
Supplementary Information for Single-blind test of airplane-based
hyperspectral methane detection via controlled releases

Evan D. Sherwin1,†,∗ , Yuanlei Chen1,†, Arvind P. Ravikumar2 and Adam R. Brandt1
1Energy Resources Engineering, Stanford University, Stanford, California, United States of America
2Department of Systems Engineering, Harrisburg University of Science and Technology, Harrisburg,
Pennsylvania, United States of America
†Denotes equal contribution

E-mail: evands@stanford.edu

S1. Comparison with other controlled release studies

Table S1. Summary statistics from controlled release field trials of mobile methane detection technologies,
including results from this study. Kairos’ slope and R2 are both closer to the ideal value of 1 than most
other studies. Our sample size is the highest in the literature. Not all studies clearly employ a single-blind
experimental design. Note that this study’s release volumes are at least an order of magnitude larger than
essentially all other studies. † Releases above 90 kgh(CH4) in [1] were not measured directly, but use
estimates from Scientific Aviation as ground truth. Error bars for both AVIRIS and Scientific Aviation
measurements are large.

Study Method N Slope R2 Min/max release Blind
kgh(CH4)

Kairos (cup/ultrasonic) Plane 185/157 1.15/1.45 0.84/0.80 18/1,025 Single
Ball Aerospace [2] Plane 50 0.31 0.10 0.9/26.1 Single

Advisian [2] Helicopter 36 0.35 0.13 0.02/0.20 Single
ABB [2] Drone 56 0.02 0.01 0.02/0.20 Single

Baker Hughes (GE) [2] Drone 57 0.08 0.01 0.02/0.20 Single
SeekOps [2] Drone 63 0.62 0.42 0.02/0.20 Single
Picarro [2] Drone + 64 0.21 0.04 0.02/0.20 Single

vehicle
Aeris [2] Vehicle 52 0.49 0.25 0.02/0.20 Single

U Calgary [2] Vehicle 78 0.42 0.18 0.9/26.1 Single
AVIRIS-NG [1] Plane 14 0.93 0.91 16/300† Unclear

Scientific Aviation [3] Plane 2 N/A N/A 68.6/91.5 Unclear
Scientific Aviation [4] Plane 2 N/A N/A 13.9±2.8 Unclear

EPA OTM 33A [5] Vehicle 106 0.86 0.91 ∼0.5/∼3.4 Unclear
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S2. Kairos Aerospace technology

The LeakSurveyor technology, produced by Kairos Aerospace (henceforth “Kairos”), is a methane
imaging system, typically mounted on a light aircraft flown at standard general aviation altitudes of
900 m (3,000 feet) above ground. The system contains a patented hyperspectral infrared spectrometer to
detect methane, an optical imaging system to create an optical surface map of the surveyed region, and
a GPS and inertial measurement unit to record the instrument’s precise position and orientation [6]. The
spectrometer measures the infrared absorption of specific wavelenths at which methane molecules absorb
strongly but most other molecules do not absorb. As described in [7], the spectral resolution for systems
of this sort is “typically around 0.5 nm or better/finer,” suggesting a spectral resolution in this range for
the Kairos system. The LeakSurveyor system produces a geo-referenced, false-color plume image based
on the detected excess methane concentration between the airplane and the ground.

A wind-normalized methane release rate is calculated by integrating the measured methane
concentration over a cross section of the plume in the downwind direction. Measured release rates can
then be calculated by multiplying by wind speed.

Kairos technology requires sufficient solar illumination, free of substantial environmental
interference in the relevant infrared region. During data collection, this restricted flight times to 9:45 am-
4:00 pm. In addition, the presence of heavy cloud cover or pools of water can interfere with illumination
that the instrument relies upon. Kairos’ onboard automatic exposure control system allows reliable data
collection over most forms of land cover, even with varying albedo and vegetation. However, because
this test was conducted at only one location, it is possible that quantification and detection efficacy results
may vary for different land types.

Moderate wind speeds (about 2-7 meters per second, mps) are favorable for Kairos technology.
High winds (>7 mps) give rise to safety concerns for the small airplane currently used to deploy the
instrument. Low winds, while improving the minimum detection limit of the technique, make it more
difficult to accurately quantify release rates, primarily because the relative uncertainties of measured wind
speeds increase when winds are low.

