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Abstract

Mapping and quantifying methane emissions from local sources using airborne imaging
spectrometers

by Andrew Kenji Thorpe

Most of the existing techniques for detecting, quantifying, and attributing point source
emissions of methane (CHy) have relied on ground-based measurements. These methods are
limited either by their spatial resolution or temporal coverage, which makes identifying the
location of individual sources challenging. By combining large image footprints and fine spa-
tial resolution, airborne imaging spectrometers offer the potential to permit direct attribution
of emissions to individual point sources.

This dissertation explores the potential of using imaging spectrometers like the Airborne
Visible/Infrared Imaging Spectrometer (AVIRIS) and the next generation sensor (AVIRIS-NG)
for high resolution mapping of emissions and quantification of CHy concentrations present
within scenes. To do so, non-quantitative filtering methods and quantitative CHy retrievals
were adapted for use with AVIRIS and AVIRIS-NG scenes over both marine and terrestrial
environments. These techniques were applied to scenes acquired at natural marine CHy seeps
(Coal Oil Point, COP) and for natural and anthropogenic sources in the Los Angeles Basin.
At these locations, distinct plumes consistent with local wind direction were observed. As

part of this study, I developed methods of reducing noise and false positives in results.

xii



As part of a controlled release experiment, AVIRIS-NG was flown at multiple flight alti-
tudes and CHy flux rates to determine its sensitivity for CH4 detection. From these results, de-
tection rates were calculated for multiple flux rates and indicate a detection threshold around
3.4 m3/h (0.02 kt/year). Given this threshold, AVIRIS-NG has the potential to detect a num-
ber of fugitive CH, source categories for natural gas fields. Ongoing analysis of AVIRIS-NG
scenes over oil and gas fields indicates multiple CH4 plumes, further emphasizing the utility

of imaging spectrometers for direct attribution of CH4 emissions.
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Chapter 1

Introduction

1.1 Motivation and summary of chapters

Methane (CHy) is a long-lived greenhouse gas that contributes approximately one third
the radiative forcing of carbon dioxide (CO,) (Butler 2012). CH4 concentrations are currently
increasing (Nisbet et al. 2014), there is considerable uncertainty in the global CH, budget
(Kirschke et al. 2013), and emission estimates for individual source categories can vary by as
much as a factor of two (Dlugokencky et al. 2011).

Existing spaceborne spectrometers provide an effective means of detecting continental
scale variation in CH, concentrations, however, they lack the fine spatial resolution needed
to detect near-surface emissions. In contrast, local emission monitoring often relies upon
ground-based measurements at fixed sites with limited spatial coverage. By combining large
image footprints and fine spatial resolution, airborne imaging spectrometers offer the poten-
tial to permit direct attribution of emissions to individual point sources.

This dissertation explores the use of imaging spectrometers like the Airborne Visi-
ble/Infrared Imaging Spectrometer (AVIRIS) and the next generation sensor (AVIRIS-NG)

for high resolution mapping of emissions and quantification of CHy concentrations present



within scenes. In addition, I examine the CHy sensitivity of the AVIRIS-NG instrument and
the possibility of using CH, retrievals to place constraints on emission fluxes.

In Chapter 2, I use AVIRIS data and the non-quantitative Cluster-Tuned Matched Filter
(CTMF) (Funk et al. 2001) for high resolution mapping of CH, anomalies from marine and
terrestrial sources. Distinct plumes consistent with local wind direction were observed for
the Coal Oil Point (COP) marine seep field and downwind of hydrocarbon storage tanks at the
Inglewood Oilfield in Los Angeles, CA. As part of this study, I develop a method of reducing
noise and false positives based on segmentation of CTMF results and the spectral properties
of the underlying surface over the full spectral range measured by AVIRIS.

I focus on quantification of CHy concentrations and uncertainty estimation in Chapter 3
by adapting an iterative maximum a posteriori differential optical absorption spectroscopy
(IMAP-DOAS) (Frankenberg et al. 2005) algorithm for use with AVIRIS. In addition, I develop
a hybrid approach using Singular Value Decomposition (SVD) and IMAP-DOAS as a com-
plementary method of quantifying gas concentrations within complex AVIRIS scenes. I use
the same study sites to test both algorithms and perform a sensitivity study to estimate the
precision error of the IMAP-DOAS retrieval algorithm and the expected CHy sensitivities of
AVIRIS and AVIRIS-NG.

Chapter 4 builds upon the previous research to better understand the ability of AVIRIS-NG
to detect and quantify CH4 emissions using a controlled CH, release experiment with AVIRIS-
NG overflights. This study determines which flux rates can be observed using both the non-
quantitative CTMF algorithm and the quantitative hybrid retrieval using IMAP-DOAS and

SVD. In some cases plumes were detected as low as 3.40 m3/h (0.02 kt/year), indicating that



AVIRIS-NG has the capability of detecting a number of fugitive CH, source categories for
natural gas fields.

Finally, additional material is provided in the appendix showing the potential for detecting
carbon dioxide (CO,) and nitrous oxide (N,O) using AVIRIS-like sensors. Gas anomalies were
observed at a natural gas-fired power plant (CO,), flaring stack (CHy), and at the Hyperion

wastewater treatment facility in Los Angeles, CA (N,O and CHy).

1.2 Atmospheric methane

Atmospheric CHy absorbs incoming shortwave solar radiation and causes greenhouse
warming by absorbing outwelling longwave radiation from the Earth. The contribution of
CHy to the global energy budget is often quantified using the concept of radiative forcing,
the change in energy flux (watts per square meter, W m~2) over the period from the start of
the industrial era (about 1750) to present (IPCC 2013). The direct radiative forcing of CHy
from 1750 to 2011 is estimated to be 0.48 W m~2 (Myhre et al. 2013). However, CH4 causes an
additional 0.51 W m~2 of indirect radiative forcing through the formation of absorbing gasses
like water vapor (H,0) and ozone (O3), and increased warming as a result of reductions in
hydroxol radicals (OH) that decreases sulfate aerosol production (Shindell et al. 2009). This
results in a total radiative forcing for direct and indirect effects of 0.99 W m~2? compared with
to 1.6 W m~2 for CO, (Shindell et al. 2009). In addition, CH, is more effective than CO, at
trapping radiant energy on a molecular basis and has a global warming potential 86 times
that of CO, for a 20 year time interval (Myhre et al. 2013).

In the Archean (4.0-2.5 billion years ago), atmospheric CHy originated from methanogens,

anaerobic bacteria that generate CH,4 as a metabolic byproduct. Methanogens present in wet-



lands and oceans have remained an important contributor to atmospheric CHy in addition
to termites, wild ruminants, and geological seeps. Prior to the start of the industrial era,
sources of CHy resulting from human activity included domestic ruminants, rice agriculture,
and biomass burning. At present, approximately 90% of CH, destruction is due to OH oxida-
tion (Lelieveld et al. 1993), while additional CHy sinks include loss to the stratosphere, and
consumption by methanotrophs in soils (Lelieveld et al. 1998).

In the late preindustrial Holocene (1000 to 1800 A.D.), mean atmospheric CHy concentra-
tions were 695 ppb (Etheridge et al. 1998) and global concentrations have increased to around
1,847 ppb in 2014 (NOAA 2015). The growth rate of global atmospheric CH4 concentrations
slowed between 1999 and 2006, but has increased since 2007 (Nisbet et al. 2014). While an-
thropogenic sources made up an estimated 4 to 34% of pre-industrial emissions (IPCC 2007;
Houweling et al. 2000), between 50 and 65% of the global CH4 budget can be attributed to
anthopogenic emissions (Ciais et al. 2013).

Ice core records have indicated CH,4 concentrations are closely tied to atmospheric tem-
perature records, while present-day concentrations have not been observed in the previous
420,000 years (Wuebbles and Hayhoe 2002). Therefore, there is concern that increased surface
and ocean temperatures associated with global warming may increase CH4 emissions from
wetlands (Shindell et al. 2004), melting permafrost (Woodwell et al. 1998) and CH,4 hydrate
destabilization (Kvenvolden 1988).

The global CH4 budget is relatively well constrained and top-down inversion of atmo-
spheric measurements from surface stations estimate total global CH, emissions of 553 Tg

CH, yr~! (range of 526 to 569 Tg CH, yr~!) and total loss of 550 Tg CH4 yr~! (range of 514 to



560 Tg CHy4 yr~!) (Ciais et al. 2013). This results in a 3 Tg CH4 yr~! net imbalance consistent
with the observed increase in the atmospheric CHy growth rate for the 2000s (Ciais et al.
2013). However, considerable uncertainty remains regarding partitioning between individual
natural and anthropogenic source types and locations.

The single most important natural CH, source is wetlands, estimated at 175 Tg CH, yr™!
(range of 142 to 208 Tg CH4 yr~!) and accounting for 80% of total natural emissions (218 Tg
CH, yr~!, range of 179 to 273 Tg CHy yr~!) (Ciais et al. 2013). There is a 50% uncertainty
associated with wetlands while smaller natural sources can have uncertainties around 100%
(Kirschke et al. 2013). Between 50 and 65% of the global CHy budget can be attributed to
anthropogenic emissions (335 Tg CHy yr~!, range of 273 to 409 Tg CH, yr~!) (Ciais et al.,
2013). Globally, uncertainties associated with anthropogenic emissions are around 30% for
both agriculture/waste and fossil-fuel emission categories and fall to 20% for biomass burn-
ing (Kirschke et al. 2013). In the United States, major anthropogenic CHy sources listed by
importance include livestock (enteric fermentation and manure management), natural gas

(production, transmission, and storage), landfills, and wastewater treatment (EPA 2013).

