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ABSTRACT

Estimating methane (CH4) emission rates using quantitative CHy retrievals from the Next Generation Airborne
Visible/Infrared Imaging Spectrometer (AVIRIS-NG) requires the use of wind speeds. Model wind speeds have
limited temporal and spatial resolution, meteorological station wind data are of variable quality and are often not
available near observed plumes, and the use of ultrasonic anemometers co-located with methane sources is
impractical for AVIRIS-NG flight campaigns with daily coverage of thousands of square kilometers. Given these
limitations, this study focused on the use of the Twin Otter Doppler Wind Lidar (TODWL) to measure near surface
winds and provide coincident measurements to CH4 plumes observed with AVIRIS-NG. In a controlled release
experiment, TODWL observed wind speed and direction agreed well with ultrasonic anemometer measurements
and CH4 emission rates derived from TODWL observations were more accurate than those using the ultrasonic
anemometer or model winds during periods of stable winds. During periods exhibiting rapid shifts in wind speed
and direction, estimating emission rates proved more challenging irrespective of the use of model, ultrasonic
anemometer, or TODWL wind data. Overall, TODWL was able to provide reasonably accurate wind measure-
ments and emission rate estimates despite the variable wind conditions and excessive flight level turbulence
which impacted near surface measurement density. TODWL observed winds were also used to constrain CHy
emissions at a refinery, landfill, wastewater facility, and dairy digester. At these sites, TODWL wind measure-
ments agreed well with wind observations from nearby meteorological stations, and when combined with
quantitative CH4 plume imagery, yielded emission rate estimates that were similar to those obtained using model
winds. This study demonstrates the utility of combining TODWL and AVIRIS-NG CH,4 measurements and em-
phasizes the potential benefits of integrating both instruments on a single aircraft for future deployments.

1. Introduction

dioxide on a 20-year timeframe and contributes approximately 17% of
the total radiative forcing attributed to anthropogenic greenhouse gases

Over the last three decades, the growth rate of atmospheric methane and halocarbons (Myhre et al., 2013). Therefore, small reductions in
(CHy) has varied, slowing between 1999 and 2006 then increasing with CH4 emissions will result in large reductions in overall atmospheric
an acceleration since 2014 (Nisbet et al., 2019). Methane is a long-lived radiative forcing.

greenhouse gas with a global warming potential 86 times that of carbon
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distribution of anthropogenic CH4 emissions given sources that span
multiple sectors and reflect a mixture of biological processes as well as
venting and leaks from energy sector infrastructure (Kirschke et al.,
2013; Schwietzke et al., 2016; Schaefer et al., 2016). Several recent
studies indicate that a small number of strong sources are responsible for
the majority of observed CH4 emissions across multiple emission sectors
(Zavala-Araiza et al., 2015; Lyon et al., 2015; Brandt et al., 2014, 2016;
Frankenberg et al., 2016; Duren et al., 2019; Cusworth et al., 2021).
Identifying strong emission sources offers the potential to constrain
regional greenhouse gas budgets, improve partitioning between
anthropogenic and natural emission sources, and to mitigate emissions
(Hopkins et al., 2016).

The California Methane Survey was the first systematic state survey
to locate CH4 point sources and quantify emissions using the Next
Generation Airborne Visible/Infrared Imaging Spectrometer (AVIRIS-
NG) (Duren et al., 2019). Between 2016 and 2017, flights covered
approximately 59,000 km? and permitted high resolution mapping and
emission quantification from 564 strong point sources spanning the
energy, waste management, and agriculture sectors. For the California
Methane Survey, AVIRIS-NG typically flew at 3 km above ground level,
resulting in a detection threshold around 10 kg hr~! (Duren et al., 2019).
CH4 emissions were estimated as the product of the integrated mass
enhancement in plumes observed by AVIRIS-NG and 10 m modelled
winds from 3 km resolution reanalysis data (NOAA's High-Resolution
Rapid Refresh HRRRv3). However, uncertainty from this wind product
introduces considerable error into the emissions calculation given the
coarse spatial and temporal resolution of 1 h averaged 10 m winds from
HRRR.

Previous studies have indicated that considerable uncertainties in
wind speed propagate into emission rate estimates using imaging spec-
trometers. For example, Varon et al. (2018) estimate these uncertainties
range from 5 to 50% for simulated results and from 30 to 90% from
observed results using the GHGSat instrument and winds from a sample
of the GEOS-FP global database. For the AVIRIS-NG Four Corners
campaign, Frankenberg et al. (2016) assumed one average wind speed
2m s’l) to conservatively estimate emission rates with estimated errors
driven solely by wind speed uncertainty. Duren et al. (2019) reported
emission rate uncertainty that ranged from +4 to £95% (mean 30%)
after discarding about 20 flux estimates with uncertainty >100% using
modelled winds (HRRRv3) together with CH4 plumes observed with
AVIRIS-NG.

The use of HRRR winds has significant limitations given the grid cell
of only 3 km, the 1 h timestep, and the associated wind speed un-
certainties utilize calculations that span the 9 nearest grid cells (total
area of 81 kmz) and three time-steps (plume detection time + 1 h).
Existing meteorological station wind data can be used but datasets are of
variable quality and are often not available near observed plumes. While
field deployed ultrasonic anemometers (referred to as anemometer
below) can provide accurate near-surface winds, their use is impractical
for AVIRIS-NG flight campaigns with daily coverage of thousands of
square kilometers.

Given these limitations, this study focused on the use of the Naval
Postgraduate School's Twin Otter Doppler Wind Lidar (TODWL) to
measure near-surface winds, cover large regions rapidly, and provide
coincident measurements to CH4 plume observations by AVIRIS-NG. As
an initial proof of concept, AVIRIS-NG and TODWL were operated on
separate aircraft platforms, however, an ideal future deployment would
integrate both instruments on the same platform (see Section 6). Pre-
vious controlled release experiments using only AVIRIS-NG focused
solely on determining CH4 detection thresholds rather than estimating
emissions (Thorpe et al., 2016). In this study, CH4 emissions from a
controlled release experiment were estimated using winds derived from
TODWL and compared with results obtained using an in situ anemom-
eter and HRRR. Further, remotely sensed TODWL wind speed and di-
rection measurements were compared to those obtained from several
anemometers located near the Twin Otter flight path. Additional results

Remote Sensing of Environment 266 (2021) 112681

are presented for a refinery, landfill, wastewater treatment facility, and
dairy.

2. Methane plume mapping with AVIRIS-NG
2.1. AVIRIS-NG instrument

AVIRIS-NG measures solar backscatter in the 380 to 2500 nm range
at approximately 5 nm spectral resolution and sampling (Hamlin et al.,
2011). With a 34° field of view, this push broom instrument (Fig. 1a)
covers large regions quickly with an image spatial resolution that scales
with flight altitude, typically ranging from 3 to 8 m for 3-8 km flight
level above ground. AVIRIS-NG was first used for CH4 mapping with a
controlled release experiment that demonstrated consistent detection of
emissions as low as 10 kg CH4 h™! across multiple flight altitudes and
wind conditions (Thorpe et al., 2016).

Since 2015, there have been a number of AVIRIS-NG campaigns
aimed at characterizing point source CH4 emissions in Colorado, New
Mexico, California, Alaska, Canada, and Texas. A study in the Four
Corners region characterized over 250 individual CH4 plumes associated
with coal bed CHy extraction, with the top 10% of emitters responsible
for half of the total observed point source contribution (Frankenberg
et al., 2016). The California Methane Survey identified and quantified
point source emissions from multiple emission sectors with 0.2% of the
surveyed infrastructure contributing 34-46% of California total CHy
inventory (Duren et al., 2019). A flight campaign in the Permian Basin
identified 1100 CHy4 sources, with 50% of detected emissions resulting
from oil and gas production, 38% from gathering and boosting, and 12%
from processing (Cusworth et al.,, 2021). Additional studies have
explored the underground gas storage (Thorpe et al., 2020) and waste
management sectors (Krautwurst et al., 2017; Cusworth et al., 2020),
sources in the San Francisco Bay area (Guha et al., 2020), and CHy4
hotspots associated with thermokarst lakes (Elder et al., 2020).