Plume identification involves both automated signal processing and human review. In some cases,
multiple plumes can be seen from a single image (see Figure S1). It is possible that the closest plume
is not the largest plume observed due to either unstable wind conditions or a change in release rate. By
default, Kairos quantifies emissions from the plume closest to the apparent emissions source, such as
an oil well pad. It is possible that the choice of the closest plume will result in an underestimate of
emissions, particularly if the emission source is mis-identified. However, for consistency with Kairos’
internal practices, we continue to use the plume closest to the emissions source in our analysis.

Kairos was one of the 12 teams selected for the 2018 Mobile Monitoring Challenge (MMC)
controlled releases but was not able to participate because rice fields completely surrounding the test
site were flooded at the time of the releases [2]. Liquid water absorbs nearly all infrared radiation in
the spectral region of interest, therefore the spectrometer is unable to image methane above liquid water
such as lakes and flooded fields. In a technical white paper, Kairos’ self-reported 50% probability of
detection threshold occurs at 8.2 kg of methane per hour per meter per second of wind (kgh/mps) and
their quantification of emission rates corresponds well with the known release rates in internal tests
ranging from 0 to 140 kgh/mps [6].
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Figure S1.Example of closest plume not being the largest plume observed: the 36th measurement taken on
October 15th saw several plumes.

S3. Controlled release set-up

Figure S2 shows the release apparatus connecting compressed natural gas (CNG) trailers to three� 2
m (6 feet) vertical release stacks, 2.5 cm (1 inch) in diameter. Each release stack is connected to gas
equipment via a rubber hose 45.7 m (150 feet) in length.

Figure S2(b) shows the three release stacks were placed together (1-1.5 m apart). This design allows
larger release volumes. When methane simultaneously �ows from the three stacks, the gas released forms
a single plume due to rapid mixing below the boundary layer of the atmosphere. Infrared images of the
plumes from a FLIR infrared camera con�rm that plumes rapidly mix and equilibrate in temperature. See
SI Section S6.2.1 for further detail.

Two trailers of CNG (93.5 vol% methane, 5.0 vol% ethane, 1.5 vol% trace gases) were transported
to the site by Rawhide Leasing and placed at the red dot in Figure S2(a) [8]. This location was generally
upwind of the release point. The two trailers, with capacity of 72 thousand standard cubic feet, mcf(NG),
( 1.3 t(CH4)) and 132 mcf(NG) (� 2.4 t(CH4)), respectively, are henceforth referred to as “small trailer”
and “big trailer”. Because the detector measures only methane, all gas release rates are reported in units
of methane, scaling the measured gas release rate from the meter by 0.935.

In most cases, natural gas released from the small trailer �rst travels through a regulator and a heat
exchanger. The regulator steps down the pressure from a maximum of 172 bar (2,500 psi) in the tank
to less than 34 bar (500 psi) before releasing. To compensate for the Joule-Thomson cooling effect,
the gas passes through a heat exchanger to bring gas to approximately ambient temperature [9]. The
big trailer was generally con�gured with a different regulator for �ow control, shown in Figure S3, and
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Figure S2. (a) Georeferenced image of a methane plume superimposed over an optical image taken by
Kairos, with the locations of the trailers, the release point, and the wind meters annotated. (b) Release
stacks and hoses set up at the brown dot in (a). (c) Con�guration of trailers, regulator, heat exchanger, �ow
meters, and hoses. 72 thousand standard cubic feet (mcf) and 132 mcf of natural gas is 1.3 and 2.4 tons of
methane, respectively.

was not attached to a heat exchanger. At high release rates, methane from the regulator without a heat
exchanger reached temperatures as low as as� 45� C (� 50� F ) at the �ow meter and the hose developed
frost, shown in Figure S3. However, as the cold gas reached the atmosphere, it quickly equilibrated to
roughly atmospheric temperature, as shown in an infrared camera image in SI section S6.2.1, indicating
a minimum temperature of18:4� C (65� F ) at the release point.