1.3 Geological methane seeps

After wetlands, geological CHy seeps are the next largest natural emission source, esti-
mated to contribute about 40 Tg CH, yr~! for marine seepage (Kvenvolden and Rogers 2005)
and between 20 to 40 Tg CH, yr~! for terrestrial environments (Etiope et al. 2009). Study
sites for Chapters 2 and 3 include marine CH, seeps at Coal Oil Point (COP) and terrestrial
seepage in the Los Angeles Basin.

Active for over 500,000 years (Boles et al. 2001), the COP seep field is one of the largest



and best studied sources of natural CH, emissions and oil seepage. Located in the Santa
Barbara Channel offshore of the University of California, Santa Barbara, COP is made up of
a number of individual seep locations that are influenced by subsurface geology (Leifer et al.
2010) and include the Trilogy Seep, Horseshoe Seep, and IV Super Seep. Bubble diameters
range between 200 and 104 pm (Leifer et al. 2006a) and CHy fractions vary between 50 and
70% at the surface (Clark et al. 2010). Total atmospheric CH4 emissions for COP are estimated
at 100,000 m3/day over an area of 20 km? at the surface (Hornafius et al. 1999). The spatial
distribution of the seep expression at the surface can change considerably (Clark et al. 2010)
and flux rates from individual seep locations can also vary (Leifer et al. 2006b; Boles et al.
2001).

Located approximately 8 to 12 km west of downtown Los Angeles, the Mid-Wilshire and
Inglewood neighborhoods have significant oil and CH, seepage. This is most clearly illus-
trated by the hydrocarbon and water mixture with visible CH, bubbles present at the La Brea
Tar Pits. In the surrounding areas, CHy gas can often be seen bubbling from between cracks
in paved surfaces after rains (Gurevich et al. 1993). Following the 1985 Ross Department Store
explosion caused by natural CHy buildup, the city of Los Angeles designated a Methane Zone
and Methane Buffer Zone with additional building codes requiring CH4 mitigation such as
gas detectors in addition to active and passive venting systems (Chilingar and Endres 2005).
CHy seepage in the Mid-Wilshire and Inglewood regions is poorly constrained and a recent

study suggests these emissions are considerable (Farrell et al. 2013).



1.4 Methane in the Los Angeles Basin

In many regions of the Los Angeles Basin, CH4 concentrations are significantly above the
average global concentrations of 1.85 ppm in 2014 (NOAA 2015). For example, data from four
monitoring stations averaged over 1994 and 1995 indicate elevated levels of CHy, between
1.91 to 2.10 ppm (Dwight Oda, California Air Resources Board, personal communication,
2010) and in 2008 concentrations were reported between 1.76 to 2.16 ppm (Hsu et al. 2010).
Diurnal variation in CHy concentrations has been measured and can result from transport of
CH,4 enhanced air from Los Angeles to other regions of the South Coast Air Basin (Wunch et
al. 2009).

In addition to the natural CHy seepage, the Los Angeles Basin has additional emission
sources, including landfills, livestock, wastewater treatment, as well as petroleum and natural
gas production, transmission, and storage (Wennberg et al. 2012). The urban Los Angeles
Basin contains over seventy oil fields (Chilingar and Endres 2005) with over 21,000 inactive
or active oil and natural gas wells in Los Angeles county alone (DOGGR 2010a). Many of these
wells were drilled decades ago and subsequently abandoned with well documented CH, leaks
that primarily result from improperly sealed wells. For the Salt Lake Oil Field alone, there
are an estimated 528 improperly sealed wells (Pipkin and Proctor 1992). At the Inglewood Oil
Field, there is active hydrocarbon extraction, producing approximately 3.1 million barrels of
oil (bbl) and 1.5 billion cubic feet (Bcf) of natural gas in 2008 (DOGGR 2010b).

In the Los Angeles Basin, CH4 emissions appear underestimated (Wunch et al. 2009) and
unaccounted sources appear to be anthropogenic and natural CH,4 emissions (Wennberg et

al. 2012). Stable isotope analysis suggests elevated levels of CHy in the Los Angeles area



result primarily from non-biogenic sources such as hydrocarbon refining and gas pipelines
(Townsend-Small et al. 2012). Given this uncertainty, there have been a number of studies
trying to better attribute CH,4 emissions in the Los Angeles Basin including in situ measure-
ment using driving surveys (Farrell et al. 2013) and airborne campaigns (Wennberg et al. 2012;
Peischl et al. 2013). Additional studies for measuring CH, concentrations in Los Angeles in-
clude a Fourier transform spectrometer at Mount Wilson that measures reflected sunlight in
the near infrared (Fu et al. 2014) and a suite of instruments as part of the Megacities Carbon

Project (JPL 2014).

1.5 Fugitive methane emissions

CH, leaks that occur during the extraction, treatment, transport, and use of fossil fuels
are collectively termed fugitive CH4 emissions. These emissions can result over the lifetime
of oil and gas wells, including during well completion, operation (Allen et al. 2013), and from
abandoned wells that are improperly sealed (Chilingar and Endres 2005). After hydrocarbons
are extracted, CHy can be vented and flared at equipment present at oil fields or refineries,
including those used for liquid unloading, storage of oil and condensate, and dehydration
of natural gas (GAO 2010). Fugitive CHy can also occur from hydrocarbon storage tanks
(EPA 2013) and there has been increased concern of these emissions from leaking natural gas
pipelines (Murdock et al. 2008) and hydraulic fracturing (Howarth et al. 2011).

Global fugitive CHy emissions from natural gas and oil systems are estimated between
105.00 Tg CH, yr~! (Ciais et al. 2013) and 64.50 Tg CH, yr~! (1,354.42 MMT CO, E yr~!) and
are expected to increase 35% by 2020 based on 2010 levels (EPA 2006a). Numerous studies

suggest bottom-up inventories for fugitive CHy from natural gas production and distribution



are underestimated (Kort et al. 2008; Brandt et al. 2014; Miller et al. 2013). Multiple top-down
estimates suggest fugitive CHy emissions from natural gas and oil production can be large,
ranging between 2.3 to 7.0% of CH,4 produced annually for the Denver-Julesburg Basin, Col-
orado (Petron et al. 2012) and between 6.2 to 11.7% of average hourly natural gas production
in the Uintah County oil and gas field (Karion et al. 2013). These estimates pertain to specific
locations/times and leak rates from different facilities should vary considerably. For exam-
ple, additional studies suggest that fugitive CHy leakage is considerably lower (Alvarez et al.

2012; Allen et al. 2013; O’Sullivan and Paltsev 2012).

1.6 Monitoring methane concentrations from space

Global CH4 concentrations are well constrained due to existing spaceborne remote sens-
ing that provides an effective means of detecting continental scale variation in CH, con-
centrations. Satellite sensors like the Infrared Atmospheric Sounding Interferometer (IASI)
(Aires et al. 2002), the Tropospheric Emission Spectrometer (TES) (Beer et al. 2001), and the
Atmospheric Infrared Sounder (AIRS) (Tobin et al. 2006) utilize strong rotational-vibrational
transitions causing absorption in the mid-infrared (MIR) and thermal-infrared (TIR) to mea-
sure column averaged CHy concentrations across much of the globe. However, current sen-
sors do not provide near-surface concentrations given detection in the TIR requires a strong
thermal contrast between ground and lower atmosphere and is limited by sensor saturation
due to a high CHy absorption coefficient.

CHy also has absorptions in the shortwave infrared (SWIR) between 1,400 and 2,500 nm,
which permitted global CH, mapping by the Scanning Imaging Absorption Spectrometer for

Atmospheric Chartography (SCTAMACHY) onboard the Envisat satellite. This grating spec-



trometer has eight channels operating from 240 to 2,400 nm with a spectral resolution be-
tween 0.2 to 1.4 nm and spatial resolution ranging from 30 x 60 km to 30 x 240 km (Buchwitz
et al. 2005a). The Weighting Function Modified Differential Optical Absorption Spectroscopy
(WFM-DOAS) retrieval algorithm (Buchwitz et al. 2000) was applied to 2003 data from SCIA-
MACHY channels 4, 6, and 8 to estimate column amounts of CO (carbon monoxide), CO,,
and CHy (Buchwitz et al. 2005b). Frankenberg et al. (2005b) developed an iterative maximum
a posteriori-DOAS (IMAP-DOAS) algorithm using DOAS and the linear relationship between
vertical column-densities for CO, and CH, to estimate global CH,4 column-averaged mixing
ratios over terrestrial surfaces and detect regions with high column averages, including the
Red Basin in China and the Sudd wetlands of southern Sudan (Frankenberg et al. 2011). More
recently, CH4 enhancements were also observed using SCTAMACHY for the Four Corners
region of northern New Mexico, a region with extraction of coalbed CH4 (Kort et al. 2014).
While the Envisat satellite mission ended in 2012, the Greenhouse Gas Observing Satellite
(GOSAT) (Saitoh et al. 2009) continues to provide global CH4 mapping in good agreement
with ground based measurements (Butz et al. 2011) and results from global 3-D chemical

transport models (Parker et al. 2011).

