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ABSTRACT: A model aircraft equipped with a custom laserbased, open-path methane sensor was deployed around a
natural gas compressor station to quantify the methane leak
rate and its variability at a compressor station in the Barnett
Shale. The open-path, laser-based sensor provides fast (10 Hz)
and precise (0.1 ppmv) measurements of methane in a
compact package while the remote control aircraft provides
nimble and safe operation around a local source. Emission rates
were measured from 22 ﬂights over a one-week period. Mean
emission rates of 14 ± 8 g CH4 s−1 (7.4 ± 4.2 g CH4 s−1
median) from the station were observed or approximately
0.02% of the station throughput. Signiﬁcant variability in
emission rates (0.3−73 g CH4 s−1 range) was observed on time
scales of hours to days, and plumes showed high spatial
variability in the horizontal and vertical dimensions. Given the high spatiotemporal variability of emissions, individual
measurements taken over short durations and from ground-based platforms should be used with caution when examining
compressor station emissions. More generally, our results demonstrate the unique advantages and challenges of platforms like
small unmanned aerial vehicles for quantifying local emission sources to the atmosphere.

■

INTRODUCTION
Methane (CH4) emission inventories from the natural gas
supply chain using bottom-up approaches often have high
uncertainties and are inconsistent with top-down approaches.1
The representativeness of a relatively small number of samples
is a concern, particularly for the case of a highly skewed
distribution of emissions.1−3 The sampling methods themselves
for such localized sources also have signiﬁcant uncertainties.1−4
Sampling challenges include limited site access arising from
property rights, topography, physical obstructions (e.g., trees),
or the road network. Turbulence, particularly in unstable
conditions, will tend to loft any emissions to heights well above
ground-based measurement sites or vehicle-based platforms.
Airborne-based platforms such as manned light aircraft
eﬀectively capture lofted plumes5−7 but cannot be ﬂown at
very low altitudes or close to sources due to public safety and
property damage concerns. Finally, signiﬁcant temporal
© 2015 American Chemical Society

variability of individual sources may not be captured in a
single measurement regardless of the method.
Small unmanned aerial systems (sUAS) are a rapidly
maturing technology that can readily sample the lowermost
boundary layer around a local emission source such as a
compressor station at high spatial resolution. Unfortunately,
most commercial and even research-based trace gas sensors are
too heavy, power hungry, or large to ﬁt on sUAS that have
payloads of a few ∼ kg in mass, few L in volume, and power
consumption of <100 W. Open-path, laser-based trace gas
sensors can provide precise and fast measurements while ﬁtting
the payload constraints of remote control aircraft or sUAS.8
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fuselage of the aircraft. The optical head was placed ∼20 cm in
front of the nose of the aircraft to avoid disturbances from the
winds and electric motors of the aircraft. Figure 1 shows a

However, there remain open questions on how to deploy such
systems for scientiﬁc studies, how the emissions derived from
such an airborne-based platform compare with more standard
approaches on the ground, and the need for additional vertical
observational capabilities when quantifying emission rates.
To these ends, a custom, compact, laser-based methane
sensor was developed and coupled to a remote control aircraft
with a 3 m wingspan. The system was ﬂown around a
compressor station to quantify fugitive methane emissions as
part of the Environmental Defense Fund’s Barnett Coordinated
Campaign in October 2013 in Texas.9 The spatial and temporal
variability of the plumes, fugitive methane emission rates from
the compressor station, comparison to ground-based methods,
and protocols for sampling more generally with such a system
will be discussed.