After pressure and temperature regulation and before entering rubber hoses that carried the gas to the
release stacks, the three streams of gas were individually metered with Sierra Instruments QuadraTherm
740i thermal mass �ow meters. These meters have rated accuracy of� 0.5% of reading above 50% of
full scale (calibrated to 30,400 standard cubic feet per hour (scfh) of natural gas volume, not methane
volume) and� 0.5% of reading plus� 0.5% of full scale if reading is below 50% of full scale �ow [10].
The meter error associated with the methane �ow rate is taken to be 93.5% of the rated �ow meter
accuracy, converting from natural gas volume to methane volume using the equations in the SI, Section
S3.1.

The pixel-level excess methane concentration estimates constituting the image of the plume are then
used to estimate the emissions rate using a mass-balance approach across a central section of the plume,
as described in [11]. This approach relies on advection of methane downwind in the dominant wind
direction, while the plume spreads in the transverse directions. Thus, the reported emission rates are
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normalized to wind speed, i.e., in kg of methane per hour per meter per second of wind (kgh/mps). The
wind speed (ideally measured near the release point) is then used to convert this estimate to an absolute
emissions rate in kilograms of methane per hour (kgh).

We measured wind speed and direction using both a Vantage Vue Sensor Suite with a cup-based
wind meter and a Gill Instruments WindSonic 60 two-dimensional ultrasonic anemometer. See the SI,
Section S8 for further detail.

In some cases, we had to postpone data collection due to environmental conditions. Heavy cloud
cover can interfere with the performance of Kairos' instrument. We cancelled data collection on October
9 due to the predicted presence of such clouds. In addition, high wind speeds can render conditions unsafe
for the small airplane currently used to deploy Kairos' instrument. On October 10th, we conducted the
tests only in the afternoon because morning gust wind speed was over 7 mps (15 miles per hour, mph),
which was considered unsafe for �ights. It may be possible to deploy the instrument at higher wind
speeds using a larger or more wind-robust airborne deployment mechanism.

The two wind meters shown in Figure S4 were located roughly 50 and 100 meters southwest of
the release point, at locations indicated in Figure S2a. Both wind meters were mounted on tripods for
measuring meteorological data at 2.5 m (8 feet) above the ground, roughly the height of our methane
release points. Open terrain is preferred for surface wind measurements because nearby obstructions such
as buildings and trees may cause turbulence and impair measurements. Ideally, the distance between a
wind meter and the nearest obstruction is at least ten times the height of that obstruction [12]. The cup
wind meter was 10 m (30 feet) southeast of bushes 1.5m (5 feet) tall. However, wind primarily blew
from the northwest, suggesting that in practice these bushes rarely acted as a wind obstruction. See the
SI, section S8 for further details on wind speed.

Figure S3. Controlled release test con�guration, including natural gas release trailers, gas regulators (with
and without a heat exchanger), �ow meters and hoses, and release stacks.

Paci�c Gas & Electric (PG&E) owns an underground natural gas storage facility less than one mile
from the test site. We observed �aring at the PG&E facilities on October 15th, the last day of the
controlled release. According to Kairos' previous experience at the same site, if a venting event had
occurred at the PG&E facility, the ground crew would have likely seen and heard the release. Stanford
personnel did not see or hear indications of a venting event during the four days of controlled releases. In
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Figure S4. (a) Cup wind meter and (b) ultrasonic anemometer mounted on 2.5 m (8 feet) tripods.

addition, if a venting event capable of affecting the results occurred, Kairos would likely have been able
to detect it and attribute it to the PG&E facilities.

Figure S5.Google Earth image of the test site and nearby gas storage facilities rented to PG&E.