AVIRIS-NG CHy4 retrievals are based on absorption spectroscopy in
the shortwave infrared between 2100 and 2500 nm (Thorpe et al., 2014,
2016, 2017; Thompson et al., 2015; Cusworth et al., 2019; Foote et al.,
2020). In this study, we use a linearized matched filter to first calculate a
mixing ratio length in units of parts per million per meter (Thompson
et al,, 2015) for AVIRIS-NG flights flown at 3 km above ground,
providing an image swath of 1.8 km with 3 m image pixels.

2.2. Quantifying CH4 emissions

Emission rates are estimated by combining the integrated mass
enhancement (IME), plume length and wind speed, which has been
demonstrated in previous studies (Frankenberg et al., 2016; Duren et al.,
2019; Thorpe et al., 2020; Cusworth et al., 2020; Cusworth et al., 2021).
To isolate each AVIRIS-NG plume, we select image pixels for inclusion
using a mixing ratio threshold of 500 ppmm (parts per million per

Fig. 1. Instruments used in this study. a) AVIRIS-NG imaging spectrometer
installed in King-Air aircraft. b) TODWL with its scanner mounted in a star-
board door of the Naval Post Graduate School's Twin Otter.
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meter), a maximum fetch radius of 150 m from the plume origin, and a
merge distance of 20 m (effectively a 20 m sliding window that de-
termines which components of the plume are used in the IME calcula-
tion), consistent with previous studies (Duren et al., 2019; Thorpe et al.,
2020). Centered on the plume origin, an initial circle of radius (r;) was
defined based on the pixel size (3 m). For the plume area covered by this
circle, the excess mass of CH, in the plume (IME) was calculated as
follows:

IME,, =k Z a(i)S(i) €y
i=0

as the summation of the CH4 mixing ratio length (a) that represents a
CH4 enhancement in parts per million per meter (ppmm) for the n pixels
in the plume over the pixel area S, which is converted to CH4 mass units
with the constant k (Frankenberg et al., 2016; Thompson et al., 2015).
Next, the radius (r,) was sequentially expanded for the total number of
circles c, and a new IME for the given radius (IME,) was calculated. For
the entire range of radii (r.), starting at the plume origin then sequen-
tially expanding until the full extent of the plume is reached, the IME
was divided by the radius (IME, /r;) and the average (W/ r) and stan-

dard deviation were calculated to represent uncertainty (opg) in the
estimates. Additional details on the calculations and figures showing an
example of the concentric circles are provided in Duren et al. (2019,
Fig. S.3) and Thorpe et al. (2020, Fig. S3).

The CH4 emission rate for a given plume (Q, in kg CH4 hr1) was
calculated:

0= <W/r) Uo 2

where IME /r is the average ratio for the range of radii and Uy is the

average wind speed at 10 m above ground level.

Finally, a total uncertainty (oq), reflecting the combined un-
certainties associated with the IME/r calculation and wind measure-
ments was calculated as follows:

2 3

O'WE/r oy 2
00 =0 i + (UT) ®)

This uncertainty estimate assumes the variability (standard devia-
tion) in each term is independent and uncorrelated. In previous studies
(Duren et al., 2019; Thorpe et al., 2020; Cusworth et al., 2021), 10 m
wind speeds were obtained from NOAA's High-Resolution Rapid Refresh
(HRRRv3) 3 km product (Benjamin et al., 2016). Average (Ujg) and
standard deviation (o) values were calculated using 27 HRRR grid cells,
including a 3 x 3 box centered on the source and repeated for 3 time-
steps (plume detection time + 1 h), which reflects a spatial and tem-
poral estimate of variance. Additional details on the HRRR data and
variable fields can be found in Appendix A. For this study, emissions
were estimated using winds derived from HRRR, TODWL, and an in situ
anemometer. A description of the average and standard deviation
calculation for each type of wind measurement is provided above for
HRRR, in Section 3.2 for TODWL, and in Section 5.1.2. for the in situ
anemometer.

3. Measuring near-surface winds with airborne Doppler wind
lidar

In 1999, the Office of Naval Research funded the development of an
Airborne Doppler Wind Lidar (ADWL) to be flown on the Naval Post-
graduate School's Twin Otter (Fig. 1b) and referred to as the TODWL.
The TODWL is one of just a few ADWLs available for atmospheric
research in the United States (Emmitt et al., 2005b; Emmitt, 2007).
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While this ADWL was initially developed for marine atmospheric
boundary layer research in support of a space-based Doppler wind lidar
design project, it has since been used for numerous science in-
vestigations of organized large eddies and mass fluxes in the atmo-
spheric boundary layer (Emmitt and O'Handley, 2003; Emmitt et al.,
2005a, 2005b; Emmitt et al., 2015a; Emmitt, 2019), complex flows in
mountainous topography (Greco and Emmitt, 2005; Emmitt et al.,
2014a; Pal et al., 2016; De Wekker et al., 2012), as well as practical
studies such as wing tip vortices (Emmitt et al., 2014b; Emmitt and
O'Handley, 2015), precision airdrops (Emmitt and Greco, 2013; Emmitt
et al., 2015b) and drone energy harvesting (Emmitt et al., 2017). The
Twin Otter is an ideal aircraft for lower tropospheric and near surface
research and usually flies at slow cruise speeds (~50 m s™1) and low
altitudes (~10 m) over the ocean and other bodies of water. This
capability has enabled both remote sensing and in situ sensing of
boundary layer processes.

3.1. TODWL instrument and its precision wind measurements

The TODWL measures the range gated Doppler shift of the back-
scattered return pulse along the laser beam caused by the motion of
aerosols. The TODWL operates at an eye safe wavelength of 2.0 pm with
a low pulse energy of 2.0 mJ at a pulse rate of 500 Hz. It can take
measurements as close as 0.4 km and as far away as 25 km depending
upon the amount and distribution of aerosol backscatter. TODWL uses a
bi-axial scanning cylinder mounted on the right side of the plane
(Fig. 1b). This allows a wide range of viewing angles (+120° in elevation
and 0-60° in azimuth) with the primary restriction being near horizontal
views to the left and right. The scanner rotates at 30° s~ between stare
locations and the scanning pattern is fully programmable during flight.
For this study, the scanner was programmed to stare for 1 s at each of 9
prescribed angles between 0 and 40° azimuth; each scan took 15 s to
complete. Additional details concerning the TODWL instrument and
data processing can be found in Godwin et al. (2012).

Full vector wind profiles are retrieved from line of sight velocity
(VLOS) measurements having multiple perspectives within a volume.
Generally, TODWL uses a conical step-and-stare scan pattern around the
vertical axis with a 20-30° off nadir angle to obtain wind profiles. The
lidar beam is pointed in 12 different directions, thus obtaining a set of
VLOS distributed by height (ranges gates) and angular perspective. A
least square fit to the VLOS at each range gate is then used to obtain wind
vectors at each height level. However, one limitation of the TODWL
receiver is saturation that occurs when a return from the ground or thick
cloud is encountered. In practice, for a 20° off nadir scan, this makes it
impossible to obtain winds below about 150 m above ground level (AGL)
(Godwin et al., 2012). To circumvent this problem, a unique forward
scanning and data processing strategy was developed to allow winds to
be obtained as low as 15-30 m AGL (Section 3.2).

The precision of radial wind measurements obtained with TODWL
during ideal non-turbulent flight is on the order of 0.2 m s! with a bias
of <0.1 ms ! (De Wekker et al., 2012). The precision is determined
primarily by the digitization rate of the returning signal and the fre-
quency resolution of the Fast Fourier Transform. In most TODWL ap-
plications, 25 individual shots (~150 milliseconds, equivalent to ~10 m
of aircraft forward motion) are accumulated to provide enhanced
sensitivity to the aerosol backscattered returns as well as to average out
any jitter due to beam pointing and laser outgoing frequency. These
measurement values have been determined over many campaigns using
ground returns (zero speed calibration) and comparisons with ane-
mometers, dropsondes, and in situ wind sensors on the Twin Otter.

3.2. Scanning and data processing for CHy flights
To obtain winds as close to the ground as practical, a shallow angled

(—8°), forward-looking scan was developed that uses 9 stare points from
0 to 40° azimuth (every 5°) to the right of the flight track. During the
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CHy4 flights, the Twin Otter was typically flying with about +4° of pitch
up; the —8° scan angle yields an effective laser beam line of sight
elevation angle relative to earth of —4°. This geometry routinely ob-
tained VLOS measurements at 30-40 m AGL (occasionally to 15 m
depending on topography and turbulence) and required a relatively low
aircraft flight level about 500 m AGL. ADWLs using the latest technology
would not require such a low flight level to achieve wind measurements
within the lowest 30 m of the boundary layer (see Section 6).