1.7 Measuring methane on local scales

While spaceborne sensors lack the fine spatial resolution needed to detect near-surface
CHy, local measurement of CH,4 concentrations typically relies upon ground-based measure-
ments with limited spatial coverage, such as gas chromatography (Leifer et al. 2013), cavity
ring down spectroscopy (Farrell et al. 2013), tunable diode lasers (Hsu et al. 2010), or Fourier

transform spectrometers at fixed sites (Wunch et al. 2009; Fu et al. 2014). Many of these
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instruments can be used to estimate CHy emission flux rates of individual point sources or
for local regions using the eddy covariance technique applied to micrometeorological mea-
surements (Eugster and Pluss 2010), atmospheric tracers (Lamb et al. 1995), and mass balance
approaches (Cambaliza et al. 2013).

Aircraft measurements of CHy concentrations are useful because they offer the potential
to measure local/regional variations in gas concentrations and complement ongoing efforts
at coarser spatial resolutions, such as spaceborne sensors. Research and commercial air-
craft equipped with in situ gas measurement provides some sense of CHy variability at local
and regional scales (ARCTAS 2010; Schuck et al. 2012). The nadir-viewing Fourier trans-
form spectrometer included as part of the Carbon in Arctic Reservoirs Vulnerability Experi-
ment (CARVE) (Miller and Dinardo 2012) and spectrometers like MAMAP (Methane Airborne
MAPper) (Gerilowski et al. 2011) also permit measuring CH,4 concentrations on local scales.

Airborne measurements are increasingly being used to study fugitive CH, emissions from
the oil and gas industry. This includes in situ CH4 measurement by aircraft using mass bal-
ance approaches (Karion et al. 2013), ethane (C,Hg) to CHy enhancement ratios (Wennberg
et al. 2012), and observations of alkanes used with high-resolution atmospheric transport
models (Miller et al. 2013). The airborne spectrometer MAMAP measured elevated CH,4 con-
centrations from coal mine ventilation shafts near Ibbenbiiren, Germany and permitted an
inversion estimate in good agreement with reported emissions rates from mine operators
(Krings et al. 2013). However, MAMAP is a non-imaging spectrometer with a small field of
view (FOV) limited to flying transects across local gas plumes rather than mapping plumes

in their entirety.
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1.8 Absorption spectroscopy in the shortwave infrared

In the SWIR, absorptions of reflected solar radiance can be described using the Lambert-
Beer law that describes the relationship between incident intensity for the vertical column
(Ip(v)) and measured intensity (I(v)) after passing through a light path (ds) containing mul-

tiple absorbers:

I(v):Io(v)-exp(—Ja(v,p,T)c(s)ds) (1.1)

Each absorber has an associated absorption cross section (o) and number concentration
of the absorber (c(s), molecules m™3). Eq. 1.1 is wavelength dependent and the absorption
cross section varies with temperature (T) and pressure (p). If the atmospheric absorption
features are fully resolved by the instrument and only weak absorbers are present, Eq. 1.1

can be linearized with respect to slant column density S:

T= ln(%)za(v,ﬁ,T)-Ic(s)ds
=o(v,p,T)-S (1.2)

where measured optical density () is proportional to the product of the absorption cross
section and the retrieved S, the path integral of the concentration of the absorber along the
light path. S is related to the vertical column density (V), the integral of the concentration
along the vertical from the surface to the top of atmosphere, by way of the air mass factor
(A), where A = S/V. In the SWIR, scattering in the atmosphere is generally low (Buchwitz
and Burrows 2003, Dufour and Breon 2003) and for AVIRIS and AVIRIS-NG, the impact of
scattering is far lower than the retrieval precision error. Thus, it can be neglected and A =

1/cos (SZA) + 1/cos (LZA), where SZA is the solar zenith angle and LZA is the line-of-sight
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zenith angle.

In the SWIR, retrieval algorithms for absorbing species require radiative transfer modeling
of solar radiation along the light path from the sun to the sensor. They permit comparison of
simulated at sensor radiance with a known abundance of absorbers with measured radiance
provided by the sensor. Differential optical absorption spectroscopy (DOAS) (Platt 1994) is
one approach that has been used for a number of applications, including ground-based (Stutz
et al. 2010), satellite (Schneising et al. 2012), and airborne measurement (Gerilowski et al.
2011). The underlying principle of DOAS is to isolate higher frequency features resulting
from gas absorptions from lower frequency surface reflectance features (Bovensmann et al.
2011). A related technique, iterative maximum a posteriori differential optical absorption
spectroscopy (IMAP-DOAS) (Frankenberg et al. 2005b), uses optimal estimation theory to
adjust the slant column densities of multiple gasses until total optical density fits the observed
measurement. This technique will be explained in greater detail in Chapters 3 and 4, where it
is applied to data from the airborne imaging spectrometers AVIRIS and AVIRIS-NG to quantify
CH4 enhancements.

The atmospheric radiative transfer model Modtran (Berk et al. 1989) can simulate radi-
ances in addition to the spectral transmittance, the ratio between measured intensity (I(v)
and (Iy(v), Eq. 1.1). In Fig. 1.1a Modtran transmittance is shown for weaker CHy absorp-
tion features around 1,667 nm and stronger absorptions between 2,100 and 2,500 nm. In this
region, water vapor (H,O) has considerable spectral overlap with CHy, particularly beyond

2,300 nm, which complicates CH, detection (Fig. 1.1b).
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Figure 1.1. (a) High resolution CHy transmittance for two spectral regions, from 1,650 to
1,700 nm and between 2,100 and 2,500 nm. (b) High resolution H,O transmittance for the
same wavelengths. Transmittance spectra were calculated using the radiative transfer model
Modtran 5.3 (Berk et al. 1989) parameterized for a mid-latitude summer model atmosphere
and nadir-looking sensor at 8.9 km altitude.

1.9 AVIRIS and AVIRIS-NG imaging spectrometers

The Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) is a whisk broom sensor
with a 34° FOV and measures reflected solar radiance at the nadir viewing geometry across
224 channels between 350 and 2,500 nm with a 10 nm spectral resolution and full width at half
maximum (FWHM) (Green et al. 1998). Historically it has been used to map mineralogical,
biochemical, and biophysical properties of soils, rocks, and plants (Green et al., 1998). How-
ever, the high signal-to-noise ratio of AVIRIS and strong CH,4 absorption features present
between 2,000 and 2,500 nm have permitted mapping of concentrated gas plumes in marine

environments using AVIRIS. For bright sun-glint scenes at the Coal Oil Point (COP) marine
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seep field in the Santa Barbara Channel, California, Roberts et al. (2010) developed a spec-
tral residual approach between 2,000 and 2,500 nm and Bradley et al. (2011) a band ratio
technique using the 2,298 nm CH, absorption band and the 2,058 nm CO, absorption band.
These techniques are not suited for terrestrial locations that have lower albedos and are not
spectrally flat in the SWIR.

The next generation Airborne Visible/Infrared Imaging Spectrometer (AVIRIS-NG) has a
36° FOV with 427 spectral channels between 380 and 2,510 nm at a 5 nm spectral resolu-
tion and 6 nm FWHM (Hamlin et al. 2011). This pushbroom instrument is similar to the
visible-to-shortwave infrared (VSWIR) imaging spectrometer used in the Carnegie Airborne
Observatory next generation Airborne Taxonomic Mapping Systems (AToMS) (Asner et al.
2012). In addition, similar spectrometers are being used in the Airborne Observation Platform
(AOP) by the National Ecological Observatory Network (NEON) (Kampe et al. 2010).

For both AVIRIS and AVIRIS-NG, the spatial resolution for each image pixel depends on
the altitude of the flights. For AVIRIS-NG, typical spatial resolutions range between 0.4 m
per pixel for a flight at 0.43 km above ground level (AGL) (image swath width 0.28 km) to 3.6
m per pixel for 3.8 km AGL (image swath of 2.47 km). By combining large image footprints
and fine spatial resolution, airborne imaging spectrometers are well suited for mapping local
CH,4 plumes. However, AVIRIS and AVIRIS-NG were not designed for CH, detection, pro-
viding high spatial resolution and limited spectral resolution that reduces CHy sensitivity. A
comparison of the AVIRIS and AVIRIS-NG instrument parameters is provided in Table 1.1.