■

EXPERIMENTAL METHODS
The Environmental Defense Fund’s Barnett Coordinated
Campaign occurred in October 2013 in the Barnett Shale
with a suite of airborne and ground-based measurements.9 The
measurements in this study were focused on a representative
natural gas compressor station located in the Barnett Shale. The
site was comprised of equipment from ﬁve diﬀerent operators.
A total of 22 ﬂights were conducted from October 22−29,
2013, around the natural gas compressor station, in addition to
test ﬂights at a separate location. Relevant measurements at this
site in the Barnett Coordinated Campaign included a detailed
leak and loss audit performed by West Virginia University
(WVU) on all equipment associated with one of the ﬁve site
operators. The detailed audit occurred on October 16th and
17th with repeated measurements during sUAS ﬂights on
October 25th.10 In addition, a mobile laboratory measurement
of CH4 was conducted on October 31, 2013, by the University
of Houston.4
Experimental Section. The methane sensor consisted of a
ﬁberized 1651 nm distributed feedback laser (Norcada, Inc.)
coupled to pair of 5.1 cm diameter spherical mirrors separated
by 20 cm. The mirrors made a Herriott-style, multiple pass
optical cell with a total optical path length of 20 m (100
passes). Light was collected by an extended wavelength InGaAs
detector (Teledyne-Judson). Wavelength modulation spectroscopy was implemented with the laser injection current ramped
in a sawtooth function at 50 Hz (with a 12% duty cycle below
threshold to acquire a laser-free background) and a sinusoidal
modulation superimposed on the sawtooth ramp at a frequency
of f = 50 kHz. The second harmonic (2f) of the demodulated
photodetector signal was used for high-sensitivity detection.
Data were coaveraged to 10 Hz and saved to the single-board
computer running LabVIEW software (National Instruments).
To be consistent with the geolocation data, the CH4 data were
further averaged to 1 s and synchronized with the GPS pulseper-second signal. A linear least-squares ﬁt of a stored reference
spectrum to the ambient signal was used to determine the
concentration. The stored reference spectrum was taken within
15 min of ﬂight at ambient temperatures and pressures to
account for slight variations in ambient conditions between
each ﬂight. Deviations of temperature (±2 K) and pressure
(−18 hPa) from the takeoﬀ conditions were neglected in the
spectral ﬁts. HITRAN simulations show this range of
conditions impacted the peak absorption of the methane line
by less than 1%. The laser current and temperature controller
(Wavelength Electronics, Inc.), digital-analog boards, lock-in
ampliﬁer, and single board computer were located in the

Figure 1. Photograph of the remote control aircraft with the Princeton
open-path CH4 sensor on the front.

photograph of the sensor. The sensor had a mass of 3.1 kg,
consumed 25 W of power, and had a precision of 0.1 ppmv at 1
Hz. Precision was determined by enclosing the optical sensor
head at ambient conditions in the laboratory and analyzing the
Allan deviation. Long-term drift was less than the 1 Hz
precision at time scales up to 600 s, a time scale longer than any
ﬂight.
The remote control aircraft was a modiﬁed AMR Payload
Master 100. It was adapted to a dual-motor design with each
motor powered by a 7.5 horsepower, 50 cm3 equivalent electric
engine. The motors were powered by two Hyperion 5400 mAh
batteries with the sensor operated by a separate but identical
battery for safety concerns. Mounted above the nose of the
plane was a New Mountain Weather Station (0.3 kg) that
measured ambient air temperature, pressure, wind speed, and
direction. A GPS unit collected the plane’s position and time,
from which the ground speed and direction were derived. The
wind speed and direction from the aircraft were inconsistent
with a nearby weather station at the airport upon ﬂight takeoﬀ
and thus were not used in the analyses. Average ﬂight times
were 409 s (min. 256 s; max. 541 s) at ground speeds of 15−30
m s−1. The compressor station was typically ﬂown around 4−8
times per ﬂight. Flight operations occurred in daytime due to
visibility concerns, and most ﬂights occurred in the late
morning to late afternoon (see Supporting Information Table
SM 1). Per hobbyist regulations, the maximum ﬂight ceiling
was limited to 122 magl (meters above ground level). All
landowners granted prior written permission to ﬂy over and
around the site.
Wind speed and direction (MetOne WS 010 C-1, WD 020
C-1) were measured every 1 s from a nearby Texas
Commission on Environmental Quality (TCEQ) ﬁeld site
operated by URS Corp. for the North Texas Commission. The
wind was measured on a tower at an elevation of 10 m above
the ground. The tower was located 59 m southwest (237°) of
the end of the runway and 310 m northwest (331°) of the
central exhaust stack of the compressor station. The wind data
were coaveraged to 5 min intervals. The accuracies of the wind
speed and direction were ±0.1 m s−1 and ±3°, respectively.
Based on satellite images there are at least six total engines at
the site (owned by a total of ﬁve operators). The single
operator audited by WVU included two Caterpillar G3612
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Figure 2. a) Side-by-side intercomparison of the laser-based CH4 sensor on aircraft (red) and LICOR LI-7700 (blue). b) regression plot of the same
data showing 3% agreement between the instruments.