Significant turbulence was encountered within the strongly convec-
tive atmospheric boundary layer during the controlled release flights.
Fig. 2a shows selected Twin Otter attitude parameters for two flights.
One is at higher altitude (1300 m AGL; red curve) and represents more
typical flight conditions marked by slow, low amplitude variations. The
second, from one of the controlled release flights at 500 m AGL (blue
curve), reveals strong flight level turbulence. During many of the
controlled release flight passes it was not uncommon for pitch and roll to
vary by 3-4° and at times up to 8° during a single scan. This turbulence
significantly scattered individual lines of sight within the general target
volume centered on the CHy source. Fig. 2b shows an ideal TODWL 9
point scan (red dots marking locations where the lidar beam intersects
ground) versus an actual scan impacted by turbulence (connected black
dots). In calm conditions, a roughly linear set of observations perpen-
dicular to the flight track would be acquired, nearly centered on the
target and approximately 2.5 km in length. However, the actual ground
intersection points are widely scattered with many terminating in higher
ground SW of the target when the aircraft pitched down. At other times
the aircraft pitched up and individual lines of sight passed well above the
target. As a result, individual 9-point scans rarely yielded enough data
points near the target to produce acceptable wind vectors.

To compensate for the reduced and variable measurement density
caused by turbulence, a binning scheme was developed to aggregate
VLOS measurements from multiple scans during each flight pass. First, a
set of 3-dimensional boxes on a 0.01° horizontal grid (and every 10 m in
the vertical) was centered at and around the target. Then, all the VLOS
measurements that fell within each box were combined, regardless of
timing. These VLOS measurements were used to compute a wind vector
which was assigned to the center of the box. Thus, instead of relying on
only 9 (usually fewer) VLOS values from a single scan, data from any
scan was used in the fitting procedure provided it fell within the target
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box, the total azimuth range was at least 20°, and there were at least 10
measurements available. One consequence of this approach is that the
effective averaging period varies depending on conditions during each
flight pass. For instance, during the controlled release flights the mean
time window was 79 s but ranged from 11 to 148 s.

The best results were obtained using 0.04° boxes that were 20 m
deep, effectively averaging lidar measurements over ~16 km? This
provided enough input measurements (VLOS) to yield good fits while
limiting redundancy/overlap with neighboring grid points. Fig. 2c
shows an example of the data distribution for one flight pass during the
controlled release experiment. All the VLOS measurements within the
20-40 m AGL layer from a single flight pass are plotted together with the
box centered on the controlled release site. It is evident how the data
distribution varies due to aircraft motions; in this example, most of the
available data points in the box are located east of the target site.

Generally, the lowest level at which TODWL winds were available
was 30 m AGL. Since CH4 emission calculations use 10 m winds, the
TODWL wind speeds were adjusted to 10 m using a standard power law
relationship:

Vio = V.(10/2)F 4)

where Vy is velocity (m s~ at 10 m AGL, V, is TODWL wind velocity at
observation level z, z is height of TODWL observation in meters AGL,
and K is an exponent dependent upon atmospheric stability. The value of
K was determined after data collection but prior to data processing. K =
0.143 is a standard value that is used for neutral stability conditions.
However, Newman and Kein (2014) found that for strongly heated late
summer conditions in the U.S. Central Plains, K = 0.1 was more
appropriate. The conditions during the controlled release and the dairy
flights fit this strongly heated environment so we used K = 0.1 for these,
and the more standard K = 0.143 for the Bay area cases which were
more influenced by the marine layer. Use of 0.1 and 0.143 for K results
in a 10.4% and 14.5% reduction of wind speed from 30 to 10 m.

The final TODWL product was a 3-dimensional vector wind field for
each flight pass along with an estimated 10 m wind speed/direction and
standard deviation at each target site. The standard deviation estimates
were computed using the wind vectors at the target site and the 8 sur-
rounding grid points, reflecting an area based estimate of variance over
36 km?. Evaluation of residual ground velocities (ideal value = 0 m s hH

a
(@ 1y orrER ATTITUDE PARAMETERS (b) RED N OTTER SCANPATTERN o | [(€)_samPLE DATA POINTS (2040 M AGL) FOR
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o » AR ] .78 3478
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Fig. 2. Atmospheric turbulence and its impact on TODWL near-surface sample distribution. a) Twin Otter vertical velocity (w), roll and pitch for a normal low-
turbulence flight at 1300 m AGL (red) and a highly turbulent controlled release flight at 500 m AGL (blue). Black vertical bands mark boundaries of 2 represen-
tative 9-point lidar scans. b) TODWL scan pattern. Red dots indicate ground intersection points for an ideal scan while connected black dots show one actual scan
from the controlled release case. ¢) Distribution of all near surface measurements during one controlled release pass. Black dots show all data points within 20-40 m
AGL from multiple scans. For clarity, black dots representing individual scans are not connected. On panels b and c, the blue line is Twin Otter flight track, the plus
sign is the controlled release site. Square on panel c is the 0.04° box centered on the controlled release site. Topography resolution is 50 m (grey shading). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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revealed a + 0.2 m s~ ! bias with a standard deviation of 0.3 m s ! during
the controlled release flights. This indicates that aircraft motions and
turbulence were adequately accounted for during processing. Despite
the turbulence and relatively large averaging region, TODWL winds
were consistent with near surface winds measured by an anemometer
during the controlled release experiment (Section 5.1) as well as with
surface meteorological stations near the other sites (Section 5.2).

Individual flight passes were timed so that AVIRIS-NG and TODWL
were viewing the plumes at essentially the same time. However, the
impact of minor differences in flight timing as well as turbulence meant
that measurements were not precisely contemporaneous. In order to
match AVIRIS-NG and TODWL results, UTC times were extracted for
each AVIRIS-NG plume and TODWL observation for each set of flight
passes. The TODWL 10 m wind speed/direction was reported with a UTC
time that reflects the average time of the individual VLOS measurements
that were used. For the controlled release experiment, the difference
between AVIRIS-NG and TODWL measurements averaged 49.4 s (min-
imum 4.9 and maximum of 125.2 s).

4. Study sites

Coordinated AVIRIS-NG and TODWL flights were performed on 17
Sept. 2018 for a controlled CHy release experiment near Victorville,
California, on 19 Sept. 2018 for dairies in the San Joaquin Valley, as well
as on 20 and 27 Sept. 2018 for a mixture of landfills, refineries, and
wastewater treatment facilities in the San Francisco Bay area.

AVIRIS-NG was flown in a King Air B-200 at a flight altitude of 3 km
AGL, resulting in images with a 1.8 km swath width and 3 m pixel size.
For each target, AVIRIS-NG flew an identical flight line multiple times.
TODWL measurements were acquired using a Twin Otter aircraft at a
flight altitude of 500 m AGL. For the controlled release experiment the
Twin Otter aircraft flew the same heading as the King Air but the flight
line was offset to the port side by several hundred meters given the
TODWL viewing geometry. For the remaining targets, the Twin Otter
aircraft flew different headings than the King Air, but performed mul-
tiple overpasses using the same flight path.

The controlled CHy release experiment was performed at a Pacific
Gas and Electric Company (PG&E) natural gas pipeline junction located
approximately at 34.75°, —117.27° at 763 m MSL (Fig. 3c). PG&E staff
used MERIGAUGE Model 3900 pressure gauges and an American Meter
Series 1800 Worker/Monitor Regulator to control gas pressure as well as
a GE Roots Meter 5M175 to measure the emission rate. During the

Fig. 3. CH,4 controlled release experiment setup. a) 10 m tower. b) Ultrasonic
anemometer. c) Pressure gauges, a regulator, and a flow meter were attached to
a natural gas pipeline which permitted controlled CH,4 releases at 0.75 m
above ground.
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controlled release experiment, the release point was 0.75 m above
ground and the emission rate was adjusted by changing the set point
pressure on the regulator. The emission rate was measured using the
meter, which has a reported accuracy of +2%. Natural gas that was
94.89% CH4 as measured by PG&E resulted in a metered release rate
that began at 47.5 kg CH4 hr! (19:00-20:15 UTC) and was increased to
101.7 kg CHy4 hr! (20:15-21:30 UTC).