AVIRIS and AVIRIS-NG cannot fully resolve the individual CH, absorption lines shown

in Fig. 1.1a and must convolve light using an instrument lineshape (ILS) function wider than
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Category Parameter AVIRIS AVIRIS-NG
Range 380 to 2500 nm 380 to 2510 nm
Spectral Spc?ctral Ieso- | 10 nm 5 nm
lution
Response 1 to 1.5x sampling 1 to 1.5x sampling
Calibration +0.1 nm +0.1 nm
Range 0 to max Lambertian 0 to max Lambertian
Precision ~1000 @ 600 nm ~2000 @ 600 nm
Radiometric | (SNR)
Precision ~400 @ 2200 nm ~1000 @ 2200 nm
(SNR)
Accuracy 90% (10% uncertainty) | 95% (10% uncertainty)
Linearity >9% characterization >9% characterization
Range 34° FOV 36° FOV
Sampling 1 milliradian 1 milliradian
Spatial Response 1 to 1.5x sampling 1 to 1.5x sampling
Spatial resolu- | 4 4, 50 0.3 t0 20 m
tion
Geometric Full 3 axes cosines Full 3 axes cosines
model
Spectral cross- | _ggy across FOV >95% across FOV
Uniformity track
Spectral-
IFOV- >98% spectral direction | >95% spectral direction
variation

Table 1.1. AVIRIS and AVIRIS-NG sensor characteristics (Robert Green, Jet Propulsion Lab-
oratory, personal communication, 2014).

individual absorption lines. As a result, CHy sensitivity is reduced compared to instruments
with finer spectral resolutions. The high resolution transmittance from Fig. 1.1a is convolved
using the ILS functions of AVIRIS and AVIRIS-NGand is shown in Fig. 1.2a for CHy. While

CH,4 absorption features are weak at 1,667 nm, reflected radiances are generally higher at
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shorter wavelengths, compared to the lower radiances present for the strong absorptions
between 2,250 and 2,400 nm. Convolved H,O transmittance has been included in Fig. 1.2b

indicating spectral overlap with CHy.
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Figure 1.2. (a) CHy transmittance for two spectral regions, from 1,650 to 1,700 nm and be-
tween 2,100 and 2,500 nm convolved to AVIRIS and AVIRIS-NG spectral resolution (10 and
5 nm respectively). (b) H,O transmittance for the same wavelengths convolved to AVIRIS
and AVIRIS-NG spectral resolution. Transmittance spectra were calculated using the radia-
tive transfer model Modtran 5.3 (Berk et al. 1989), parameterized for a mid-latitude summer
model atmosphere and nadir-looking sensor at 8.9 km altitude.
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2.1 Abstract

In this study, a Cluster-Tuned Matched Filter (CTMF) technique was applied to data ac-
quired by the Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) over marine and ter-
restrial locations known to emit methane (CH4). At the Coal Oil Point marine seep field,
prominent CH4 anomalies were consistent with advection from known areas of active seep-
age. For a region with natural CHy and oil seepage located west of downtown Los Angeles,
significant CH4 anomalies were identified for known sources at the La Brea Tar Pits and in
close proximity to probable sources, including an office complex documented as venting CHy
continuously and hydrocarbon storage tanks on the Inglewood Oil Field. However, inter-
pretation of anomalies was complicated by noise and false positives for surfaces with strong
absorptions at the same wavelengths as CHy absorption features. Segmentation of results
identified 16 distinct locations of contiguous pixels with high CTMF scores and segments
were classified into probable CH, anomalies and confusers based on the spectral properties
of the underlying surface over the full spectral range measured by AVIRIS. This technique is
particularly well suited for application over large areas to detect CH4 emissions from con-
centrated point sources and should permit detection of additional trace gasses with distinct
absorption features, including carbon dioxide (CO,) and nitrous oxide (N,0). Thus, imaging
spectrometry by an AVIRIS-like sensor has the potential to improve high resolution green-

house gas mapping, better constraining local sources.

2.2 Introduction

Methane (CHy) is a long-lived greenhouse gas with an average atmospheric residence of

approximately 7.9 years (Lelieveld et al. 1998). One molecule of CHy is 72 times more effective
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at trapping radiant energy than a molecule of carbon dioxide (CO;) on a 20 year time scale
(IPCC 2007). Global atmospheric CH4 has more than doubled in the last two centuries with
an annual growth rate that has been highly variable since the 1990s with renewed growth
starting in 2007 (Dlugokencky et al. 2009) and average concentrations exceeding 1.8 ppm in
2012 (NOAA 2012).

Emission sources and sinks exhibit high spatial heterogeneity and large-scale interannual
variability (Bousquet et al. 2006) and estimates for total sources of atmospheric CH,4 have con-
siderable uncertainty, ranging between 500 and 600 Tg yr~! (IPCC 2007). Between 60 and 70%
of CH,4 emissions are presently anthropogenic (Lelieveld et al. 1998) and include emissions
from domestic ruminants, rice agriculture, waste handling, and fossil fuel production. Wet-
lands, termites, and geological seeps are significant natural sources (Etiope et al. 2009), while
major CHy sinks include oxidization by the hydroxyl radical (OH), loss to the stratosphere,
and consumption by methanotrophs in soils (Lelieveld et al. 1998). Approximately 90% of
CHy destruction is due to OH oxidation (Lelieveld et al. 1993), however, CH,4 destruction is
minimal on the time scale of minutes to hours relevant to studying local emissions nearby
the source.

On global scales, partitioning between natural and anthropogenic CH,4 sources remains
uncertain and emission estimates for individual source categories can vary by as much as a
factor of two (Dlugokencky et al. 2011). On regional scales, uncertainties for anthropogenic
CH,4 emissions are considerable, between 9 and 17% in the United States (EPA 2011b) and 19
and 36% for a number of countries in northwest Europe (Bergamaschi et al. 2010).

CHy has strong rotational-vibrational transitions causing absorption in the mid-infrared
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(MIR) and thermal-infrared (TIR), permitting detection by satellite sensors like the Infrared
Atmospheric Sounding Interferometer (IASI) (Aires et al. 2002), the Tropospheric Emission
Spectrometer (TES) (Beer et al. 2001), and the Atmospheric Infrared Sounder (AIRS) (Tobin et
al. 2006). Because detection in the TIR requires a strong thermal contrast between ground and
lower atmosphere and is limited by sensor saturation due to a high CH,4 absorption coefficient,

current sensors cannot provide near-surface concentrations.
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Figure 2.1. (top) CH4 and H, O transmittance spectra generated using Modtran 5.3, parame-
terized for a mid-latitude summer model atmosphere and 8.9 km sensor altitude for the COP
scene. Transmittance is shown in high resolution for CHy (light red) and H,O (light blue)
and convolved to AVIRIS wavelengths for CHy (dark red) H,O (dark blue). (bottom) SWIR
region showing considerable spectral overlap between H,O and CHy.
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In addition to absorptions in the TIR, CH,4 has absorptions in the shortwave infrared
(SWIR) between 1,400 and 2,500 nm (Fig. 2.1, top). In this region, water vapor has considerable
spectral overlap with CHy, particularly beyond 2,300 nm, which complicates CHy detection
(Fig. 2.1, bottom). These SWIR absorptions enabled global CH, mapping by the Scanning
Imaging Absorption Spectrometer for Atmospheric Chartography (SCTAMACHY) onboard
the Envisat satellite, a grating spectrometer with eight channels operating from 240 to 2,400
nm with a spectral resolution between 0.2 to 1.4 nm and spatial resolution ranging from 30 x
60 km to 30 x 240 km (Buchwitz et al. 2005b). The Weighting Function Modified Differential
Optical Absorption Spectroscopy (WFM-DOAYS) retrieval algorithm (Buchwitz et al. 2000)
was applied to 2003 data from SCIAMACHY channels 4, 6, and 8 to estimate column amounts
of CO (carbon monoxide), CO,, and CH,4 (Buchwitz et al. 2005b). Frankenberg et al. (2005b)
developed an iterative maximum a posteriori-DOAS (IMAP-DOAS) algorithm using DOAS
and the linear relationship between vertical column-densities for CO, and CHy to estimate
global CHy column-averaged mixing ratios over terrestrial surfaces and detect regions with
high column averages, including the Red Basin in China and the Sudd wetlands of southern
Sudan (Frankenberg et al. 2011). While the Envisat satellite mission ended in 2012, the Green-
house Gas Observing Satellite (GOSAT) (Saitoh et al. 2009) continues to provide global CH,4
mapping in good agreement with ground based measurements (Butz et al. 2011) and results
from global 3-D chemical transport models (Parker et al. 2011).

Global CHy4 concentrations are well constrained due to existing spaceborne remote sens-
ing that provides an effective means of detecting continental scale variation in CH, con-

centrations. However, spaceborne sensors lack the fine spatial resolution needed to detect
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near-surface emissions. Local emission monitoring typically relies upon ground-based mea-
surements with limited spatial coverage, such as gas chromatography, tunable diode lasers
(Hsu et al. 2010), or Fourier transform spectrometers at fixed sites (Wunch et al. 2009). Air-
borne sensors could provide valuable data for constraining emissions at local to regional
scales (NRC 2010). Improved constraint of emissions at these scales is critical for improving
national greenhouse gas budgets and the partitioning between anthropogenic and natural
sources (Bovensmann et al. 2010). Airborne measurements could also help address discrep-
ancies between top-down and bottom-up estimates of emissions (Montzka et al. 2011) and
complement ongoing global monitoring efforts at coarser spatial resolutions (Schepers et al.
2012).

Airborne imaging spectrometers are well suited for monitoring local sources because they
can provide coverage over large regions with the fine spatial resolution necessary to resolve
point source emissions. The Airborne Visible Infrared Imaging Spectrometer (AVIRIS) mea-
sures reflected solar radiance across 224 contiguous spectral bands between 350 and 2,500 nm
with a signal-to-noise ratio that should permit CH4 mapping (Leifer et al. 2006b). Roberts et
al. (2010) used AVIRIS data acquired over the Coal Oil Point (COP) seep field in the Santa Bar-
bara Channel, California to calculate spectral residuals for CH4 above background and a CHy
index derived from the average residual between 2,248 and 2,298 nm. Although strong CH,
anomalies were detected in close proximity to known seeps, mapping proved challenging
given results were overly sensitive to albedo (Roberts et al. 2010).