of the estimation based on a theoretical system of linear
equations. The coeﬃcients for these equations are found by
producing a covariance function that quantiﬁes the correlation
between measured data at two sampling locations.12 The
covariance function used a general exponential Bessel relationship. The grid parameters for each analysis depended on the
ﬂight pattern with the extents set based on the length of the ﬂux
surface and altitude range covered by the aircraft. The grid
resolution varied from 1.2 to 7.2 m in the vertical dimension
and 11.6 to 24.4 m in the horizontal dimension. The average
downwind distance from the ﬂux surface to origin was 170 m.
After isolating and Kriging the downwind data, the emission
rate was calculated using an integral over the ﬂux surface:5

rated at 3785 hp. During the audit, only one of the two engines
by this operator was operational and did so continuously (24 h/
day) at 80% load or 169 million cubic feet (MMcf) d−1. The
operational behaviors of the other engines were not known. By
applying the same operational status (50%), load (80%), and
engine size (3785 hP) to the four other engines, this station
would have moved 507 MMcf d−1 of natural gas. Based upon
EIA transmission data, approximately 0.06 MMcf of natural gas
is transmitted per day per horsepower along a pipeline.11 If the
other operators had the same engines as the audited operator,
the maximum throughput for the site would be 1363 MMcf d−1.
Average compressor stations move 700 MMcf d−1, so the
compressor station of interest is likely representative of a typical
compressor station in terms of throughput. The exact location
and audited operator of the compressor station are conﬁdential
based upon a nondisclosure agreement with the Environmental
Defense Fund.
Methods. Because the model aircraft ﬂew around the
compressor station, data were transformed onto a polar
coordinate system (r, θ) using the central exhaust stack from
the compressor station as the origin. A new variable was deﬁned
as ϕ = θ − θMET, representing the diﬀerence between the
prevailing wind direction (θMET) and the radius vector from the
origin. Data were considered downwind if −45° < ϕ < 45°. To
remove biases from nearby sources (wells, condensate tanks),
the data were further restricted to r < 295 m. Data on the
upwind side at CH4 mixing ratios less than the sum of the mean
and 3σ precision (σ = 0.1 ppmv) were set as the background5
to avoid the inﬂuence of CH4 plumes upwind of the
compressor station.
To calculate an emission rate, a two-dimensional interpolation plane (referred to as the “ﬂux surface”) was deﬁned to be
perpendicular to the prevailing wind direction. The average
latitude and longitude of the ﬁltered data were used as the
midpoint for the ﬂux surface. Specifying the ﬂux surface with
this method minimizes the distance that each measurement
must be projected to reach the two-dimensional interpolation
surface. A Kriging interpolation5 scheme was then applied to
the nonuniformly spaced data onto a rectangular 19 × 19 grid.
For each ﬂight, estimates of the expected value and variances of
downwind CH4, pressure, temperature, and windspeed were
produced using the software package “EasyKrig 3.0” (http://
globec.whoi.edu/software/kriging/easy_krig/easy_krig.html).
This method operates by minimizing the variance of the error

