 5.382 0.275 1.470 0.089 1985.22 372.51 
DJ Gathering 11 2.941 0.215 0.717 0.123 35.03 8.59 
Multi-Basin Production 0.98 1.5 0.5 1.2 0.2 9.5 0.98 

Section	9. Fayetteville	Facility	Scale	Emission	Distributions	
The distributions for the FV study region are shown in Figure 3 of the manuscript. 

Table S6 shows the complete set of lognormal fit parameters for these data.  

Table S6. Lognormal mode, fit parameters (µ, s, A), 1-sigma uncertainties (±µ, ±s, ±A) and 
number of facilities measured (N) for transmission, gathering and production sectors.  

Study and Sector Mode 
(kg CH4 hr-1) µ ±µ s ±s N 

Multi-Basin Transmission 
(Subramanian et al., 2015) 39 6.0 0.7 1.5 0.2 43 

Multi-Basin Gathering 
(Mitchell et al., 2015) 25 5.4 0.3 1.5 0.1 115 

FV Gathering 40 4.7 0.3 1.0 0.1 33 

Multi-Basin Production 
(Allen et al., 2013) 0.98 1.5 0.5 1.2 0.2 19 

FV Production 1.0 0.8 0.4 0.9 0.2 14 
 

Three wellpads with no detected methane emissions were not included in the above 
lognormal fits. In the linearly-scaled Figure S11, all wellpads are included, except for 
unloadings. A lognormal fit on this linear data axis did not converge. Additional data points 
would be required to draw additional conclusions on this distribution.  
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Figure S11. FV production pad data, including 3 sites with no detected emissions and 
excluding sites undergoing unloading.  

 

Section	10. Comparison	of	Regional	Breakdown	and	

Unloading	Emissions	to	FV	Production	Emissions	
 

Emission rate data from the oil and gas production sector were acquired by Allen et al. 
(2013) in 2011  (referred to as the multi-basin study) and include tracer release results for 
19 wellpads with regional specificity: Figure S12 shows this regional breakdown. The 19 
wellpad distribution is plotted in blue. The multi-basin study’s mid-continental (MC) and 
rocky-mountain (RM) regions are plotted in pink and green, respectively. The multi-basin 
study’s MC region includes this study’s FV study area. Likewise the RM region includes 
the DJ study area. The multi-basin study sub-regions MC and RM are larger than the FV 
and DJ study areas and include more than one natural gas basin type.  

Lognormal fits to these distributions are shown and fit parameters listed in Table S7. 
This study’s FV basin production results peak at 1.0 kg CH4 hr-1 and is statistically different 
from the multi-basin study’s MC results, peaking at 3.4 kg CH4 hr-1. The reasons for this 
discrepancy are unknown, but could be due to sampling of very different sub-regions, or to 
the limited number of data points available (only 5 sites for the multi-basin study MC 
region; 14 for this study’s FV region).  

 



 25 

 
Figure S12. Distribution of emission rates for the production sector. This study’s FV study area 
(gold) is compared to the multi-basin results from downwind tracer release methods (blue). The 
multi-basin results are further subdivided into regions, including the mid-continental region (MC) 
and the rocky mountain region (RM). No unloading data are included in this figure.  

Table S7. Lognormal mode, fit parameters (µ, s, A) and 1-sigma uncertainties (±µ, ±s, ±A) 
for methane emission rates in the Fayetteville (FV) and multi-basin studies. Mid-continental 
(MC) and Rocky Mountain (RM) regions from the multi-basin study are broken out. 

 
mode  
(kg CH4 hr-1) 

µ ±µ s ±s A ±A 

This Study (FV) 1.0 0.782 0.374 0.904 0.181 3.19 1.11 
Multi-Basin Study (Total) 0.98 1.490 0.469 1.228 0.177 9.51 3.37 
Multi-Basin Study (MC) 3.4 1.282 0.016 0.263 0.014 4.11 0.21 
Multi-Basin Study (RM) 0.68 -0.048 0.113 0.580 0.074 1.71 0.27 
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Figure S13. Distribution of emission rates for unloading in the production sector. This study’s 
FV study area (gold) is compared to the multi-basin results (blue) from an Allen et al. (2015) study 
on liquid unloadings. Automatically triggered plunger unloadings are shown to the left of the figure 
and manually triggered unloadings without plungers are shown to the right of the dividing line. 
Allen et al.’s emission magnitudes per unloading event have been converted into kg CH4 hr-1 in 
different ways for best comparison to measured data (see text). The multi-basin results are further 
subdivided into regions, including the mid-continental region (MC) and the rocky mountain region 
(RM).  