Using a high-glint AVIRIS scene acquired over COP, Bradley et al. (2011) developed a band

ratio technique using radiance for a CH,4 absorption band (2,298 nm) and a CO, absorption
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band (2,058 nm) to generate the AVIRIS CH, index, C (fzzgg/f2058). In the absence of strong
local sources of CHy4 or CO,, these gasses are well mixed and a regression of CH, and CO,
bands produces a straight line. If additional CHy above background is present in the lower
boundary layer and CO, is well mixed, radiance for the CH, band decreases due to increased
absorption, resulting in a lower CH,4 to CO, band ratio. Despite variations in surface albedo,
this method clearly detected a CHy plume that was consistent with wind advection from a
sonar-quantified source (Bradley et al. 2011).

While Roberts et al. (2010) and Bradley et al. (2011) demonstrate that CH4 from marine
sources can be detected using AVIRIS scenes with high sunglint, these techniques cannot be
applied to terrestrial locations that rarely exceed 50% albedo, where the majority of anthro-
pogenic emissions occur (NRC 2010). Although water can often be assumed spectrally flat
in the SWIR (Roberts et al. 2010), this assumption is unrealistic for most land cover types.
Spectral variation in surface reflectance arising from heterogeneous land cover invalidates
the use of a ratio, where a change in radiance at 2,298 nm relative to 2,058 nm could either
be a product of changing CH4 or CO, absorption, or a change in surface reflectance with
wavelength.

This study aims to improve methods for detecting absorption features of CHy, thereby
permitting high spatial resolution mapping of local emissions over marine environments and
heterogeneous terrestrial surfaces. We applied a Cluster-Tuned Matched Filter (CTMF) tech-
nique (Funk et al. 2001) to AVIRIS scenes from the COP seep field and a portion of Los Angeles
known for natural CH, and oil seepage. The CTMF algorithm identified a number of signif-

icant CHy anomalies over known and probable CH, sources, including natural marine and
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terrestrial CHy seepage and a CHy plume at the Inglewood Oil Field.

2.3 Methods
2.3.1 Study sites

The COP seep field as well as the Mid-Wilshire and Inglewood neighborhoods of Los An-
geles, California were the focus of this study because they contain known CH, sources from
marine and terrestrial environments (Fig. 2.2). Located offshore of Santa Barbara, California,
the COP seep field is one of the largest and best studied sources of natural CH, emissions.
Major seeps include the Trilogy Seep, Horseshoe Seep, and IV Super Seep with bubble diam-
eters ranging between 200 and 104 um (Leifer et al. 2006a) and CH, fractions between 50 and
70% at the surface (Clark et al. 2010). Total atmospheric CH4 emissions for COP are estimated
at 100,000 m>/day (Hornafius et al. 1999), while the global contribution from marine seepage
is estimated at 50 Tg CH, yr~! of which 30 Tg CH, yr~! reaches the atmosphere (Kvenvolden
and Rogers 2005).

The terrestrial study sites are located in Los Angeles, California, which has a history of
poor air quality and CHy concentrations well above global averages (Townsend-Small et al.
2012). Located approximately 8 to 12 km west of downtown Los Angeles, the Mid-Wilshire
and Inglewood neighborhoods have significant oil and CH,4 seepage. This is most clearly il-
lustrated by the hydrocarbon and water mixture with visible CH, bubbles present at the La
Brea Tar Pits. In the surrounding areas, CH, gas can often be seen bubbling from between
cracks in paved surfaces after rains (Gurevich et al. 1993). Following the 1985 Ross Depart-
ment Store explosion caused by natural CHy buildup, the city of Los Angeles designated a

Methane Zone and Methane Buffer Zone with additional building codes requiring CH4 miti-
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Figure 2.2. (a) Study sites showing one AVIRIS scene for COP (s_01) and two overlapping
flight lines (r_03, r_04) in Los Angles. (b) First principal component (PC1) for portion of
r_04 showing Mid-Wilshire and Inglewood subsets. (c) PC1 for portion of s_01 showing
COP subset.

gation such as gas detectors in addition to active and passive venting systems (Chilingar and
Endres 2005). Beyond potential safety hazards, CHy seepage on the global scale contributes
to the estimated 20 to 40 Tg CH4 yr~! released globally by natural terrestrial CH, seepage
(Etiope et al. 2009).

The urban Los Angeles Basin contains over 70 oil fields (Chilingar and Endres 2005) with
over 21,000 inactive or active oil and natural gas wells in Los Angeles county alone (DOGGR
2010a). Much of the basin has elevated levels of CHy, between 1.91 to 2.10 ppm based on
data from four monitoring stations averaged over 1994 and 1995 (Dwight Oda California Air

Resources Board, personal communication, 2010) and more recently 1.76 to 2.16 ppm in 2008
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(Hsu et al. 2010). Preliminary research using stable isotope analysis suggests elevated levels of
CH, in the Los Angeles area result primarily from non-biogenic sources such as hydrocarbon
refining and gas pipelines (Townsend-Small et al. 2012). Significant diurnal variation in CHy
concentrations has been measured and can result from transport of CH4 enhanced air from
Los Angeles to other regions of the South Coast Air Basin (Wunch et al. 2009).

Over 1,700 inactive or active wells, mostly concentrated in the Salt Lake and Inglewood
Oil Fields, are located in the 70 km? study site (DOGGR 2010a), which was imaged by two se-
quential AVIRIS flights (Fig. 2.2a). Because many of these wells were drilled decades ago and
subsequently abandoned, CH, leaks are well documented and primarily result from improp-
erly sealed wells. There are an estimated 528 improperly sealed wells for the Salt Lake Oil
Field alone (Pipkin and Proctor 1992). At the Inglewood Oil Field, there is active hydrocarbon
extraction, producing approximately 3.1 million barrels of oil (bbl) and 1.5 billion cubic feet
(Bcf) of natural gas in 2008 (DOGGR 2010b).

2.3.2 AVIRIS data

Flown on aircraft at altitudes ranging between 4 and 20 km, AVIRIS measures radiance
at nadir with a spectral sampling interval and nominal full width half maximum (FWHM)
of 10 nm, 34° field of view (FOV), and 1 mrad instantaneous field of view (IFOV) (Green et
al. 1998). For this study, one AVIRIS scene was acquired for COP at approximately 19:55
UTC on 19 June 2008 from 8.9 km altitude (Fig. 2a, s_01), with a solar zenith of 11.4° (high
sunglint), ground IFOV of 7.5 m, and swath width of 5.4 km. Two sequential flight lines were
acquired for the Mid-Wilshire and Inglewood neighborhoods of Los Angeles between 20:57

and 21:20 UTC on 18 September 2008 from 4.0 km altitude (Fig. 2.2a, r_03 and r_04), with a
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solar zenith of 38.1°, ground IFOV of 3 m, and swath width of 2.7 km. AVIRIS radiance data
were georectified and radiometrically calibrated by the Jet Propulsion Laboratory (JPL).

The two Los Angeles flight lines were processed to surface reflectance using a technique
described by Roberts et al. (1997). This involved forward inversion to match AVIRIS radiance
with modeled Modtran radiance while varying column water vapor. Column water vapor
estimates were refined, averaging around 1 cm, and a ground reflectance target was used to
reduce reflectance artifacts (Clark et al. 2002). In order to investigate algorithm performance,
radiance and surface reflectance images were used at terrestrial locations for the CTMF anal-
ysis. For COP, the radiance image was used to avoid surface reflectance artifacts caused by

low reflectance and high sunglint.

2.3.3 Cluster-Tuned Matched Filter

Theiler and Foy (2006) and Villeneuve et al. (1999) demonstrated that the Simple Matched
Filter (SMF) and Clutter Matched Filter (CMF) could detect simulated gas plumes. To do so, a
matched filter algorithm is trained with a gas target spectrum to generate a linear weighting
function that produces high values when an unknown spectrum matches the shape of the gas
target spectrum and is distinct from the covariance of the background. The optimal matched
filter calculation uses the inverse of the scene’s covariance structure to remove large-scale
noise (background clutter) and to isolate the gas signal. Matched filters assume that the signal
does not contribute substantially to the background scene-wide covariance. Thus, matched
filters are best suited for detecting concentrated sources rather than elevated background
levels present over entire scenes.

The CTMF algorithm was originally developed by Funk et al. (2001) to detect faint sulphur
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dioxide (SO,) signatures superimposed on synthetic thermal images using the absorption co-
efficient to calculate the gas target spectrum. This study explored the use of transmittance
since radiance has a linear relationship to transmittance and causes reduced radiance with
increasing concentration, matching the expected impact of increased concentration in radi-
ance space. In contrast, an increase in the absorption coefficient translates to a decrease in
radiance, the opposite pattern observed in radiance space in the SWIR.

Originally developed for use with 128 spectral bands between 7.8 and 13.5 micrometers,
the CTMF algorithm was modified to permit use with the 224 AVIRIS bands between 350
and 2,500 nm. The CTMF was designed for weak signal detection and assumes gas plumes
are modeled as a linear superposition of gas signal and background clutter as shown in the
following equation (Eq. 2.1),

P=il—ab+e (2.1)

where radiance or reflectance (¥) can be modeled as the linear combination of the mean back-
ground radiance or reflectance (if), a gas absorption term (—aE) that reduces radiance or re-
flectance in the SWIR, and €, which contains both sensor noise and scene clutter. The gas
absorption term contains the gas signal strength («, a scalar representing the amount of signal
present in a pixel) multiplied by the gas target spectrum (l?), which contains gas absorption
features across the 224 AVIRIS bands. When applying the CTMF to AVIRIS data, atmospheric
scattering can be ignored given it occurs at shorter wavelengths than gas absorptions and is
usually dominated by background clutter variability.