F(CH4) =

∫ ∫ ν(z)sin(α)n·(ud(x , z) − ubg)dxdz

(1)

where ν is the mean wind speed, α is the angle of the wind
velocity relative to the ﬂux surface, n(z) the density of air
calculated using the ideal gas law with Kriged temperature and
pressure data, ud(x,z) is the downwind CH4 mixing ratio, and
ubg is the background mixing ratio. Equation 1 is discretized to
be the sum over the 19 × 19 Kriging grid, with dx and dz being
the horizontal and vertical resolution of the grid, respectively.
The Kriged variances in each of these variables are propagated
through eq 1 to produce an uncertainty estimate, assuming
negligible uncertainty in the grid parameters dx and dz.
As a complementary analysis to the Kriging interpolation, a
nonlinear optimization was performed with a Gaussian plume
equation to ﬁnd the stack emission rate that best correlated
with the observations. Here, the same polar coordinate system
was used with a narrower deﬁnition of “downwind” as before
(±23°), which is a safe range for pollutants emitted within 1
h.13 The function calculating the Gaussian plume used the
standard equation,
C(x , y , z) =

⎛ −y 2 ⎞⎡ ⎛ −(z − h)2 ⎞
Q
⎟
exp⎜⎜ 2 ⎟⎟⎢exp⎜⎜
⎟
2πu ̅ σyσz ⎝ 2σy ⎠⎢⎣ ⎝
2σz2
⎠

⎛ −(z + h)2 ⎞⎤
⎟⎥
+ exp⎜⎜
⎟
2
⎝ 2σz ) ⎠⎥⎦

(2)

where C is the concentration, x is the downwind coordinate, y
is the cross-wind coordinate, z is the altitude above ground
level, h is the stack height, u̅ is the average wind speed, σy is the
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standard deviation in the y-direction, σz is the standard
deviation in the z-direction, and Q is the emission rate. Some
of these values are inﬂuenced by other variables such that our
predictor function was actually of the form:
f (Q ) = C(x , y , z)
= f (Q ; u ̅ , h , class, p , mw , Ta , Ts , ds , Cp , Pa , Ps , νs , x
, y , z)

(3)

where class is the stability class of the atmosphere from the
Pasquill-Giﬀord scale,14 p is the wind proﬁle exponent, mw is
the molecular weight, Ta is the ambient temperature, Ts is the
stack temperature, ds is the stack tip diameter, Cp is the speciﬁc
heat of the eﬄuent, Pa is ambient pressure, and vs is the stack
tip velocity. All of these extra variables relate to the variables in
eq 3 based on the EPA ISC3 dispersion models.15

Figure 3. Time series of 1 Hz data in-ﬂight at an altitude of 57 m while
crossing three large plumes (ﬂight 23). The uncertainty of the
measurement is included in the lighter blue color.

■

demonstrate a representative case. Figure 4a shows the ﬂight
track−colored by CH4 mixing ratios−around the compressor
station. Note that large CH4 mixing ratios are observed in other
locations well downwind of the compressor station. There were
other sources of natural gas infrastructure in this region
including wells, condensate tanks, and pipelines. For these
reasons, the analyses are restricted to those locations
immediately downwind of the compressor station. Figure 4b
shows the polar coordinate data within the downwind criteria
and the location of the averaged cross-section ﬂux surface used
in the Kriging interpolation. Figure 4c shows the vertical
distribution of the ﬂight (ground level was ∼200 m) relative to
the ﬂux surface. Finally, Figure 4d shows the interpolation
results on the ﬂux surface corresponding to an emission rate
across this surface of 16 ± 3 g CH4 s−1. The statistical
uncertainty derived from the Kriging interpolation ﬁt, as
discussed later, is not representative of the total uncertainty in
the measurement. Note that several areas of enhancement are
identiﬁed, both lofted above the surface and near the ground
level.
Table S1 in the Supporting Information shows the measured
ﬂuxes for all ﬂights with valid measurements (at least two passes
around the station) and their Kriged uncertainties (which again
are not the total uncertainties, see below). The wind speed and
direction shown in Supporting Information Table S1 includes
10 min before and after the ﬂight to assess the larger
meteorological conditions on the same spatial scale (∼1 km)
as the ﬂight plan (e.g., 1 m s−1 wind at 10 min = 600 m). The
median emission rate measured over all 22 valid ﬂights was 7.4
g CH4 s−1 (mean 14 g CH4 s−1) from this compressor station.
Large variability was observed within the airborne data set with
the highest emission rate of 73 g CH4 s−1 and a low of 0.3 g
CH4 s−1.
It is unclear how much of the variability is due to real
changes in emission rates, atmospheric variability, and ﬂight
sampling issues. To estimate these eﬀects, pairs of ﬂights
adjacent in time and with similar weather conditions were
examined. For example, the shortest duration between ﬂights
was on Oct. 29 (ﬂights 30, 31) with 1950 s (33 min.), and this
pair of ﬂights yielded emission rates of 2.6 and 4.5 g CH4 s−1.
For both ﬂights, the mean wind speed was high (5.8 ± 0.5, 5.5
± 0.6 m s−1), from nearly the same direction (172 ± 1°, 170 ±
4°), and showed little variability within each ﬂight in either
speed or direction. Because ﬂights encircle the compressor
station, the absolute wind direction between ﬂights does not
matter if all emissions are captured equally well. The more