Figure S13 shows results from unloading events. Measured results from this paper’s 
FV study area are shown in gold. Three automatically triggered plunger unloadings are 
shown to the left of the dividing line (gold). Automatically triggered unloadings lasted on 
the order of a few minutes each, a few times an hour. Thus, the 3 gold measurement points 
show time averaged facility emission rates for unloadings + any other emissions. Precise 
frequency and duration data are unavailable for these particular measurement periods. We 
compare these site + unloading data to unloading-only data from 2015 (Allen et al., 2015). 
Only automatically triggered plunger data are shown to the left of the dividing line. Allen 
et al. report emissions per unloading event, but also include yearly averaged emissions due 
to unloadings. Here, we convert these yearly emissions to kg CH4 hr-1 to yield time 
averaged unloading emissions. We might expect the unloading-only results to be lower 
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than the site + unloading results, but we see in the figure below that they are of the same 
order of magnitude.  

To the right of the dividing line, we show a FV facility emission rate of a site 
undergoing manual unloading (no plunger). Since this site’s unloading event lasted the 
entire duration of our measurement, it is not appropriate to compare this rate to yearly 
averaged emissions. Instead, we convert the emission per event from Allen et al. (2015) to 
an instantaneous unloading emission rate in kg CH4 hr-1. These values are plotted to the 
right of the dividing line. Here again, we see that the measured site + manual unloading 
emission falls within the bounds of previous unloading-only data.  

Comparing the emission rate scales in Figure S12 to Figure S13, we see that the 
automatically triggered unloading data from this study and from previous results are of 
comparable magnitude to typical production pad emissions. While it is reasonable to argue 
that a manually unloading site is not in a “normal” operational state and should be excluded 
from a distribution of production pad emissions, the case against automatically triggered 
unloadings is more ambiguous, particularly for frequent events compared to the 
measurement duration. We exclude all unloading production sites from distribution fits in 
this paper, but note that Bell et al. (2017) consider unloading in detail in the FV study area 
rollup. 

Section	11. Comparison	of	Regional	Breakdown	with	FV	

Gathering	Emissions	
The Mitchell et al. gathering data (2015) include a breakdown of the facilities as a 

function of US state. The regional distributions of emission rates and of proportional loss 
are shown below in comparison to this study. Data for the sub-regions are sparse, but fits 
are shown.  
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Figure S14. Distribution of emission rates for the gathering sector. This study’s FV study area 
(gold) is compared to the multi-basin results (blue). The multi-basin results are further subdivided 
into regions, including the mid-continental region (MC) and the rocky mountain region (RM).  

 

Table S8. Lognormal mode, fit parameters (µ, s, A) and 1-sigma uncertainties (±µ, ±s, ±A) 
for emission rates for the multi-basin and mid-continental (FV) basin gathering studies. 

 
mode  
(kg CH4 hr-1) 

µ ±µ s ±s A ±A 

This Study (FV) 40 4.7 0.3 1.0 0.1 444 116 
Multi-Basin Study (Total) 25 5.382 0.275 1.470 0.089 1985 373 
Multi-Basin Study (MC) 84 5.281 0.292 0.923 0.139 379 101 

 

The multi-basin study’s MC region emission rates are quite different from this study’s 
emission rates (mode is much higher, 84 kg CH4 hr-1, versus the multi-basin study mode at 
25 kg CH4 hr-1). On the other hand, plotting the throughput-normalized emissions in Figure 
S15, we see that the multi-basin study MC region data are closer to this study’s distribution, 
though data are sparse. This study still finds throughput-normalized emission distributions 
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that peak at lower values than the MC data from the multi-basin study (0.20% versus 
0.33%). 