S3.1. Methane content and density

The �ow meters in the �eld trial reported natural gas �ow rates in standard cubic feet per hour
(scfh(NG)). The methane �ow rates are 93.5% of the metered natural gas �ow rate, based on gas
composition levels cited by the local distribution system [8]. At 1 atmosphere and 15� C (288.15 K),
the standard molar volume is 836.56 scf/kmol [13].
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Thus, the conversion factor from scfh(NG) to kgh(CH4) is:
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S4. Single-blind experimental design

Aircraft over�ight times were logged by both the Stanford and Kairos teams. Roughly 30 seconds
before the plane passed over the test site, the Kairos engineer informed the Stanford ground crew of
the upcoming �ight pass via a two-way radio connection. When the Stanford ground crew visually
determined the airplane was overhead, we recorded the release rates indicated by all active �ow meters,
also noting the precise time and instantaneous wind conditions from the cup-based wind meter. Wind data
used for analysis are drawn from digital logs produced by the cup wind meter and ultrasonic anemometer
at the pass timestamps recorded by the Stanford ground crew. The Kairos engineer in the airplane
independently recorded timestamps when the airplane passed overhead. See the SI, Section S6.5 for
further detail.

During the single-blind controlled releases, only Stanford personnel and one operator from
Rawhide Leasing were aware of the release schedules, the actual release rates, and ground-based wind
measurements. Rawhide personnel did not have access to radio transceivers and did not write down any
�ow rates. It should be noted that Kairos had knowledge of the size of the trailers during the single-blind
tests. However, this awareness of the upper bound on total daily releases has little potential of breaking
the blind because the daily average release rate was always well below the level required to exhaust all
on-site tank capacity.

Kairos did not have access to ground-based wind measurements until after �nalizing quanti�cation
estimates. However, to ensure �ight safety, Stanford ground responded to Kairos requests for wind speed
measurements on Thursday, October 10. This exchange was primarily before the airplane took off, to
ensure wind speed did not exceeded 7 mps (15 mph), the pre-identi�ed maximum wind speed for testing.
During testing on the same day, Stanford responded to a single Kairos request for 1-minute gust wind
speed at 12:49pm to ensure �ight conditions remained safe. We do not think that breaking the wind speed
blind for this single data point affected Kairos' analysis.

S4.1. Sampling strategy

We outlined the release schedule in advance and adapted in real time in response to changing
environmental conditions and a continuously improving understanding of the capabilities of the
equipment.

On average, the Stanford team changed the release rate every seven �ight passes, roughly every
30 minutes. The procedure was randomized with a minimum constant release duration of one pass and
a maximum of 27 passes to reduce the potential possibility of Kairos guessing of release rates based
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on previous measurements. Wind speed varied signi�cantly across �ight passes (see SI section S8 for
detailed wind speed measurements) and Kairos did not have access to ground measurements of wind
speed prior to reporting their quanti�cation results. Fluctuations in the measured mass �ow rate are on
the order of �ow meter uncertainty. See the SI, Section S9 for further detail.

The release rates were randomized on each of the four test days, as shown in Figure S6.

Figure S6. (a-b). Detection parity chart Figure 3 in the main text reproduced with data points collected on
different days colored differently. The ultrasonic anemometer was not available on October 8th, causing the
number of data points to be zero on that day in (b).

S5. Addressing heteroskedasticity

Residual plots in Figure S7 exhibit heteroskedasticity. The percent residuals in Figure S7(c-d) show that
the (observed - expected)/expected values do not change appreciably with increases in rate, showing a
proportional growth in residual magnitude with the release size. This section investigates potential effects
of heteroskedasticity on our methane quanti�cation results.

S5.1. Heteroskedasticity-consistent standard errors

By default, ordinary least squares (OLS) linear regression assumes homoskedasticity. MacKinnon and
White proposed four estimators for regression model parameter variances that account for potential
effects of heteroskdasticity on coef�cient standard errors [14, 15]. Table S2 shows the standard errors
estimated by the four heteroskedasticity-robust con�dence interval (HC) estimators as well as by the
default OLS estimator based on cup wind meter measurements. Regardless of the estimator chosen, the
standard error for the slope increases by roughly 0.01 (27%) and the standard error for the intercept
decreases by roughly 7 (33%) when switched from OLS. The changes in standard errors further con�rm
heteroskedasticity by assigning smaller errors to smaller releases (the intercept-error dominated region)
and larger errors to larger releases (the slope-error dominated region). In all cases, the standard error
implies that the slope is statistically different from the perfect parity slope of 1 with a p-value of 0.05 or
less. Thus, these methods produce the same qualitative result as OLS.