A 10 m tower was positioned 26 m from the CHy release point and
equipped with an ultrasonic anemometer (CSAT3, Campbell Scientific)
that provided 10 Hz wind measurements at 10 m above ground level
(Fig. 3a, b). During this period, conditions were marked by clear skies
and strong heating, with temperatures ranging between 32.2 and
35.0 °C with highly variable wind conditions with speeds between 0 and
8 m s~ and spanning all directions (see Fig. 5).

Based on previous CHy4 observations from California Methane Survey
flights, a number of CH4 producing facilities were also flown with
AVIRIS-NG and TODWL. Here we summarize examples from a San
Francisco Bay Area refinery, landfill, wastewater facility, and a dairy
digester near Corcoran, CA. For the refinery, ground based meteoro-
logical measurements (37.953830°, —122.379700°, 2 m elevation) were
provided by the Bay Area Air Quality Management District (BAAQMD).
Publicly available weather station wind data were also used for com-
parison with TODWL results at the refinery, landfill, wastewater facility,
and dairy digester.

5. Results
5.1. Controlled methane release

5.1.1. Methane plume imagery

Plumes of CH4 from the natural gas release were clearly visible at
both the 47.5 and 101.7 kg CH, hr~! emission rates, and plume shapes
agreed well with wind direction and wind speeds. Fig. 4 shows CHy
plumes overlaid on AVIRIS-NG true colour imagery with the controlled
release location in the center of the image. Typically, higher CH,4 en-
hancements are visible at or near the controlled release location with
decreasing concentrations downwind. The grey lines indicate the esti-
mated wind direction derived from plume shape by fitting a line to the
CH4 pixels within each plume. For example, Fig. 4a shows a well-defined
plume for the 47.5 kg CHy4 hr™! emission rate for winds from the
northwest and a 2.4 m s~* wind speed as measured with the anemom-
eter. For the example shown in Fig. 4b for 101.7 kg CHy hr™!, the wind
speed drops to 0.5 m s~ ! resulting in the compact appearance of the
plume. Fig. 4c shows winds from the south (2.9 m s’l) and evidence of
turbulent mixing in the form of eddies downwind of the CHy release for
this 101.7 kg CH4 hr™! example. In contrast, Fig. 4d shows a more
elongated plume consistent with the increased wind speed (3.9 m s™1)
for the same emission rate.

5.1.2. Wind measurements

Fig. 5 shows high resolution (10 Hz) wind speed and direction as
measured by the anemometer (grey), with blue circles and error bars
representing the mean and standard deviation of the 79 s interval
centered on each TODWL observation. Similar values are provided for
TODWL (red); wind direction is from the 30 m observation while the
plotted wind speed is reduced to 10 m using Eq. (4) with K = 0.1. It is
important to note that TODWL is essentially reporting an average value
over a 4 x 4 km box (see Section 3.2), which is a much larger spatial
footprint than the point measurement of the anemometer. Therefore,
while the two should track similarly with time, deviations are to be
expected from pass to pass, especially during times of increased wind
variability. Finally, HRRR wind speeds are shown in green in Fig. 5a
while wind directions estimated from AVIRIS-NG plumes are shown in
Fig. 5b (green). Because HRRR winds are available only at 1-h timesteps,
the average and standard deviation are often identical for successive
plume observations (see Section 2.2). The error bars shown in Fig. 5
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Fig. 5. a) Comparison of wind speed as measured by ultrasonic anemometer
(sonic), TODWL, and HRRR model data during a controlled release experiment.
Grey trace shows raw 10 Hz ultrasonic anemometer data, and coloured points
with associated error bars represent mean and standard deviation of each time-
averaged dataset. Although HRRR winds are hourly, the average HRRR wind
speeds are shown for each of the plume observations to permit direct com-
parison between wind speeds. b) Wind direction measured by ultrasonic
anemometer (sonic), TODWL, and inferred from AVIRIS-NG CH4 plume imag-
ery (see Section 5.1.1). Error bars represent measurement uncertainty based on
different measurement approaches (see Section 2.2 for HRRR, Section 3.2 for
TODWL, and in Section 5.1.2. for ultrasonic anemometer).

represent measurement uncertainty based on different measurement
approaches (see Section 2.2 for HRRR, Section 3.2 for TODWL, and in
Section 5.1.2. for anemometer). Over this period, results from all flights
are shown except at 20.0 UTC due to an AVIRIS-NG instrument artifact
and at 20.5 UTC due to insufficient data coverage (18° azimuth range)
for TODWL.

Prior to 20.0 UTC (Fig. 5) there was good agreement among all

Remote Sensing of Environment 266 (2021) 112681

Fig. 4. AVIRIS-NG CH4 plumes for the controlled
release experiment overlaid on true colour imagery
with shapes influenced by emission rate as well as
wind speed and direction. Grey lines indicate esti-
mated wind direction derived from plume shape as
compared with wind direction measured by the
anemometer (black arrows). The center of the black
circles indicates the location of the release. a) For the
plume observed at 19.06 UTC, anemometer wind
speed was 2.4 + 0.5 m s~ 1. b) 20.32 UTC, 0.5 + 0.3
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measurements, though HRRR wind speed tended to be low. The wind
was generally from the WNW (~300°) with mean speeds of 2.5-4.0 m
s™! and occasional gusts to 6-7 m s~l. After 20.0 UTC, a period of
enhanced variability developed and larger differences were noted
among all measurements. This was especially pronounced between 20.0
and 20.5 UTC when winds became light and variable. For instance, at
20.2 UTC the TODWL wind was 212° at 1.7 m s~! while the anemometer
yielded 280° at 3.4 m s~ 1. During the following pass (20.3 UTC), the
TODWL wind was 160° at 1.9 m s~ while the anemometer showed the
wind becoming nearly calm (341° at 0.5 m s~1), consistent with the
compact appearance of the plume at this time (Fig. 4b).

Another period of enhanced wind variability occurred around 20.8
UTC when the largest wind speed and direction difference was observed
(TODWL 196°, 4.2 m s’l; sonic 15°, 2.3 m sh. Thereafter, all datasets
showed winds shifting to a more southerly direction though at 21.3 UTC
the TODWL showed a temporary shift back to NW winds. Throughout
the period, HRRR winds were nearly constant (1.4-2.4 m s1) and
weaker than observed by both the anemometer and TODWL except
during the nearly calm period around 20.3 UTC. Overall, the mean wind
speeds from anemometer and TODWL were identical (2.9 m s~1) over
the course of the experiment. In contrast, the mean HRRR wind speed
during the flight period was considerably less (2.0 m s 1). Some addi-
tional figures comparing wind speeds from the 3 sources can be found in
Appendix B.

Fig. 6 shows the distribution of TODWL 30 m AGL wind vectors
(speeds have been reduced to 10 m) across the analysis domain for
selected times. The anemometer and plume wind vectors are also shown
near the controlled release point, with an inset image showing the CHy4
plume for each time. For scale, the TODWL analysis box (0.04° square)
centered at the controlled release point is shown outlined in black.
Recall that all the individual VLOS measurements in that box were used
to compute the wind vector at the controlled release site at the center of
the box.

As discussed earlier, prior to 20.0 UTC there was broad WNW flow
across the region, with generally good agreement between TODWL,
anemometer, and AVIRIS-NG plume derived winds. This is
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Fig. 6. TODWL wind vectors for 4 times during the controlled release experiment. Arrows represent winds from TODWL (blue), anemometer (red), and wind di-
rection derived from AVIRIS-NG plume (green). Scale vectors apply to TODWL and anemometer winds; AVIRIS-NG vector represents direction only. Black square
represents TODWL averaging box centered on the controlled release site. Grey contours indicate terrain heights every 50 m (grey shading). The corresponding image
subset that contains the CH4 plume image from AVIRIS-NG is provided in the lower right of each panel. Image subset is about 285 m in width and is centered on
control release site as shown by lines on panel a. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

demonstrated by the TODWL wind vectors at 19.5 UTC (Fig. 6a). The
wind directions all agreed within 20° while wind speeds were also
similar (3.9 m s~} TODWL, 4.2 m s~ anemometer). Even during this
period, TODWL shows fairly significant wind speed variations around
the region.