RESULTS AND DISCUSSION
The aircraft CH4 sensor, and a ground-based LICOR LI-7700
for intercomparisons, were calibrated before and after the
campaign with a NOAA ESRL/GMD/WMO standard of
1871.26 (±0.3) ppbv and also with a certiﬁed mixture of 5.05
ppmv (±5%) CH4 in air (Air Liquide). While the LI-7700 has
excellent ﬁeld stability better than 0.02 ppmv,16 it was unclear
how the aircraft-based sensor would maintain its calibration on
the aircraft and in the ﬁeld. To this end, both sensors were
placed side-by-side for a short duration prior to takeoﬀ before
most ﬂights. Figure 2a shows a timeseries of both the LICOR
7700 and the aircraft methane sensors on the ground
(separated by 2 m) immediately prior to aircraft taxi. The
two measurements follow one another very closely with
signiﬁcant CH4 variability. Figure 2b is a linear regression of
the same data with excellent agreement (<3%) at the elevated
mixing ratios observed in this study. Note that some of the
diﬀerences may be related to the two instruments sampling
diﬀerent air masses as the site exhibits high variability in CH4.
Based upon the short-term noise, reproducibility, calibrations,
and intercomparison data, the uncertainty of airborne CH4
mixing ratios is estimated to be ±10%. Note that while this
accuracy is insuﬃcient for free troposphere measurement
requirements,5−7,17 the enhancements above background near
the compressor station greatly exceeded this level of uncertainty
in the airborne-based measurement. Further, detecting
enhancements above background levels are more dependent
upon sensor precision (0.1 ppmv) than the stated accuracy.
Figure 3 shows a plot of a representative time series when
transecting well-deﬁned plumes in the air. Note that the highest
plumes show enhancements more than twice the ambient
background signal (typically ∼2.2 ppmv at this location and
time). Also note that the largest plumes are very narrow (1−2 s
duration or 10−30 m) horizontally in space with the aircraft
transecting the plumes on the order of a second. Overall, the
horizontal plume widths for the highest concentration plumes
on all ﬂights were on the 10−50 m scale. The open-path
conﬁguration provides the fast time response that is critical for
identifying the plumes even at the relatively slow speeds of a
model aircraft (compared to a manned aircraft).
The compressor station is not a point source, as other CH4
sources exist besides the compressor station exhaust stacks.
Indeed, most ﬂights indicated more than a single, well-deﬁned
plume. To quantify the ﬂux rate, the Kriging interpolation was
used on the downwind ﬂight data. Flight 26 will be used to
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Figure 4. (a) Plot of ﬂight track around the compressor station (lower middle) for Flight 26; (b) Data meeting downwind criteria from the center of
the compressor station, showing the ﬁltered near-ﬁeld points (solid circles), far-ﬁeld points (open circles) and the modeled ﬂux plane (solid line);
(c) Polar coordinate representation of the ﬂux plane used for the Kriging interpolation; (d) Kriged data for Flight 26 on the polar coordinate
representation of the ﬂux plane. For reference, ground altitude above mean sea level (MSL) was 205 ± 5 m.