S8



Figure S7. (a-b) Regression residuals and (c-d) percent residuals from regression predictions as a function
of known methane release rates. Note that the distribution of percent residuals is approximately uniform in
methane release rate, suggesting that quanti�cation error is approximately constant as a percentage of the
measured value.

Table S2. Effect of heteroskedasticity-consistent standard errors. Switching to any of four
heteroskedasticity-consistent linear regression methods does not change the mean parameter values but does
modestly increase the standard error of the slope while decreasing the standard error of the intercept. The
qualitative results do not fundamentally change.

parameter values
standard errors from different estimators

OLS HC0 HC1 HC2 HC3
slope 1.149 0.037 0.046 0.047 0.047 0.047

intercept -41.965 20.947 13.646 13.720 13.806 13.968

S5.2. Histogram of percent residuals

Figure S8 shows a histogram of percent residuals from Figure S7c. While the precise shape of the
distribution does not perfectly match a normal distribution, it appears roughly symmetric. Thus, it
appears to more closely match a normal distribution than a lognormal distribution. Note that residuals
below -100% are due to the fact that the linear �t has an intercept slightly below zero. Although this is
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unphysical, we kept this functional form to ensure ourR2 values are comparable with evaluations of other
methane detection technologies in the peer-reviewed literature, which generally do not disallow negative
intercepts by, for example, �xing the intercept at the origin.

S5.3. Stationarity of percent residuals

We test whether it is statistically defensible to treat the distribution of percent residuals as stationary
with respect to methane release size. If the distribution is roughly stationary, this suggests that one can
model the error of larger plume quanti�cation estimates seen in the �eld based on the same percent error
distribution as in the releases used in this analysis. Visual inspection of percent residuals in Figure S7(c,d)
suggests that the distribution is roughly stationary, or at least does not exhibit increasing percent error as
a function of release size.

We exclude releases below the 100% detection threshold from this analysis. As discussed in section
S5.2, when release rate is below the threshold for full detection, percent residuals can be large and should
be treated differently from residuals with release rates over that threshold. In this controlled release
experiment, the threshold for full detection is found to be� 15 kgh/mps (8 mcfd/mph). At the median
one-minute gust wind speed of 2.5 mps (6 mph) measured by the cup wind meter, the detection threshold
is assumed to be 36 kgh (48 mcfd). Similarly, the ultrasonic anemometer's median one-minute gust wind
speed is 2.8 mps (6.82 mph) and its corresponding full detection threshold is 41.76 kgh (54.56 mcfd).

The remaining data points are partitioned into two groups (“lower half” and “upper half”) for
comparison of the percent residuals at medium and large release rates. We then �t a Locally Estimated
Scatterplott Smoothing (LOESS) line to the percent residuals of medium to large release rates, shown
in Figure S9. The LOESS line stays relatively constant and close to zero. In the cup wind meter and
ultrasonic anemometer cases, we exclude 39 and 22 data points (colored gray) from the stationarity
analysis as they fall below the full detection threshold.

To test whether the mean and variance of the percent residuals remain constant, we conduct several
statistical tests. In all cases, the mean and variance of the residuals are not statistically distinguishable
between the lower and upper halves of the data, with p-values above 0.40 in all cases with ground-based
wind measurements.

S5.4. Weighted least squares

The baseline analysis uses ordinary least squares linear regression for simplicity and intercomparability
with other controlled release studies. That said, given varying levels of uncertainty across the data, a
weighted least squares approach may be more theoretically justi�ed. OLS linear regression places equal
weight on all data points. We de�ne weights in inverse proportion to the length of wind-driven Y error
bars to represent our level of con�dence in each point. Because the false negative points have error bars
of length zero, we exclude them here.

The WLS regression results are shown in Figure S10. For the cup wind meter, the estimated slope
from WLS is 1.03 with a standard error of 0.03. This is closer to parity than the OLS slope of 1.15
(SE=0.04) because WLS gives smaller weights to high-leverage data points with larger release rates.
Similarly using the ultrasonic anemometer, the parity slope falls from 1.45 to 1.37.