By 20.2 UTC (Fig. 6b) larger differences were noted. The TODWL
wind vectors indicated the presence of a wind shift in the vicinity of the
release point, with NW (SW) winds to the east (west). The TODWL wind
speed (1.7 m s~) was considerably lower than the anemometer value
(3.4ms . In addition, the wind directions from both the anemometer
and AVIRIS-NG (280° and 250°) were more westerly than TODWL
(212°). These differences are most likely explained by averaging of the
varying wind components within the larger TODWL data box. While this
averaging may be having a negative impact on the wind estimate
compared to the anemometer, TODWL is revealing the presence of
complex flow fields that cannot be identified from a single point mea-
surement, but which could impact plume motion and flux estimates and

provide a measure of confidence in individual overpasses.

Around 21.0 UTC (Fig. 6¢) winds indicated by anemometer and
AVIRIS-NG had shifted to southerly. The TODWL vector field at 21.1
UTC indicates mostly southerly winds in the boxed region, though
elsewhere there are lighter winds with variable directions (mainly to the
east). All measurements are similar at this time, with wind speeds within
0.5 m s~ . Thereafter, near-surface winds remained southerly as indi-
cated by anemometer and AVIRIS-NG (see Fig. 5b), though TODWL
revealed a brief period of stronger WNW winds (3.5 m s~* compared to
2.9 m s! from anemometer) at 30 m AGL at 21.23 UTC (Fig. 6d).

Fig. 7 shows a time-height section of TODWL horizontal wind vectors
over the controlled release site. Through 20.0 UTC, winds were uni-
formly from the WNW at all levels between 2 and 6 m s 1. Thereafter,
winds between 30 and 150 m AGL shifted to southerly and strengthened
between 20.5 and 21.0 UTC. Peak TODWI. winds (8 m s~ ! near 80 m
AGL) were similar to peak 10 m winds observed by the anemometer
around and after 21.0 UTC (Fig. 5a). Note that TODWL 30 m winds
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Fig. 7. Time/height cross section of TODWL horizontal wind vectors (blue)
directly above controlled release site and anemometer 10 m winds (red).
Hatching shows areas with southerly flow component in TODWL data. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

shifted to southerly about an hour before the wind shift was observed by
the anemometer at 10 m. This indicates there is a shallow flow near the
surface that cannot be seen by TODWL in its scanning configuration and
which can explain some of the differences in flux rate estimates at these
times (see Section 5.1.3). After 21.0 UTC, TODWL and anemometer
winds were more similar with both having southerly components. The
exception occurred at 21.2 UTC when the TODWL wind shifted back to
WNW (compare with Fig. 6d). This is another example of a limitation of
the lidar configuration to fully capture near-surface (< 30 m) winds.

Overall, the time series (Fig. 5), horizontal plots (Fig. 6), and time-
height section (Fig. 7) indicate that (1) there was an initial period of
deep homogeneous NW flow in the region, (2) a low-level (below 150 m
AGL) cyclonic trough or gyre moved into the region from the west,
shifting winds to southerly first at 30 m and then at the surface, (3) a
brief pulse of NW winds at 30 m in the TODWL data occurs that does not
reach the surface. While the detailed nature of these flows is beyond the
scope of this investigation, their presence points to the future need to
adjust lidar scanning to obtain data closer to the surface.

5.1.3. Flux calculations

Estimated CH,4 emissions are shown in Fig. 8a, derived using wind
data from HRRR (green), TODWL (red) and the anemometer (blue) for
the two controlled release emission rates (horizontal grey lines). During
the first 5 passes of the low rate period (19.0-19.6 UTC), there is good
agreement between the known emission rate of 47.5 kg CH4 hr ! and the
emissions calculated from all wind estimates. This is consistent with the
relatively stable wind conditions during this time (Fig. 5), which result
in plumes that are closer to steady state conditions, appearing more
linear without eddies or plume rotations in downwind portions of the
plumes (Figs. 4a, 6a). Both anemometer and TODWL estimates appear to
have a small positive bias whereas HRRR estimates are close to the
actual release rate. There is some enhanced variability during the final 2
passes, when the anemometer flux estimates were elevated compared to
TODWL.

During the high rate period after 20.2 UTC, wind speed and direction
were highly variable (0-8 m s}, 0-360°). This results in plumes that are
often appear less linear with eddies and plume rotations (Figs. 4c, 6b, d).

Remote Sensing of Environment 266 (2021) 112681

a)
250+ 1 |——475kgCH, hr'
w2001 1 |——101.7kg CH, hr"
" —
L 1901 ; } % || g veen
S 100 3 ¢4 (10m, 3 hr)
2 50 é } § § 3 %4 i Sonic
3 (10 m, 79 sec)
0 ! I 3 TODWL
19 19.5 20 20.5 21 215 (10 m, 79 sec)
g0
< ° e Total
< ° o IME/F
>60
£ . . . , ToDwL
@ 40 . . . (10 m, 79 sec)
3 . o 3 o o
5 s . ] . o '® ]
x20F ° e o ¢ H
S o o . . s ° .
I 0 1 1 L L L
19 195 20 20.5 21 215
Time (UTC)

Fig. 8. a) AVIRIS-NG CH,4 emission rates derived using TODWL, ultrasonic
anemometer (sonic), and HRRR reanalysis wind data. The two known
controlled release emission rates are plotted as horizontal grey lines for 47.5
and 101.7 kg CH, hr'. Error bars represent measurement uncertainty based on
different measurement approaches (see Section 2.2 for HRRR, Section 3.2 for
TODWL, and in Section 5.1.2. for ultrasonic anemometer). b) Flux uncertainty
budget including uncertainties in the IME/r calculated from the AVIRIS-NG
plume imagery and TODWL wind speeds, that are combined as the summa-
tion in quadrature (Section 2.2).

Not surprisingly, there is considerably more variation in the estimated
emission rates during this period between the measurement systems. At
20.3 UTC, all the emission rate estimates are low. Low wind speed (0.5
+ 0.3 m s~!, anemometer) combined with rapidly shifting wind di-
rections (0-360°) immediately prior (Fig. 5b) could explain the under-
estimate. Fig. 4b for the 20.3 UTC plume is consistent with these
conditions, exhibiting a compact appearance with evidence of rotation
immediately prior to the AVIRIS-NG acquisition. Further, the emission
rate was adjusted by PG&E staff immediately prior to 20.3 UTC and it is
possible that the observed plume more closely reflected the lower
emission rate. For the remaining examples there is significantly more
variability (Fig. 8a, Table 1) during a period of enhanced wind vari-
ability (Figs. 5, 6, and 7). Emission rates calculated using HRRR winds
generally underestimate the flux rate especially near the end of the day.
Additional plots comparing flux estimates from the 3 sources can be
found in Appendix B.

Fig. 8b shows the uncertainty components associated with the
emission estimates using the TODWL wind speeds (Section 2.2). Un-
certainties associated with the IME/r calculation (grey points) typically
range between 10 and 25% with a few outliers up to 33%. As described
in Section 2.2, this uncertainty represents variability in the integrated
mass enhancement (IME) as calculated by a series of expanding circles
centered on the plume origin. The TODWL uncertainties were larger
(typically 12-42% with outliers up to 69%). These uncertainties are
combined as the summation in quadrature (Section 2.2), resulting in
total uncertainties that range between 20 and 48% with a few outliers up
to 73%. Referring to Eq. (3) for the 20.2 UTC example, the average
TODWL wind speed (Ujg) is low (1.7 m s~ relative to the 1.2 m s !
standard deviation (oy), resulting in a TODWL uncertainty of 70% and
the largest emission uncertainty (73%). This is consistent with the
presence of a wind shift which introduces uncertainty into the TODWL
wind estimate (see Fig. 6b). In contrast, at 20.9 UTC the TODWL wind
speed is high (4.2 m s 1) with a 0.5 m s~ ! standard deviation, which
results in a smaller TODWL uncertainty (13%) and total uncertainty
(20%).