The CTMF was applied to both radiance and reflectance images for entire AVIRIS flight

lines that were first standardized by subtracting the mean and dividing by the standard de-
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viation of the scene, both scalar values. A sample-based k-means algorithm using extreme
centroid initialization was used with the first few principle components of the image to assign
extreme locations for each of the k-means class centroids (Funk et al. 2001). For the Coal Oil
Point and Los Angeles radiance scenes, principle components were calculated using all 224
image bands. For the Los Angeles reflectance images, principle components were calculated
using 180 bands that excluded those characterized by high sensor noise or strong water vapor
absorptions.

After the k-means algorithm assigns clusters and creates a k-means class image, a CTMF
specifically tuned for each class was calculated. The CTMF was ‘matched’ to both the gas
signature as well as the background clutter and was calculated using the following equation
(Eq. 2.2),

R C;lg
P 22)

Nl

For class j, q_; is the CTMF and represents an n-dimensional vector of optimal weights,
where n is the number of spectral channels. C;l is the inverted n by n covariance matrix for
the jth class and b is the n-dimensional vector containing the gas target spectrum. T is the
transpose operator.

Modtran 5.3 (Berk et al. 1989) was used to generate gas transmittance spectra using default
gas concentrations defined by a mid-latitude summer model with 30 km visibility, 293.15
K boundary temperature, scattering turned off, and the sensor altitude for each flight line.
Modtran transmittance for CH4 and H,O was convolved to AVIRIS wavelengths using the

band centers and FWHM supplied by JPL. CH4 and H,O transmittance spectra indicating gas

absorptions are shown in Fig. 2.1 for COP, including both the high resolution and convolved
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transmittance shown for CHy (red) and H,O (blue). For the COP scene, the sensor altitude
was set to 8.9 km with total column absorber amounts of 208.77 atm-cm for CO,, 0.913 atm-
cm for CHy and 3,615.90 atm-cm for H,O, approximately 385.01, 1.68, and 6,668.34 ppmV
respectively.

The sensor altitude was lower for the Los Angeles scenes (4.0 km), resulting in smaller
total column absorber amounts of 117.59 atm-cm for CO,, 0.519 atm-cm for CHy and 3,230.10
atm-cm for H,O. Given CO, and CHy are well mixed gasses in Modtran, the estimated 385.00
(CO,) and 1.70 (CHy) ppmV for the Los Angeles scenes are similar to COP, however, the
higher value of 10,575.56 ppmV for H,O results from decreased path length (lower sensor
altitude) and more water vapor near the surface. Fig. 2.5 shows CH and H,O transmittance
spectra for the Los Angeles scenes with 180 bands excluding those characterized by high
sensor noise or strong water vapor absorptions that can cause reflectance artifacts.

These gas transmittance spectra were used to calculate the CH, and H,O target spectrum

—

(b) for each scene using the following equation (Eq. 2.3),
b= ?ps (2.3)

where the n-dimensional vector 7 is the standardized gas transmittance spectrum, which is
calculated by subtracting the mean of this spectrum and dividing by the standard deviation.
Next, £ is scaled by a percentage (p, gas signal percent) of the standard deviation of the im-
age (s, a scalar value); p is chosen empirically prior to applying the CTMF algorithm (see
Sect. 2.3.4). The CH,4 and H,O target spectrum was used to generate CH4 and H,O CTMF
results for the three AVIRIS images. Given spectral overlap between CH4 and H,O (Figs. 2.1
and 2.5), H,O CTMF results were used as a means of validating CH; CTMF results.
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Figure 2.3. (top) CH, target spectrum for COP scene. (middle) CTMF for one class. (bottom)
Standardized radiance spectrum for an ocean pixel containing sunglint within the class.
Vertical lines indicate locations of strong CH,4 absorptions at 2,198, 2,318, and 2,368 nm.

—

In Fig. 2.3 (top) an example of the CHy target spectrum (b) is shown calculated for the COP
radiance image using p=0.002 of the standard deviation of the image. The CTMF for class j=1
(cf}) is also included (Fig. 2.3, middle) with strong CH4 absorptions indicated by vertical lines.
An example standardized radiance spectrum for an ocean pixel containing sunglint (7; for the
ith pixel within this class) is shown in Fig. 2.3 (bottom).

Next, a CTMF score for ith pixel within the class (f;) was calculated by multiplying the
transpose of the CTMF (q_;) by each standardized image spectrum within the class (7;, for

radiance or reflectance), as shown in the following equation (Eq. 2.4),

fi=a; 7 (24)
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Resulting from the combined operations of Eq. 2.2 and 2.4, multiplication by the inverted
covariance matrix in the numerator in Eq. 2.2 ‘whitens’ the data, removing spectral cross-
correlation in the background clutter. The denominator standardizes the filter so that the
CTMF image will have a variance of 1 when the signal is absent.

The CTMF score for each pixel within a class is standardized by subtracting the mean
CTMF score for the class and dividing by the standard deviation of the class. This results in a
mean CTMF score of 0 and standard deviation of 1 for the class; the standardization procedure
continues for all j classes. Filtered pixels are then recomposed as a final output image that
reduces noise and sensitivity to surface features while enhancing the gas signature.

When interpreting the CTMF image, scores greater than one indicate evidence of the gas
signature, which can be quantified by the ‘number of sigmas’ for the z distribution. However,
sigmas only can be interpreted as literal probabilities if the background clutter is Gaussian
(Funk et al. 2001). Because a CTMF specifically tuned for each k-means class is used, high
CTMF scores for pixels from different k-means classes that appear as contiguous pixels in
CTMF images can be interpreted as highly significant. These contiguous pixels represent gas
anomalies that cross over multiple land cover types and can be evaluated for consistency with
known or probable emissions sources and local wind direction.

The example shown in Fig. 2.4 illustrates some of the challenges in detecting a gas signal
over heterogeneous surfaces. For radiance or reflectance measured in two spectral bands,
pixels representing the scene background clutter are shown as open circles and one pixel
with gas signal added (Band 1 decrease due to absorption in this band) is included as a filled

red circle. Fig. 2.4a shows a projection of the data cloud containing all pixels by the Clutter
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Figure 2.4. For radiance (or reflectance) in two spectral channels, background clutter of the
scene is shown as open circles and one pixel with gas signal added (decrease in Band 1 due
to absorption) as filled red circle. (a) Projection of data cloud containing all pixels (dark and
bright) by the Clutter Matched Filter (CMF) so that the pixel with the added signal will be
most readily detected, but does not stand out as highly significant. (b) Projected data for
only dark pixels using the Cluster-Tuned Matched Filter (CTMF) technique, resulting in the
pixel with added gas signal standing out as highly significant.

Matched Filter (CMF) so that the pixel with the added gas signal will be most readily detected,
but the pixel containing the gas signal does not stand out as highly significant. In Fig. 2.4b, the
background clutter is first partitioned into two clusters consistent with two classes of surface
materials, brighter pixels in the upper right and darker pixels in the lower left. The Cluster-
Tuned Matched Filter (CTMF) is applied to the dark pixel cluster and the projected data for
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only darker pixels causes the pixel with added gas signal to stand out as highly significant. By
classifying an image using k-means clustering and reducing within-class variance, a CTMF
should improve performance over traditional matched filters by creating a matched filter that

is specifically tuned for each cluster (Funk et al. 2001).
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Figure 2.5. (top) CH4 and H,O transmittance spectra excluding bands with strong water
vapor absorptions for the Los Angeles scenes generated using Modtran 5.3 parameterized
for a mid-latitude summer model atmosphere and 4.0 km sensor altitude. Transmittance is
shown in high resolution for CH, (light red) and H,O (light blue) and convolved to AVIRIS
wavelengths for CHy (dark red) and H,O (dark blue). (bottom) SWIR region.
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2.3.4 Input parameters for Cluster-Tuned Matched Filter

Two factors govern the performance of the CTMF — the number of clusters identified and
the gas signal percent (p), which scales the gas transmittance spectrum by a percentage of
the standard deviation of the image (Eq. 2.3). To determine an appropriate number of clusters
for the k-means algorithm, a key objective is to maximize the number of clusters needed to
discriminate land cover classes and reduce within-class variance, while maintaining enough
pixels in each cluster to ensure adequate sample size and that the variance in the gas signal
remains less than the variance of the image clusters. This is particularly important given
that the CTMF calculation (Eq. 2.2) explicitly removes the background clutter, assuming that
the gas signal is independent. In this study, the number of clusters was increased iteratively
while maintaining a minimum of 1,000 pixels in each cluster, resulting in 36 clusters for the
entire COP scene.

For the COP scene, the CHy signal percent (p) was determined empirically by varying
the scalar between 0.0001 and 1.00 using the 36 cluster k-means result. A visual comparison
between results obtained using extreme values showed appreciable differences, but it became
difficult to distinguish between the remaining results. Overall, a CH, signal percent of 0.002
produced anomalies that appeared the most clearly defined.