relevant parameter within a ﬂight is the variability of the wind
direction. If the wind is changing direction signiﬁcantly during a
ﬂight, the aircraft may over or under sample a plume relative to
one being more constant in position. There were six pairs of
ﬂights where the time between ﬂights was less than 1 h (3600
s) and the wind direction variability around each ﬂight was
<20°. Of these, ﬁve pairs had mean emission rates that were
clearly above zero (pair mean >1.7 g CH4 s−1, justiﬁed later),
and the average relative uncertainty with respect to the mean
was ±43%. For the remaining pair (ﬂights 28, 29) where an
emission rate was close to zero (2.1 and 0.3 g CH4 s−1), an
absolute uncertainty of the methodology of ±1 g CH4 s−1 can
be estimated. By combining these values, the uncertainty due to
ﬂight sampling and atmospheric conditions based upon
reproducibility is estimated at ± (43% + 1) g CH4 s−1. The
estimate is based upon the assumption that emissions did not
change within an hour. While sampling representativeness and
atmospheric variability certainly inﬂuence the variability
observed in Supporting Information Table S1, the range of
variability observed throughout all 22 ﬂights is much larger than
this uncertainty estimate, suggesting that temporal variations in
compressor station emission rates need further investigation.
Statistical Uncertainty Analyses. In a statistical sense, the
interpolated downwind methane concentration was the largest
source in the ﬂux error analyses. The downwind ﬂux calculation
required an interpolated map in areas where the ﬂight did not
sample. Following Mays et al.,5 the variance of the Kriged
results at each grid point was assumed to be representative of
the total uncertainty of the CH4 mixing ratio. The measurement error of ±10% and the Kriged variance at the
measurement points are comparable, and both are much
smaller than the enhancements above the background when in
a plume. Therefore, the standard deviation of the Kriged results

yields an uncertainty estimate for each ﬂight. This relative error
term corresponded to 46% on average.
Another source of uncertainty is the ﬂux area plane for the
Kriging interpolation, both in the selection of a grid size and its
location. The 19 × 19 Kriging grid resolution was chosen to be
consistent with the typical scales of individual plumes (10−30
m). To assess the sensitivity of the ﬂux estimate to this
resolution, we calculated the estimated emission rate for three
ﬂights with representative emissions rates on three diﬀerent
days (Flights 23, 26, and 33) with grid resolutions of 19 × 19,
10 × 10, and 40 × 40 (cf. a typical ﬂux plane was ∼370 m
horizontal by 120 m vertical). Changing the grid resolution by a
factor of 2 in either direction resulted in a 4% absolute change
in emission rate. For Flights 20 and 33, the estimate increased
at larger grid size, while for Flight 26 the estimate decreased,
indicating that the resolution grid size does not signiﬁcantly
bias the interpolated emission rates. Select interpolation
schemes were also tested on Flight 23 including Gaussianlinear, Gaussian-cosine, linear and exponential and no
signiﬁcant diﬀerences (<5%) were observed compared to the
exponential-bessel variogram selected in the analyses.
The uncertainties in the distance of the ﬂux plane relative to
the origin directly correlate with the ﬂux for a constant grid
resolution (i.e., larger grid sizes, dx, at further distances would
result in a larger ﬂux). The ﬂux plane was deﬁned by
minimizing the distance between each data point and the ﬂux
plane itself. With the average radial distance away from the ﬂux
plane for all points at ±30 m out of a mean radial distance of
170 m, this corresponds to an uncertainty of ±18% in the
measured ﬂuxes.
Uncertainties in the mixing ratio measurement itself (±10%)
and in the wind speed (±0.5 m s−1) would directly propagate to
the uncertainty of the emission rates. For the wind speed, the
7900
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The ﬂight that best demonstrates the Gaussian plume
model’s variability for near-ﬁeld aerial measurements is Flight
22. Figure 5 shows the Kriged interpolation for this ﬂight. The