Thus, quanti�cation performance appears to improve in the WLS case relative to the OLS case,
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Figure S8.Histogram of percent residuals. The four rows or graphs are based respectively on (a) cup wind
meter measurements, (b) ultrasonic anemometer measurements, (c) Dark Sky 1-minute gust wind estimates,
and (d) HRRR 27-average hourly gust wind estimates (see description in Section S6.3.3). Left-most panels
are histograms of percent residuals associated with release data points that are below Kairos full detection
limit assuming a median wind speed of the �eld trial. Mid-left panels show histograms of percent residuals
associated with the lower half of the data points that are above Kairos full detection limit. Mid-right panels
percent residual histogram of the upper half of data points that are above Kairos full detection limit. Right-
most panels compile the data points in the mid panels and show the percent residual histogram of all data
points that are above full detection limit. The partition of data points is better shown in Figure S9. Percent
residuals can go below -100% due to the slightly negative intercept of the best-�t line. HRRR wind-based
below full detection threshold percent residuals are more clustered because linear regression based on HRRR
wind has a positive intercept.
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Figure S9. Locally Estimated Scatterplot Smoothing (LOESS) curve �t to percent residuals. Data points
are partitioned into three categories: below full detection threshold, and lower and upper halves of the data
above the detection threshold. The �tted curve remains relatively close to zero in all cases.

suggesting that this approach may be more statistically correct than the simpler OLS approach.
However, for simplicity and intercomparability with other controlled release tests of methane detection
technologies, we use OLS in the main analysis.
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Table S3. Statistics of percent residuals from lower and upper halves of release rates using wind speeds
from both wind meters. t-tests and F-tests compare the mean and standard deviation (variance) of the lower
and upper halves of the sample for. In all cases, the means are substantially smaller than the standard errors,
making them statistically indistinguishable, as is demonstrated by the t-test results. Similarly, the F-test
results suggest that the standard deviations are not statistically distinguishable for cases with ground-based
measurements. This supports the assumption of stationarity in the residuals with respect to release size.

n mean std err of mean stddev T-test F-test
cup wind meter lower half 73 -3.779 3.471 29 T=0.959 F=1.004

upper half 73 0.957 3.465 29 p=0.339 p=0.506
ultrasonic anemometer lower half67 -1.821 4.309 35 T=0.786 F=1.300

upper half 68 2.697 3.751 30 p=0.433 p=0.856
Dark Sky lower half 77 -3.011 4.891 42 T=1.105 F=1.511

upper half 77 4.001 3.979 34 p=0.271 p=0.963
HRRR lower half 76 -8.616 4.707 41 T=2.225 F=0.958

upper half 77 6.418 4.778 41 p=0.027 p=0.427

Figure S10.Weighted least squares regression results. The weight of each data point is determined to be the
square of the length of the error bar in Figure 2 in the main text. False negatives are excluded in this analysis
due to the challenge of specifying nonzero variances for these data points to determine their weights in the
regression.

S6. Data exclusion, sensitivity analyses

In some cases, we exclude data from a given analysis for one of several reasons. We use the following
criteria to exclude data points from both the detection and quanti�cation analyses:

(i) Incorrect �ight altitude: Kairos' data analysis is calibrated for a collection altitude of approximately
900m. In four over�ights, the airplane �ew at the incorrect altitude. Kairos did not report results in
these cases. Thus, we do not count them as valid data points.

(ii) Multiple release points: In an early experiment, the Stanford team placed two release stacks roughly
15 m (50 feet) apart to test whether Kairos could disambiguate the two sources. The plumes merged
in the air above the release sites and it became clear that such disambiguation would not be possible.
All other data points collected use a single release location, with adjacent release stacks within 1.5
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m, merging into a clear single plume in the above atmosphere.

(iii) Extremely low winds: We exclude data points for which the rated wind meter uncertainty includes
zero mps. Thus, because the cup wind meter reports accuracy of� 0.9 mps (� 2 mph), we exclude
data points with wind measurements< 0.9 mps when using the cup wind meter. Applying the
same exclusion criterion to the ultrasonic anemometer, assuming meter accuracy described in the
SI, Section S6.3.1, does not exclude any data points.