The large variability in calculated flux rates, especially during the
high release rate period, suggests that averaging over multiple flight
passes could lead to improved estimates for a given source. Fig. 9a shows
average fluxes for the two release rates for the anemometer (blue), the
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Table 1
Mean wind speeds, flux rates and standard deviations for the three wind sources for the low and high release rate periods of the controlled release experiment.
Source Low rate average and standard Low rate (47.5 Low rate High rate average and standard High rate (101.7 High rate
deviation wind speed (m s kg CHy hrl) uncertainty (%) deviation wind speed (m sh kg CH4 hr'!) uncertainty (%)
TODWL 2.97 £0.79 62.5 £ 15.0 24% 2.86 £1.21 107.5 £+ 52.2 49%
Anemometer  3.29 + 0.58 73.1 +£27.5 38% 2.51 +£1.05 99.6 + 53.9 54%
HRRR 2.29 £0.27 50.7 £17.6 35% 1.81 +£0.25 70.2 +£ 25.7 37%

Uncertainty ranges reflect the combined uncertainties associated with the IME/r calculation and wind measurements (see Eq. (3)). Wind uncertainty calculations are
described in Section 2.2 for HRRR, Section 3.2 for TODWL, and Section 5.1.2. for anemometer.
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Fig. 9. a) AVIRIS-NG CH,4 emission rates estimated using ultrasonic anemom-
eter (sonic), TODWL, and HRRR reanalysis data for controlled emission rate of
47.5 kg CH4 hr! (before 20.2 UTC) and 101.7 kg CH4 hr?! (after 20.2 UTC) as
shown by horizontal grey lines. Boxes denote average values and error bars
indicate standard deviation. b) Emission rates derived using reduced time
windows for averaging ultrasonic anemometer (sonic) observations, showing
modest improvement in accuracy for the low flux example.

TODWL (red), and HRRR results (green). During the period of the low
release rate, the HRRR mean flux (50.7 + 17.6 kg CH4 hr™1) was very
close to the actual rate, while anemometer and TODWL were high by
54% and 32%, respectively (Table 1). In contrast, during the high
release rate period when observed winds varied considerably, both
anemometer and TODWL mean fluxes were within 6% of the known
rate. The HRRR results were significantly underestimated (70.2 + 25.7
kg CH4 hr™!, 30% lower) and consistent with the tendency for HRRR
winds to be too slow (Fig. 5a). This is also consistent with a previous
study that reported HRRR wind estimates were 50% lower on average
than the National Weather Service 5 min observations (Duren et al.,
2019). As shown in Table 1, the average emission rate uncertainty
ranged from 24 to 49% for TOWDL, 38-54% for the anemometer, and
35-37% for HRRR. The TODWL emission rate uncertainties are similar
to the 30% mean uncertainty reported in a previous study using HRRR
winds only (Duren et al., 2019).

Given the variable wind speeds during the entire controlled release
experiment (Fig. 5a), the interval over which anemometer measure-
ments were averaged was adjusted to assess the effect on the average
emission rates. The resulting average emission rates are plotted in
Fig. 9b using the original 79 s interval as well as 60, 30, 15, and 5 s. For
the low flux example, reductions in the interval resulted in modest im-
provements, however, results remained similar for the high flux
example. Given differences between AVIRIS-NG and TODWL observa-
tion times (Section 3.2), additional results obtained using AVIRIS-NG
observation times are provided in Appendix C.

5.2. Energy, waste management, and dairy sector examples

For the San Francisco Bay Area refinery, landfill, wastewater facility,
and San Joaquin Valley dairy digester, CH4 plumes were visible and

consistent with TODWL wind measurements. Overall, these examples
demonstrate dynamic wind conditions, the impact of local terrain on
surface winds, and the ability of TODWL to accurately capture wind
conditions consistent with both the AVIRIS-NG plume shapes as well as
nearby meteorological stations. Details for these cases, including maps
of wind fields, can be found in Appendix D.

Table 2 summarizes the mean emission rate estimates for each
location. At the refinery, emission rate estimates were very similar using
winds from HRRR and a nearby meteorological tower. TODWL winds for
this case provided estimates that were approximately 20% lower. At the
landfill and wastewater plants, which were located within 3 km of each
other, the TODWL estimate was again lower than HRRR by 22%. The
dairy case featured the lowest emission rates and here TODWL was
almost 50% higher than HRRR. In this instance, TODWL wind speeds
were higher than HRRR but were similar to winds measured at the
surrounding meteorological stations, the closest of which was 10 km. It
is also worth noting that at the dairy, the size of the plumes varied
considerably between flight passes. This suggests a variable emission
rate of the source, underlying the need for multiple observations to
constrain estimates.

6. Discussion and conclusion

Accurate wind speeds are critical to estimating emissions and pre-
vious studies indicate that considerable uncertainties in wind speed
propagate into emission rates (Varon et al., 2018, 2019; Jongaramrun-
gruang et al., 2019; Duren et al., 2019). HRRR wind speeds have limited
temporal and spatial resolution, meteorological station wind data are of
variable quality and are often not available near observed plumes, and
the use of anemometers is impractical for AVIRIS-NG flight campaigns
with daily coverage of thousands of square kilometers. Given these
limitations, this study focused on the use of TODWL to measure near
surface winds and provide coincident measurements to CH4 plumes
observed with AVIRIS-NG.

The controlled release experiment provided the best opportunity to
evaluate TODWL wind measurements against in situ anemometer
readings and HRRR modelled winds. During the experiment, conditions
were challenging given highly variable wind speeds (0-8 m s™!) and
directions (0-360°) along with extreme flight level instability. Despite
this, TODWL measurements generally agreed well with the anemometer
data (Fig. 5), with both yielding a mean wind speed of 2.9 m s~ aver-
aged over the flight period. Wind directions inferred from AVIRIS-NG

Table 2
Estimated mean CH4 emissions (kg CH,4 hr 1) from HRRR and TODWL for four
CH,4 sources.

Source Refinery Landfill Wastewater Dairy
Plant

HRRR 445.6 + 3198.9 + 836.3 + 293.2 132.5 +
134.4 1297.6 22.2

TODWL 353.7 + 2418.7 + 671.3 £ 235.3 196.3 +
129.7 910.4 47.0

BAAQMD 446.2 +

tower 121.8

Percentage differences mentioned in text are relative to HRRR values.
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plume shapes were consistent with the anemometer, but in some cases
did not agree with the TODWL measurements. Differences between
TODWL and anemometer wind measurements and AVIRIS-NG plume
shapes could largely be explained by (1) the spatial (16 km?) and tem-
poral averaging inherent in the TODWL measurements and (2) instru-
ment limitations that prevented measurements below 30 m AGL. The
inability to obtain TODWL winds below 30 m and the unknown height of
the methane plume were two of the most significant limitations of the
present study. This was especially evident during the second half of the
experiment when there were significant differences at times in the 10 m
wind directions from anemometer and those observed by TODWL at 30
m. The presence of small scale rapidly shifting wind conditions was also
evidenced by cyclonic curvature and plume rotations in the AVIRIS-NG
imagery (Figs. 4 and 6).

Emission rates and uncertainties were estimated using HRRR,
anemometer, and TODWL wind speeds for each flight pass (Fig. 8) and
average emission rates were calculated for the 47.5 and 101.7 kg CHy4
hr ! flux periods (Fig. 9a and Table 1). Overall, there was better
agreement between flight passes for the metered rate of 47.5 kg CHy
hr~! before 20.0 UTC when wind conditions were stable and closer to
steady state, resulting in plumes that typically appeared more linear.
During the low flux period, both anemometer and TODWL over-
estimated emissions but the known emission rate falls within the error
bars for each (Fig. 9a). After 20.0 UTC, wind speeds and directions
became highly variable, resulting in plumes that often appeared less
linear with eddies and plume rotations (Figs. 4, 6). This led to greater
disagreement between flight passes for the metered rate of 101.7 kg CHy4
hr~!. Despite the increased pass-to-pass variability during the high flux
period, mean TODWL and anemometer flux estimates were very close
(within 6%) to the true rate while HRRR results tended to be signifi-
cantly lower (with the known rate outside of the error bars). The higher
emission rate typically led to longer plumes (99 m average) compared to
the low emission rate (49 m average). For the higher emission rate, the
longer plumes could have downwind portions rising to a greater height,
which could explain why the TODWL and anemometer 10 m wind
speeds resulted in improved estimates. In contrast, during the low rate
period plumes might remain closer to the ground, in which case the 10 m
winds could over-estimate emission rates.