larger uncertainty is applying the wind velocity from the
meteorological tower to the much diﬀerent location of the
aircraft. Because the ﬂight sampling spanned minutes and the
terrain was largely ﬂat in the local area (<1% gradient),
individual eddies and turbulence in the wind would be averaged
out in the analyses even if using aircraft data. It is impossible to
quantify this uncertainty without aircraft measurements,
however the mean ﬂight duration (409 s) and wind mean
speed of 3.8 ± 0.3 m s−1 correspond to a length scale of 1.6 km,
which is comparable to the spatial scale of the ﬂight paths
around the compressor station. The uncertainty in the
measured wind speed (0.5 m s−1) plus the mean atmospheric
variability of the speed during the ﬂight (σ = 0.3 m s−1) yields a
combined uncertainty of ±21%.
By assuming that the errors from Kriging variances (46%),
grid resolution (4%), interpolation scheme (5%), CH4 mixing
ratio (10%), and wind speed (21%) are Gaussian in nature, the
overall statistical uncertainty of the emission rate is ±55%. For
the median emission rate of 7.4 g CH4 s−1, the uncertainty
derived from the statistical analyses (±55% or ±4.1 g CH4 s−1)
is comparable to those estimated from the ﬁeld-derived
estimates (4.2 g CH4 s−1). The agreement between these
estimates also suggests that emissions less than 1.7 g CH4 s−1
are indistinguishable from zero in this technique. Only two
ﬂights out of 22 are statistically insigniﬁcant from zero
emissions by this criterion. Because these uncertainty estimates
are larger than the variability observed within and between
days, signiﬁcant temporal variability of the compressor station
emissions is occurring at time scales greater than 1 h.
Gaussian Plume Comparison. As one further check on
the data, the Kriging data ﬂuxes were compared with a Gaussian
plume model. It was determined that a Gaussian single-plume
model was not ideal for creating estimates from most of the
airborne-gathered data sets at this site, mostly because of the
restrictions of the model. Like all basic Gaussian plumes, this
one assumed that there were constant and continuous
emissions creating a steady-state system, pollutant concentrations were normally distributed, and the terrain was relatively
ﬂat. As with the Kriging analysis, it also assumed that the
eﬄuent was not being degraded through chemical reactions,
and the wind speed was constant in time. Additional
uncertainties came from the measurement sensor, as already
discussed, and uncertainties from the estimates of the non-Q
parameters of eqs 2 and 3, as explained in the Supporting
Information. The largest and most problematic assumption for
these in-ﬂight data sets, though, was that there would be one
central plume.
Although the point source approximation is appropriate for
most source inversion studies, the emissions from other
locations within the compressor station besides the central
exhaust stack did signiﬁcantly hinder the single-plume-model
approach for our gathered data sets. An ideal scenario would
have a steady-state plume captured in the 45° cone (±23°)
centered at the average downwind direction from the origin
point at the main engine’s building. In very few ﬂights, however,
was a central plume detected, and in no ﬂights was a central
plume the only source of in-ﬂight enhancements. For example,
Flight 25 had an apparent plume almost directly downwind, but
the highest detected concentration occurred at 37° (outside the
narrow “downwind” central cone) and there was another
apparent plume at ∼210°. These, along with a few other
enhancements, all led to a higher concentration outside of the
central downwind cone than in it.

Figure 5. Kriged interpolation from Flight 22 used in the Gaussian
plume analyses. For this ﬂight, this represents a ﬂux plane with a
midpoint 153 m from station center and a horizontal length of 314 m.