 
Figure S15. Distribution of throughput-normalized emissions for the gathering sector. This 
paper’s FV study area (red) is compared to the multi-basin results (blue). The multi-basin results 
are further subdivided into regions, including the mid-continental region (MC) and the rocky 
mountain region (RM).  

Table S9. Lognormal mode, fit parameters (µ, s, A) and 1-sigma uncertainties (±µ, ±s, ±A) 
for throughput-normalized emission in this paper’s FV study area and in the multi-basin study 
gathering study (Total and mid-continental MC regions). 

 
mode 
(%) 

µ ±µ s ±s A ±A 

This Study (FV) 0.19 -1.339 0.062 0.565 0.041 2.45 0.22 
Multi-Basin Study (Total) 0.44 0.165 0.203 0.988 0.092 26.37 4.68 
Multi-Basin Study (MC) 0.33 -1.057 0.050 0.203 0.052 1.09 0.12 
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Section	12. Data	Tables	
Data tables are reproduced below. A spreadsheet document in Microsoft Excel .xlsx 

format is included as a separate file (SM Dataset S1). This supplemental spreadsheet 
includes additional information for each site: ethane/methane enhancement ratios and 
confidence intervals; the number of plume intercepts used in determining the average; and 
the measurement duration. For sites with only a single plume transect, this measurement 
duration will be on the order of minutes; for sites with multiple plume transects, this 
measurement duration will be minutes to hours. The ethane/methane enhancement ratio 
simply means the ethane/methane signature of the source emission, without background. 
These ethane/methane ratios are representative of the whole site’s emissions. A detailed 
analysis of ethane emissions is beyond the scope of this study. However, a first estimate of 
ethane emission rates can be deduced by multiplying the ethane/methane enhancement 
ratio with the CH4 emission rate column.  

Table S10. Methane emission rates and throughput-normalized emissions from sites in the 
Fayetteville (FV) study region. 

Natural 
Gas 
Basin 

Site ID 

Lower 95% 
Confidence 
Limit  
(kg CH4 hr-1) 

CH4 
Emission 
Rate 
(kg CH4 hr-1) 

Upper 95% 
Confidence 
Limit  
(kg CH4 hr-1) 

Throughput-
Normalized 
Emissiona. 
(%) 

Sector 

FV 1 26 71 116 0.019 transmission 

FV 2 42 58 74 0.16 gathering 

FV 3 80 103 127 0.26 gathering 

FV 4 30 43 55 0.22 gathering 

FV 5 36 88 141 0.29 gathering 

FV 6 160 180 200 0.82 gathering 

FV 7 16 27 37 0.16 gathering 

FV 8 134 172 211  transmission 

FV 9 4 10 17 inf transmission 

FV 10 15 18 21 0.29 gathering 

FV 11 2.2 3.3 4.5 0.088 gathering 

FV 12 27 65 104 0.18 gathering 

FV 13 13 19 24 0.35 gathering 

FV 14 30 38 45 0.19 gathering 

FV 15 41 55 69 0.18 gathering 

FV 16 0.2 0.6 1.5 inf transmission 
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Natural 
Gas 
Basin 

Site ID 

Lower 95% 
Confidence 
Limit  
(kg CH4 hr-1) 

CH4 
Emission 
Rate 
(kg CH4 hr-1) 

Upper 95% 
Confidence 
Limit  
(kg CH4 hr-1) 

Throughput-
Normalized 
Emissiona. 
(%) 