(iv) Insuf�cient time for plume formation: We waited 30 seconds after each over�ight before any change
in the release rate to ensure clean measurements. Changing release rates generally took roughly 30
seconds. So, given the average four-minute interval between observations, a plume has roughly
three minutes to stabilize between over�ights after a change in the release rate. Thus, we include
only data points for which a gas particle traveling at the 1-minute gust wind speed would traverse
the full length of the plume between a change in release levels and the observation (three minutes).
We de�ne “time for plume formation” as the downwind length of the plume divided by the 1-minute
gust wind speed measured in the minute when the Kairos plume measurement was taken, using
plume length estimates measured and reported by Kairos. We then exclude data points for which
this time is greater than three minutes.

For the quanti�cation analysis, we additionally exclude cases in which Kairos was not able to image
the full plume, resulting in a cut-off image, such as that shown in Figure S11. In such cases, a plume
is clearly detected but including the cut-off plume would introduce a downward bias in quanti�cation
estimates. When commercially deployed, Kairos conducts multiple �ights over a client's facility.
With multiple �ights, plume cutoff issues may occur on some images and not others. Under such
circumstances, Kairos performs quanti�cation analysis only on images without cutoff issues.

Figure S11. Example of a cutoff plume: the 42nd measurement taken on October 15th saw a signi�cant
cutoff at the edge of the plume, potentially introducing downward bias into release rate estimates.

By default, we include cases in which Kairos detected multiple “blowoff” plumes. These may be
due to sudden changes in wind direction, as is likely the case in Figure S12, but they may also be due to
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residual methane from previous releases. As a sensitivity, we examine the effect of removing such points
from analysis.

Figure S12.Example of blowoff, with plumes separated likely due to rapid variation in wind conditions.
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S6.1. Sensitivity to exclusion criteria

We test the effect of the above exclusion criteria on the estimated quanti�cation ef�cacy of Kairos'
instrument. We �rst present three data exclusion cases, illustrated in Table S4. Base case results are
presented in the main text. For the cup-meter-based results, the Loose case includes 8 additional data
points (� 4%), while the Strict case removes 5 data points (� 2%) from the Base case. Similarly, the
ultrasonic-anemometer-based results for loose and strict cases incorporate +2 or -2 data points (� 1%),
respectively. The regression results are shown in Figure S13.

Table S4.Exclusion criteria and number of data points excluded. Alternative numbers based on ultrasonic
anemometer measurements are shown in parentheses. The total number of overhead passes, including 4 at
the wrong altitude for which there are no data, is 234. Measurements from the �nal three days of testing have
ultrasonic anemometer measurements. Default numbers are based on cup wind meter measurements. Data
exclusion for wind reanalysis data (HRRR and Dark Sky) not shown but all exclusions are the same except
low wind values are not excluded, because wind error bars do not contain zero. Note that the calculation
for insuf�cient time for plume formation depends upon the wind speed and thus the number excluded varies
across wind reanalysis products. Gray shading denotes inactive exclusion criteria.

Exclusion Criteria Number of
data points

Base case Loose case Strict case

Flight at wrong altitude 4 205
(171)
data
points,
of which
185
(157)
are not
negative
controls

213
(173)
data
points,
of which
193
(159)
are not
negative
controls

200
(169)
data
points,
of which
182
(156)
are not
negative
controls

Multiple releasing points 1
Closest plume cutoff at the
edge of the image

8

Low winds: 1-minute gust
wind speed< rated accu-
racy (� 0:9mps (� 2mph)
for cup wind meter and
� 2% of reading for ultra-
sonic anemometer)

8(0)

Insuf�cient time for plume
formation

8(2)

Blowoff from previous re-
lease noted right after �ow
rate turned down

6

Because the difference in data is small across all cases, the regression results are not drastically
different. The cup-meter-basedR2 for (loose, base, strict) cases are respectively (0.81, 0.84, 0.84),
showing that the exclusion of the 8 data points associated with insuf�cient plume formation time slightly
improves the regression results.

S6.2. Sensitivity to gas temperature

To achieve the highest possible methane release rates, we supplemented the main, temperature-regulated
release apparatus, which released natural gas at roughly atmospheric temperature of� 18� C (64� F ),
with a release apparatus that did not have a heat exchanger. At high release rates, methane from the
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