Radiance images were initially used for the Los Angeles scenes, however, CTMF anoma-
lies were more clearly defined using the surface reflectance images due to improved classi-
fication of the heterogeneous urban environment by the k-means algorithm. For flight line
r_04, k-means class images generated for different numbers of clusters were analyzed and

indicated that 321 clusters maximized the number of clusters while maintaining cluster size
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above 1,000 pixels for the surface reflectance image. The CHy signal percent was varied be-
tween 0.0001 and 1.00, but identifying the optimal result remained challenging so 0.002 was
used for consistency with the COP example.

2.3.5 Segmentation and classification

In order to reduce noise and isolate contiguous pixels with high CTMF scores, a segmenta-
tion approach based on 8—connectivity was used by defining a score threshold and minimum
number of pixels for the segments. An iterative process was used to determine the appropri-
ate threshold and minimum population that preserved regions of contiguous pixels without
resulting in too many small segments. Next, a mask of the segments was applied to the re-
flectance scene, resulting in an image that contained reflectance spectra only for segmented
regions.

To distinguish true CH4 anomalies from false positives, reflectance spectra from the seg-
mented regions were classified using MESMA (Multiple-Endmember Spectral Mixture Anal-
ysis) (Roberts et al. 1998). MESMA is particularly well suited for the spectral diversity of
urban environments because it permits the number and types of endmembers to vary on a
per-pixel basis (Roberts et al., 2012). “Viper-tools,” an ENVI add on (www.vipertools.org), was
used to generate the spectral library that was used in the classification.

A spectral library was generated from endmembers obtained in the field using an An-
alytical Spectral Device (ASD Inc., Boulder, Colorado) full range spectrometer that samples
between 350 and 2,500 nm and image endmembers from the AVIRIS scene. The Endmember
Average Root Mean Square Error (EAR) method was utilized to optimize the endmembers

for the spectral library by creating the smallest number of spectra for each land cover class
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while maximizing the separation between surfaces (Dennison and Roberts 2003). EAR uses
MESMA to calculate the average error for a given endmember in modeling spectra within a
land cover class; endmembers with lower within class average root mean square error (RMSE)
are representative endmembers for a given land cover class. Endmembers were organized into
two MESMA classes: surfaces prone to false positives (confusers) and probable CH4 anoma-
lies. These endmembers were used to unmix the segmented reflectance image and generate
a classification image indicating which anomalies are probable CH, anomalies or likely false

positives.

2.4 Results

2.4.1 Cluster-Tuned Matched Filter
2.4.1.1 Coal Oil Point

CTMF results obtained using 36 clusters and a CHy signal percent of 0.002 produced
anomalies with a maximum CTMF score of 43.8 (positive values as CHy anomalies), mini-
mum of -48.5, mean of 0.0, and standard deviation of 1.0 for the entire COP radiance image.
A subset of CTMF results is shown in Fig. 2.6d for a region of high sunglint as well as dark
ocean pixels, with a maximum radiance measured in chm_zsr_lnm_1 at 2,100 nm of 6.466
(sensor saturation), minimum of 0.026 (0% reflectance), and mean of 2.779 (95.7% reflectance)
within the image subset. In Fig. 2.6d, high CTMF scores represent large sigma values that
indicate rotated pixels that are far from the expected value of 0 (Fig. 2.4b) and are very likely
to contain elevated CH,4 concentrations. Bright pixels clearly indicate positive CH4 anoma-
lies consistent with a southwesterly wind measured at the nearby West Campus Station (2.3
ms~! from 236°).

These anomalies emanate from known seeps, including the Trilogy Seep (TRI), IV Super
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Figure 2.6. (a) PC1 for COP subset shown in Fig. 2.2¢ overlain with sonar contours (Leifer et
al. 2010) indicating known seeps, including the Trilogy Seep (TRI), IV Super Seep (IV), and
Horseshoe Seep (HS). (b) AVIRIS CHy index, C (1_32298/32058), indicating elevated CHy4 (dark
pixels) corresponding with known seep locations. (c) For the same region, CTMF results
for water vapor show no H,O anomalies. (d) CTMF results for CH, with positive values
denoting CH4 anomalies (bright pixels) consistent with results obtained using CH index.

Seep (IV), and Horseshoe Seep (HS), as shown by sonar return contours of subsurface bubble
plumes in Fig. 2.6a (Leifer et al. 2010). These CH, anomalies also closely resemble results
obtained using the AVIRIS CHy index, C (32298/1_:2058% developed by Bradley et al. (2011).
In Fig. 2.6b, AVIRIS CH, index results for the same region are shown, with elevated CH,
indicated by lower values (dark pixels) caused by reduced radiance in the numerator (32298)
due to increased absorption by CHy relative to CO, absorptions (I_:2058). In Fig. 2.6c, CTMF
results for water vapor show no H,O anomalies, indicating the anomalies present in Fig. 2.6d
are due to CHy. Using visual assessment, we verified that CH4 anomalies were not present
in any of the principal components of the AVIRIS scene and have included the first principal

component of the subset in Fig. 2.6a.
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2.4.1.2 Los Angeles

For the entire reflectance scene for flight line r_04, the CTMF image had a maximum score
of 17.0, minimum of -17.0, mean of 0.0, and standard deviation of 1.0. The CTMF algorithm
was also applied to scene r_03 using input parameters previously defined for r_04, resulting in
a maximum score of 16.9 and minimum of -13.8. CTMF results indicate a number of well de-
fined CH4 anomalies coinciding with locations of known or probable CH4 emission sources.
For the overlapping portion of scene r_03 and r_04 (Fig. 2.2), the location of well defined CH,4
anomalies remained consistent in CTMF results from either scene. Visual assessment was
used to verify that CH4 anomalies were not present in principal components of the scene and
results compared with CTMF results for water vapor as an additional means of validation.
For this study we focus on image subsets containing the most prominent anomalies located
at the Inglewood Oil Field and near the La Brea Tar Pits.

The first area of interest is located at the southern edge of the Inglewood Oil Field
(Fig. 2.2b, Inglewood subset). For scene r_04, the true color subset shown in Fig. 2.7a has
a maximum surface reflectance of 47.6%, minimum of 3.3%, and mean of 26.7% measured at
2,100 nm. For the same region, a plume-like feature is clearly visible in the CTMF result for
CHy4 (Fig. 2.7¢) while the k-means class image (Fig. 2.7b) indicates that the anomalies cross
over multiple classes and thus different land cover types, including soil as well as green and
non-photosynthetic vegetation. This is more clearly emphasized in Fig. 2.7c, where the k-
means class is plotted for each pixel along the transect shown in Fig. 2.7b. For the same
transect shown in Fig. 2.7e, the CH4 CTMF results are best fit using a robust Gaussian curve

(Matlab Curve Fitting Toolbox, Mathworks, Natick, Massachusetts). CTMF results for H,O
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Figure 2.7. (a) Inglewood subset shown in true color (RGB) for flight line r_04. (b) For the
same region, k-means class image indicates numerous land cover classes. (c) Along transects
shown in b and e, the class and CHy CTMF score for each pixel is shown, indicating that
the CH4 anomalies cross over multiple land cover classes. (d) CTMF results for water vapor
show no H,O anomalies. (e¢) CTMF results for CH4 with positive values denoting CHy
anomalies (bright pixels).

are shown in Fig. 2.7d and indicate no H,O anomalies in the image subset.

Two AVIRIS flight lines were acquired over this location approximately 6.5 minutes apart
and CH4 anomalies clearly change between the earlier scene, r_03 (Fig. 2.8b), and the later
scene, r_04 (Fig. 2.8d). For presentation, CTMF results are provided for both scenes using a
median filter with a 2 by 2 pixel kernel (Fig. 2.8b and 2.8d, left), while the original results
are displayed with identical transects (T1 and T2 in Fig. 2.8b and 2.8d, right). To compare
changes in the anomalies between scenes, CHy; CTMF results for transects were best fit using
robust Gaussian curves. Transect 1 (T1 in Fig. 2.8c) crosses a portion of the scene with the
highest CTMF scores and comparison of best fit curves indicates the anomalies in the later

scene (r_04) exhibits a greater amplitude and extent (R?=0.89, RMSE=1.10) thanr_03 (R*=0.78,
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RMSE=0.89).
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Figure 2.8. (a) Inglewood subset shown in true color with close-up of hydrocarbon storage
tanks (Location L1) from 14 Nov. 2009 (Google Earth 2012). (b) CTMF results for CH4 with
positive values denoting CH, anomalies for flight line r_03. Left, using median filter with 2
by 2 pixel kernel and on right, original results. (d) CTMF results for r_04. For r_03 and r_04,
identical transects are shown on the right. (c) Results for Transect 1 (T1) were best fit using
robust 1st order Gaussian curves. (e) Transect 2 (T2) varies significantly between r_03, with
1st order fit, and r_04, with a 2nd order Gaussian fit.