Significant outliers were present during both periods (Fig. 8); for
example, the anemometer flux estimate at 19.8 UTC and the TODWL
estimate at 20.9 UTC over-estimated the known release rate by 156%
and 98%, respectively. In contrast, at 20.3 UTC all the emission esti-
mates were low, especially that based on the anemometer which was
83% below the true metered rate. Overall, there were larger pass-to-pass
fluctuations in emission estimates during the high rate period when
winds were more variable. Calculated flux rate uncertainties increased
from 24% to 49% using anemometer winds, and from 38% to 54% using
TODWL winds. Despite the fluctuations, the mean flux estimates over
the 7 high rate passes, from both TODWL and anemometer, were very
close to the metered rate. This indicates the need for multiple observa-
tions to capture the emission variability and reduce the uncertainty of
the average emission profile rather than relying on a single observation
that can be highly uncertain, especially when wind fields are complex
and variable.

Beyond the controlled release experiment, CH4 plumes were visible
and indicated wind conditions consistent with TODWL wind measure-
ments at a San Francisco Bay Area refinery, landfill, wastewater facility,
and San Joaquin Valley dairy digester. Furthermore, TODWL winds
tended to agree well with meteorological station data for these exam-
ples. It is worth noting that in some cases, the closest meteorological
station was around 10 km from the observed CH4 plume. At times,
TODWL revealed large-scale homogeneous wind fields (mainly at the
dairy and landfill/wastewater sites) and in these cases, use of a distant
meteorological station might be justified. However, at the controlled
release site and the refinery (the latter featuring complex coastal
terrain), small scale or rapidly changing wind fields were identified.
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These cases underscore the potential benefits of using TODWL wind
measurements to improve emission estimates. Given the temporal
shortcomings of modelled wind datasets like HRRR and the sparsity of
meteorological stations, the ability to measure near surface winds
directly using an airborne Doppler wind lidar offers the potential to
improve emission estimates of CH4 point sources observed with AVIRIS-
NG.

In this study, AVIRIS-NG and TODWL were hosted on different
aircraft, resulting in measurements that were not acquired at exactly the
same time. For example, the average time difference between AVIRIS-
NG and TODWL measurements for the controlled release experiment
was 49.4 s. Furthermore, TODWL wind retrievals were typically closer to
30 m above the ground, requiring a power law adjustment to permit
direct comparisons with 10 m anemometer wind measurements. Future
studies could incorporate additional anemometer measurements at
multiple locations and heights above ground, ideally as high as 30 m, to
better define near-surface winds and permit direct comparison to
TODWL wind retrievals. In addition, the use of a broader range of
controlled release emission rates would permit a better assessment of the
accuracy of estimated emission rates. Finally, given the controlled
release experiment occurred under challenging conditions characterized
by strong heating and turbulence, future experiments should explore
performance under different conditions, including different times of day
and during periods characterized by less variable wind. Ideally, addi-
tional studies would also be performed in an environment with higher
wind speeds (5-10 m s’l) which would enable more statistically sig-
nificant comparisons between the ground-based and airborne wind
speeds and flux estimates.

Over the 15 years since TODWL was built there have been significant
advances in Doppler wind lidar technology including reductions in size,
weight, and power. Currently available state of the art Doppler wind
lidars can retrieve winds below 30 m AGL using a nadir viewing ge-
ometry for an aircraft flying at altitudes greater than 500 m (e.g. 3-10
km). Therefore, an airborne wind lidar system and imaging spectrom-
eter could be co-manifested on one aircraft flying well above the tur-
bulent boundary layer to provide wind measurements with improved
spatial and temporal overlap with observed CH4 plumes. This would
likely lower the operational costs to utilize an imaging spectrometer in
conjunction with a wind lidar system and further reduce uncertainty of
the CH4 emission estimates by ensuring concurrent measurements. In
addition, an airborne Doppler wind lidar can be used to map complex
wind fields and identify conditions when emission estimates are likely to
be more uncertain in real time. When complex or variable wind fields
are identified, additional flight passes could be acquired to help reduce
emission rate uncertainty at a given site. This could be particularly
important for plumes from different emission sectors that are often
highly intermittent (Duren et al., 2019) or have highly variable plume
shapes and emission rates (Figs. 4, 6) as well as sites located in complex
terrain or near coastlines where highly variable wind fields could be
expected.
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Appendix A. HRRR winds

U10 (zonal wind speed 10 m above ground) and V10 (meridional wind speed 10 m above ground) meteorological fields in the High Resolution
Rapid Refresh (HRRR; Dowell, 2020) model of the National Oceanic and Atmospheric Administration (NOAA) were used to compute wind speed at
plume location. Windspeed from U10 and V10 meteorological fields can be computed as:

WS = \/U10* + V10?2 5)

where WS stands for windspeed. As U10 and V10 meteorological fields do not provide uncertainty estimates, variability in these fields was used to
represent uncertainty. Mean and standard deviation (SD) of windspeed was calculated by using the 9 nearest grid cells to the plume location for the
nearest hour and £+ 1 h.

Appendix B. Comparison of wind measurements and flux estimates

Direct comparison of individual wind measurements from the anemometer, TODWL, and HRRR is complicated by the differences in how these
winds are derived and what they represent. The anemometer is a continuous point measurement while each TODWL wind vector represents an average
or integration of individual line of sight velocity measurements obtained within a 16 km? (and 20 m deep) box. Under extremely specific conditions,
such as a very homogeneous wind field, the two measurements should be very similar. However, when there is wind variability within the sampled
region, an individual TODWL wind speed should not be expected to replicate an anemometer wind speed.

That said, over multiple passes, the differences should largely average out unless there is a persistent wind anomaly somewhere in the sampled
region. This was observed over the 14 controlled release passes, where the anemometer and TODWL yielded the same mean wind speed (2.9 m s 1).
For the low and high emission rate period there were some differences in the means - during the low rate the mean wind speeds were 3.29 m s~ " for
anemometer and 2.97 m s~! for TODWL, while for the high rate period the means were 2.51 m s~! for anemometer and 2.86 m s ! for TODWL. These
differences are still fairly small, on the order of 10-15%.

With these caveats in mind, in this section additional comparisons between individual wind measurements from the various sources are presented.
Fig. B1 compares TODWL wind speeds to wind speeds measured from the anemometer and meteorological stations. Panel a shows the 14 cases from
the controlled release flights while panel b adds additional comparisons from the other study sites that were flown (these were comparisons between
TODWL and the nearest meteorological station). The plots reveal a fair amount of scatter but no evidence of an overall bias — the data points are
roughly evenly distributed around the y = x line. Furthermore, as discussed previously, the mean wind speeds from the TODWL and the anemometer
are the same over the 2.5 h controlled release experiment. Two linear fits are included on the plots - standard ordinary least squares (OLS, dashed) and
model 2 (thick solid) least squares which minimizes the orthogonal distances to each data point. The OLS fits suggest a significant deviation from y = x
(slopes from 0.32 to 0.42) while the model 2 fits have slopes closer to 1 (0.79 and 1.22). RMSE values from both fits are similar. These fits should be
viewed with caution due to the low number of data points (14 and 29) and the limited range of wind speeds sampled during the flights. However, it is
worth noting that the inclusion of the additional meteorological stations in panel b does slightly improve the quality of the fit, which suggests
additional measurements over a wider range of wind speeds should lead to further improvements and increased confidence in the applicability of
TODWL winds.
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Fig. B1. Comparison of wind speed measurements from TODWL, the anemometer, and meteorological stations. a) TODWL wind speed versus ultrasonic anemometer
(sonic) wind speed for the 14 controlled release cases. Blue markers indicate data from low emission rate period; red markers indicate data from high rate period.
Large diamond marks dataset mean. Ordinary least squares fit (OLS; y = 0.32x + 1.97, RMSE = 0.85 m s~ 1) shown as heavy dashed line; model 2 fit (y = 0.79x +
0.59, RMSE = 0.79 m s~!) shown as thick solid line. Thin black line represents y = x. b) As in a but with data from the non-controlled release cases (meteorological
stations, black circles) included. Ordinary least squares fit: y = 0.42x + 1.62, RMSE = 0.81 m s~ !; model 2 fit: y = 1.22x-0.65, RMSE = 0.66 m s~ '. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. B2 shows scatter plots for HRRR wind speed versus (a) the anemometer and (b) TODWL for the controlled release case. The HRRR winds are
obviously clustered indicating a significant low bias against both anemometer and TODWL. Comparison to Fig. B1 shows that for this sample, the
TODWL and anemometer winds are more consistent with each other while HRRR winds show little relation to either anemometer or TODWL. This
supports the conclusion that targeted TODWL winds should provide improved wind speed estimates compared to HRRR. However, our ability to draw
statistically significant conclusions is limited by the extremely small range of winds speeds available from the HRRR in these cases.
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Fig. B2. Comparison of wind speeds for the controlled release case. a) HRRR versus ultrasonic anemometer (sonic) b) HRRR versus TODWL. Blue markers indicate
data from low emission rate period; red markers indicate data from high rate period. Large diamond marks dataset mean. Thin solid line represents y = x. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. B3 shows scatterplots for emission rate estimates for TODWL versus anemometer and TODWL vs HRRR for the controlled release case. Once
again, despite the scatter, there is little evidence of bias in the TODWL/anemometer flux estimates. In comparison, the HRRR flux estimates are
strongly low-biased. Interestingly, the fit lines in panel a suggests a better relationship between anemometer and TODWL flux estimates than what was
found for the wind speeds alone. Again, though, it is difficult to draw substantive conclusions given that only two release rates were sampled.
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Fig. B3. Scatterplots of TODWL flux estimates versus a) ultrasonic anemometer (sonic) and b) HRRR for the controlled release case. Blue markers indicate data from
low emission rate period; red markers indicate data from high rate period. Large diamond marks dataset mean. Fit lines as in Fig. B1. For panel a, ordinary least
squares fity = 0.60x + 35.2 with RMSE = 35.9, model 2 fity = 0.99x + 2.26 with RMSE = 28.5. For panel b, ordinary least squares fit y = 0.22x + 41.9 with RMSE
= 22.3, model 2 fit y = 0.28x + 36.4 with RMSE = 21.6 Flux units: kg CH, hr™!. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Overall, the ability to determine correlations/fits between various wind and flux estimates is limited by the relatively low number of observations
as well as the limited range of measured wind speeds. Most measurements from the anemometer and TODWL fell between 1.5 and 4.5 m s~* while
HRRR wind speeds were even more limited in range. In order to demonstrate a statistically significant relationship, additional measurements over a
wider range of wind speeds (as well as emission rates) would be required.