largest group of near-ﬁeld enhancements captured in-ﬂight are
nearly symmetric about the downwind axis. For this ﬂight, the
model converged to an emission rate of 23 (17−31) g CH4 s−1,
where the uncertainty range of the model was calculated as
explained in the Supporting Information and is independent of
the bias from an elevated background. This number compares
favorably with the estimate from the Kriging interpolation of 33
± 10 g CH4 s−1 and shows that this may still be a viable
methodology for analysis of aircraft-acquired measurements
from a true point source emitter. Future studies may also
beneﬁt from optimizing a more reﬁned model such as a
segmented Gaussian plume18 or a Gaussian puﬀ.19
Comparison to Other Methods. Two additional and
independent measurements of CH4 emission rates were taken
at this compressor station during the campaign. The ﬁrst
measurement used the University of Houston’s (UH) mobile
laboratory4 to transect the plume downwind of the site. The
UH mobile laboratory measured the site on October 31, 2013,
and calculated an emission rate of 5.8 (−3.7, +15.9 at 95%
conﬁdence interval) g CH4 s−1 using the EPA AERMOD
model. The second measurement was conducted by West
Virginia University and included a detailed leak and loss audit
of all equipment associated with one of the site operators. The
WVU measurements included the leaking components,
compressor vents, engine crankcase vents, engine exhaust,
and other associated equipment. The detailed audits were
performed on October 16th and 17th with repeated measurements during the remote control aircraft ﬂights of October 25th
but day-to-day variability was not assessed. The WVU group
measured a total emission rate of 5.8 g CH4 s−1 (3.4 g CH4 s−1
from the exhaust stack alone) from one engine operator.
Both of these independent measurements are broadly
consistent, though lower, than the mean airborne-based
emission rate of 14 (±8) g CH4 s−1. Given the large temporal
variability of CH4 emissions on time scales of hours to days in
the present study, it is diﬃcult to compare measurements taken
at diﬀerent times and over diﬀerent durations. However, there
are probable reasons why the aircraft-derived emissions are
higher than those derived from the mobile laboratory or the
leak audit. Lofted emissions from the compressor engine
exhaust (60% of the total emissions from the leak audit
measurements) may not be sampled by the mobile laboratory
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even under stable conditions. The leak audit only was able to
sample two of the six engines that operated at this site, and it
seems probable that other engines were operating at some
capacity. Regardless, the consistency between three vastly
diﬀerent measurement approaches provides conﬁdence in the
validity of the remote-controlled aircraft approach, though
again potential temporal variations in emission rates make
direct comparisons diﬃcult.

■

ATMOSPHERIC IMPLICATIONS
Methane emissions from a compressor station were successfully
quantiﬁed by merging the new technologies of remote control
aircraft with compact, open-path laser-based sensors. Field
results show that plumes from compressor stations are often
lofted and are very localized in space. A mean emissions rate of
14 (±8) g CH4 s−1 was calculated from a typical compressor
station in the Barnett Shale. Emissions showed high variability
on time scales of hours to days, ranging from 0 to 73 (±40) g
CH4 s−1. While the relative median CH4 emission rate is small
compared to the estimated total CH4 throughput of the
compressor station (0.02%), the temporal distribution of
fugitive CH4 emission rates from compressor stations needs
further study. One-time measurements of a compressor station
by any method−vehicle, detailed leak detection, or airbornebased−should be used with caution if the signiﬁcant variability
observed in this study is representative of other compressor
stations.
More generally, this study shows that platforms like sUAS are
well-suited to quantify emissions from local sources but also
require their own unique sensor and sampling considerations.
While the high agility of such aircraft to isolate an individual
source helps to minimize the inﬂuences of nearby sources,
sampling near emission sources requires representative and
often dense spatial sampling. An autopilot system with a
preprogrammed and systematic ﬂight pattern that samples at
uniform density in the vertical is highly recommended. There
are likely biases in quantifying near-ﬁeld emissions with aircraft
due to the plume changing positions over the duration in which
the aircraft completes the ﬂight plan. There are also challenges
of locating a spatially small plume at such close distances to the
source. On the other hand, the sensor precision/sensitivity
demands are relaxed (higher concentrations with less dilution,
stronger enhancement above background). Remote control
aircraft or sUAS provide unique tools for quantifying local
source emissions of trace gases to the atmosphere, though a
close examination of the environment, sampling protocol, and
measurement goals is needed to maximize their potential.

■

■

ASSOCIATED CONTENT

S Supporting Information
*

Additional information on the ﬂight and meteorology details of
individual ﬂights, the larger meteorological context between
ﬂights, and additional notes on the Gaussian plume modeling
are included. The Supporting Information is available free of
charge on the ACS Publications website at DOI: 10.1021/
acs.est.5b00705.
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