Sector 

FV 17 13 22 32 0.080 gathering 

FV 18b.     gathering 

FV 19 30 38 47 0.17 gathering 

FV 20 partialc. 369 633 897  gathering 

FV 20c. 369    gathering 

FV 21 0.0 7.1 14.3 0.11 gathering 

FV 22 15 22 28 0.12 gathering 

FV 23 14 18 22 0.43 gathering 

FV 24 0.00 0.86 7.98 0.022 gathering 

FV 25 34 51 69 0.19 gathering 

FV 26 10 15 20 0.12 gathering 

FV 27 41 51 62 0.15 gathering 

FV 28 38 48 57 0.23 gathering 

FV 29e. 5 16 27 0.075 gathering 

FV 30 55 65 75 0.24 gathering 

FV 31 91 189 287 0.35 gathering 

FV 32 81 96 111 0.26 gathering 

FV 33 11 16 21 0.082 gathering 

FV 34 1.2 1.6 2.1 0.12 production 

FV 35 0.000 0.040 0.086 0.04 production 

FV 36 0.00 0.48 1.10 0.2 production 

FV 37b.     production 

FV 38f. 0.00 0.65 1.52 0.054 production 

FV 39 0.39 0.88 1.38 0.086 production 

FV 40d. 0 0 12 0.00 production 

FV 41d. 0.00 0.00 0.74 0.00 production 

FV 42f. 0.4 1.3 2.2 0.12 production 



 32 

Natural 
Gas 
Basin 

Site ID 

Lower 95% 
Confidence 
Limit  
(kg CH4 hr-1) 

CH4 
Emission 
Rate 
(kg CH4 hr-1) 

Upper 95% 
Confidence 
Limit  
(kg CH4 hr-1) 

Throughput-
Normalized 
Emissiona. 
(%) 

Sector 

FV 43 0.0 1.5 3.3 0.081 production 

FV 44f. 5.1 8.3 11.5 6.9 production 

FV 45 0.21 0.38 0.55 0.11 production 

FV 46 0.15 0.26 0.36 0.13 production 

FV 47 2.1 2.9 3.7 0.32 production 

FV 48 0.0 1.3 2.6 1.1 production 

FV 49 0.44 0.89 1.33 0.073 production 

FV 50g. 592 802 1012 152 production 

FV 51d. 0.0 0.0 2.7 0.00 production 

FV 52 8 11 13 0.11 gathering 

FV 53 143 182 220 0.91 gathering 

FV 54 47 54 61 0.22 gathering 
 

a. Throughput-normalized emissions data are N/A if no throughput is available for the site. Infinite 
values are assigned to certain transmission sites where facility throughput is zero but non-zero 
emissions are measured.  

b. Emission rates and throughput-normalized emissions from failed tracer experiments are 
deliberately left blank. 

c. Site 20 was a large site, with two geographically distinct sets of compressors. Data from the 
northern sector of the facility are quantified as “20 partial”. Only a lower emission rate limit is 
given for emissions from the full facility, “20”.  

d. Facilities with emission rates below the dual tracer method limit of detection (LODTF), which is 
site-dependent. The emission rate is listed as 0 kg CH4 hr-1, and the upper limit is set to the 
LODTF. See methods section for details. 

e. Site 29 had emission rates that decreased slowly over the course of the measurement day. No on-
site explanation was found for this trend. The simple average is given here.  

f. These sites had automatically-triggered plunger unloadings. See Bell et al. for details (2017). 
g. This site had a manual unloading venting directly to atmosphere and lasting the length of the 

measurement. 
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Table S11. Methane emission rates from sites in the Denver-Julesburg study area. 

Natural 
Gas 
Basin 

Site ID 

Lower 95% 
Confidence 
Limit  
(kg CH4 hr-1) 

CH4 
Emission 
Rate  
(kg CH4 hr-1) 

Upper 95% 
Confidence 
Limit  
(kg CH4 hr-1) 

Sector 

DJ 1 8 12 16 gathering 

DJ 2 0.6 5.7 10.9 gathering 

DJ 3 2.8 5.7 10.7 gathering 

DJ 4 1.0 1.4 1.9 gathering 

DJ 5 5 25 45 gathering 

DJ 6 9 13 18 gathering 

DJ 7 39 102 165 processing 

DJ 8 12 44 77 gathering 

DJ 9 1.7 2.4 3.4 processing 

DJ 10 10 20 34 processing 

DJ 11 43 79 116 processing 

DJ 12 9 10 11 production 

DJ 13 62 74 86 production 

DJ 14 44 67 90 production 

DJ 15 0.0 12.0 26.5 gathering 

DJ 16 8.1 13.4 18.7 production 

DJ 17 5.3 6.3 7.4 gathering 

DJ 18 4 13 22 gathering 

DJ 19 0.0 0.2 0.9 gathering 

DJ 20 3.3 8.5 13.6 gathering 

DJ 21 0.5 2.3 4.2 production 
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