Appendix C. Emission estimates using times derived from AVIRIS-NG plumes

Differences between AVIRIS-NG and TODWL observation times were discussed in Section 3.2. Below, emission estimates are presented using the
AVIRIS-NG observation times. These results appear similar to those obtained using TODWL observation times (see Figs. 8, 9 in Section 5.1.3).
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Fig. C1. AVIRIS-NG CH4 emission rates derived using TODWL, ultrasonic anemometer (sonic), and HRRR reanalysis wind data for AVIRIS-NG observation times.
Two known controlled release emission rates are plotted as horizontal grey lines for 47.5 and 101.7 kg CH4 hr ™.

T T

-1
200 + | |——47.46 kg CH4 hr

——101.69 kg CH, hr!

I Sonic (10 m, 79 sec)
I TODWL (10 m, 79 sec)
I HRRR (10 m, 3 hr)

-
(6)
(@)

kg CH44 hr'1
o
o

(o)
o

0

Low flux High flux

Fig. C2. AVIRIS-NG CH4 emission rates estimated using ultrasonic anemometer (sonic), TODWL, and HRRR reanalysis data for AVIRIS-NG observation times.
Controlled emission rate of 47.5 kg CH, hr™! (before 20.2 UTC) and 101.7 kg CH, hr™! (after 20.2 UTC) as shown by horizontal grey lines). Boxes denote average
values and error bars indicate standard deviation.
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Appendix D. Refinery, landfill, wastewater facility, and dairy digester examples

Fig. D1 shows the second pass at the refinery on 20 Sept. with an observed CHy4 plume originating from a hydrogen plant (Guha et al., 2020). Wind
speeds from HRRR and the BAAQMD tower were nearly identical at 3.3 to 3.4 m s~ *. The TODWL wind during pass 2 was similar (3.4 m s*) but was
much lower during pass 1 (1.5 m s™1). As a result, while mean emission rate estimates from HRRR and BAAQMD were nearly identical, TODWL was
about 20% lower (Table 2). TODWL wind directions were generally consistent with nearby stations and captured both the SSE winds over water west
of the refinery and the turn to SW over land. The one area of disagreement was at Richmond (point ¢), which reported winds from the SE while TODWL
was showing SW. This could reflect a shallow/localized terrain-based flow that was not resolvable by TODWL. The AVIRIS-NG plumes showed SSW
winds with variations in plume shape and direction similar to those seen in the controlled release case. This indicates the dynamic nature of these
emissions and the impact of variable wind conditions on plume appearance.

a) AVIRIS-NG, 20.25 UTC b) TODWL
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Fig. D1. a) AVIRIS-NG CH4 plume overlaid on true colour imagery for a San Francisco Bay area refinery for 20.3 UTC 20 Sept. 2018. White line indicates estimated
wind direction (207°) derived from plume shape. b) TODWL near surface wind field for the same time. Wind vectors for TODWL (blue) and meteorological stations
(red). Grey contours show terrain every 20 m; white areas indicate water. Black circle marks refinery site. Meteorological station locations indicated for BAAQMD 2
m tower (A), San Pablo (B), Richmond (C), and Point Potrero (D). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Both plumes shown in Fig. D2 for 27 Sept. 2018 indicate a consistent westerly wind direction (275-279°) at the San Francisco Bay Area landfill and
wastewater facility sites, which are located only 3 km apart. TODWL showed relatively homogeneous WNW flow (290-308°) across the entire region
with speeds ranging between 2.5 and 3.5 m s~ !, somewhat lighter than HRRR (3.4-4.5 m s~!). There were no meteorological stations in the analysis
domain; the closest station was San Jose International Airport 8 km to the southeast which reported NW winds (320-330°) at 3.1-3.6 m s L At
Mountain View, the winds were more northerly (350°) and a little stronger (3.6-4.1 m s~1). Fremont winds were more westerly and weaker, but this
site was higher (180 m compared to an average 6 m elevation for the landfill and wastewater facility) and likely not representative of the conditions
around the emission sites. The resulting emission rate estimates from HRRR and TODWL were within 20-25% of each other with TODWL being lower
(Table 2).
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Fig. D2. a) AVIRIS-NG CH,4 plume overlaid on true colour imagery for 27 Sept. 2018 at San Francisco Bay Area wastewater treatment facility. White line indicates
estimated wind direction derived from plume shape (279°). b) Same as panel a except for landfill plume. Inferred wind direction (276°) is consistent with winds
measured from TODWL and meteorological stations. ¢, d) TODWL near surface wind fields associated with each plume example. Wind vectors for TODWL (blue) and
meteorological stations (red). Grey contours show terrain every 20 m with white areas indicating water. Black circles indicate location of landfill (northeastern site)
and wastewater treatment plant. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

There were three observations on 19 Sept. 2018 for the dairy digester and one example is shown in Fig. D3. TODWL indicated NNW flow across the
region which was consistent with the observed plumes and measurements from the nearest meteorological station (Corcoran at 10 km distance).

a) AVIRIS-NG, 18.43 UTC b) TODWL
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Fig. D3. a) AVIRIS-NG CH4 plume overlaid on true colour imagery for dairy waste digester near Corcoran, CA at 18.4 UTC on 19 Sept. 2018. White lines indicating
estimated wind direction (331°) derived from plume shape consistent with winds measured from TODWL and meteorological stations. b) TODWL wind vector field
for the same time. TODWL vectors in blue, meteorological station in red. Grey contours show terrain every 4 m. Circle indicates location of dairy. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

For this case, TODWL showed 347° versus 331° from the AVIRIS-NG plume, while at 18.8 UTC (not shown) winds direction was 332.5° from
TODWL and 328.9° as inferred from the plume. TODWL wind speeds during the 3 passes ranged from 2.6 to 3.6 m s~ !, which were stronger than the
HRRR winds (2.2 m s~ 1) but in line with surrounding meteorological stations which ranged from 1.3 to 4.2 m s~ *. This case featured the lowest mean
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emission rates as well as the largest difference between TODWL and HRRR (46%). It is worth noting the size of the plumes are considerably different
between flight passes (not shown). This suggests a variable emission rate of the source, underlying the need for multiple observations to constrain

estimates.
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