In Fig. 2.8d, Transect 2 (T2) first crosses over the southern edge of the observed CHy
anomalies, next a stand of trees, and finally a region where CTMF scores appear to gradu-
ally decrease. Fig. 2.8e shows a second order fit for Transect 2 of r_04 (R>=0.54, RMSE=1.30),
with values greatest towards the southwest, markedly decreasing in the vicinity of the trees,
and gradually decreasing to the northeast. This is consistent with local meteorological data

! southwesterly wind at the time of image acquisition (weatherunder-

indicating a 2.2 ms™
ground.com 2012). It is unclear whether the trees are obscuring the CH, signal due to liquid
water absorption and low reflectance in the SWIR, or if the spatial patterns are the result

of an intermittent release. Transect 2 for r 03 was modeled with a first order Gaussian fit

(R?=0.54, RMSE=0.88), clearly indicating significant change in the plume profile during the
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6.5 minutes between the two flight lines. This is consistent with a gas plume rather than a
stationary surface material causing a false positive. Google Earth imagery from 14 November
2009, acquired one year after the AVIRIS flights, was used to resolve surface features, includ-
ing what appears to be two hydrocarbon storage tanks located immediately upwind of the
anomalies (Location L1 in Fig. 2.8a) (Google Earth 2012). Given the CH,4 plume is likely near
the surface, the changing appearance between scenes cannot be explained by differing view
geometries, which would cause a small spatial shift rather than a significant change in the
shape of the anomalies.

Eight kilometers north of the Inglewood subset, several CH4 anomalies are observed in the
region surrounding the La Brea Tar Pits (Fig. 2.2b, Mid-Wilshire subset). A subset of the scene
is shown in Fig. 2.9a, with a maximum surface reflectance of 53.8%, minimum of 0.3%, and
mean of 14.1% measured at 2,100 nm within the image subset. Prominent CH, anomalies are
visible on the eastern edge of the La Brea Tar Pits, a hydrocarbon and water mixture known
to produce large CH,4 bubbles tens of centimeters in diameter (Fig. 2.9e, Location L1). On
the opposite corner of Wilshire Boulevard and Curson Avenue, CH, anomalies are located
in a courtyard bounded by two multi-story office buildings (Fig. 2.9e, Location L2). These
buildings are documented as continuously venting CH, (Chilingar and Endres 2005). The
CH, appears to accumulate in the courtyard, where it would be almost completely surrounded
by the six-story office complex. These anomalies extend through the north entrance of the
courtyard, remain faintly visible immediately north of the office complex, and are consistent
with CHy advection by southwesterly winds.

Closer inspection of CH4; CTMF results indicates the courtyard anomalies cross over mul-
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Figure 2.9. (a) Mid-Wilshire subset for flight line r_04 shown in true color. (b) For the same
region, the k-means class image indicates numerous land cover classes. (c) Along transects
shown in b and e, the class and CTMF score for each pixel is shown, indicating that the
CHy anomalies cross over multiple land cover classes. (d) CTMF results for water vapor
show no H,O anomalies. (€) CTMF results for same area with positive values denoting CH,
anomalies. Location 1 (L1) indicates eastern edge of La Brea Tar Pits, a known CHy source,
and Location 2 (L2) a courtyard bounded by a multi-story office complex with continuous
CHy venting.

tiple k-means classes (Fig. 2.9b), including impervious and green vegetation land cover types.
This is clearly indicated in Fig. 2.9c by comparing the k-means class for each pixel along
the transect shown in Fig. 2.9b. CH4 CTMF scores for the same transect are also shown and
indicate elevated values to the northeast. While prominent CH4 anomalies are located at a
known source at the La Brea Tar Pits and probable region of elevated CH, in the courtyard,
CTMEF results for water vapor do not indicate H,O anomalies at these locations (Fig. 2.9d).
Continuous air samples were collected between 3:00 and 4:00 LT on 22 February 2012
using a cavity ring-down greenhouse gas sensor (G2301, Picarro, Santa Clara, California)

(Farrell et al. 2013) to characterize CH, emissions for the region surrounding the La Brea Tar
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Pits. In Fig. 2.10, CH4 measurements are shown for a region similar to the Mid-Wilshire subset
shown in Fig. 2.9, with concentrations between 3.066 ppm and 45.508 ppm with a mean of
6.44 ppm. Winds were calm at the time of sampling and measurements near the courtyard’s
south entrance show an approximately Gaussian shape with a 45.508 ppm maximum. This
is consistent with CH, accumulating in the courtyard from continuous CH, venting by the
office complex and escaping through the courtyard’s south entrance. These results can be
compared with CHy anomalies shown in Fig. 2.9e that extend through the courtyard’s north
entrance and are consistent with CH, advection by 2.2 ms™ southwesterly winds when the

AVIRIS image was acquired on 18 September 2008.

2 B
vl 1 g
CHa (ppm)

Figure 2.10. In situ CH4 measurements near the La Brea Tar Pits (2 s time average) indicate
concentrations between 3.066 and 45.508 ppm for this scene subset (Google Earth 2012). A
pronounced increase in concentration occurs immediately south of the office complex with
peak measurements near the south entrance of the courtyard.
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2.4.2 Noise and false positives

CTMF results consistently appear noisy and attempts to reduce ‘speckle’ by varying input
parameters, such as the number of clusters and CH, signal percent, were largely unsuccess-
ful. As a means of optimizing results, Moran’s Spatial Statistics were used to assess local
homogeneity (Cliff and Ort 1981), but values remained nearly identical despite varying both
the number of clusters and the CHy signal percent. The Moran’s index appears primarily
influenced by noise and false positives present in CTMF results, rather than subtle variations
in CH4 anomalies.

Although well defined anomalies located at and downwind from known or probable CHy
sources were identified, apparent false positives also occurred and result from surfaces with
strong absorptions at the same wavelengths as CHy. In Fig. 2.11, reflectance spectra for sur-
faces prone to false positives (confusers) are shown (Spectra S2 through S11) indicating SWIR
absorptions consistent with those present in CH, transmittance spectrum S1. Confusers in-
cluded oil-based paints (S2 through S6) and a number of roofs exhibiting a strong absorption
feature for calcite (CO3) at 2,338 (Fig. 2.11, S7).

Apparent false positives generally appeared as contiguous pixels with a shape that mimics
an underlying surface feature, for example individual rooftops within CH; CTMF results.
This suggests that the AVIRIS spectral resolution limits the ability of the CTMF algorithm to
accurately resolve between a pure CHy signature and land cover types with strong absorption
features between 2,200 and 2,500 nm. Despite this, the percentage of pixels within each k-
means class exhibiting high CTMF scores remained small across classes, for example 0.01 to

1.27% of pixels within each class exhibited scores greater than 3 for Los Angeles scene r_04.
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Figure 2.11. Reflectance spectra for surfaces prone to false positives (confusers) are shown
(Spectra S2 through S11) indicating absorptions consistent with those present in CH, trans-
mittance spectrum S1. Absorptions between 2,048 and 2,467 nm for oil-based paints (S2
through S6) and at 2,338 nm for calcite (57) explain false positive characterization.

One class containing shade pixels had a higher value of 2.40% suggesting a slight bias towards
dark surfaces, however no systematic bias towards the remaining classes was observed.
2.4.3 Segmentation and classification

In order to reduce noise and isolate CH4 anomalies for Los Angeles scene r_04, segmenta-

tion using a CTMF score threshold greater than 1.5 and minimum population size of 55 pixels

(~500 m?) resulted in 16 segments totaling 1,331 pixels (0.04% of the original pixels within
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the AVIRIS scene). To distinguish true CHy anomalies from false positives, reflectance spectra
from the segmented regions were classified using MESMA. From a spectral library containing
1,089 field spectra obtained between 23 May and 25 June 2001 for the Santa Barbara urban
area (Herold et al. 2004), spectra with the lowest 2 or 3 EAR scores for each of the 58 land
cover classes were selected. The resulting 164 field spectra then were used to unmix the seg-
mented reflectance scene using a two endmember model consisting of a bright endmember
and photometric (spectrally flat) shade, fractional constraints between 0 and 100%, and a root
mean square error (RMSE) constraint below 5.0%.

Portions of the segmented reflectance image remained unclassified, so image endmem-
bers were used to supplement the spectral library. Regions of interest (ROIs) were created
in the original reflectance image and located outside those areas defined by the segmented
reflectance image. For each ROI, the spectrum with the lowest EAR was added to the spec-
tral library as an image endmember. In a few instances, appropriate endmembers could not
be found outside of segmented regions so spectra obtained within segments were used. For
example, accurate classification of the hydrocarbon and water mixture of the La Brea Tar Pits
(Fig. 2.11, S11) only was possible by choosing endmembers at this location. Similarly, image
endmembers were selected for suspected false positives caused by three surfaces of unknown
composition with strong absorptions in the SWIR: a blue awning (likely a painted metal sur-
face), a running track (likely a rubberized material), and what appears to be plastic sheeting
used as an erosion barrier (Fig. 2.11, S4, S8, and S9 respectively).

These field spectra and image endmembers then were organized into two MESMA classes:

confusers and probable CH4 anomalies. A complete list of land cover categories for either
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class is shown in Table 2.1, with surfaces prone to false positives (confusers) including oil-
based paints, calcite, and surfaces of unknown composition (blue awning, running track,
and erosion barrier). Fresh asphalt is another likely confuser, with possible hydrocarbon
absorptions in the SWIR resulting from tar. Therefore, the La Brea Tar Pits, a hydrocarbon
and water mixture with fresh tar visible on the surface, was included as a potential confuser.
The remaining land cover categories were included in the probable CH4 anomalies class and
made up of impervious surfaces not prone to false positives, green and non-photosynthetic

vegetation, and soils.

Number Percent in
MESMA class | Land cover categories ixels segmented
P image
Impervious (concrete, brick, tile, etc.) 460 34.56%
Probable CHy | Non-photosynthetic vegetation 187 14.05%
anomalies
Green vegetation 170 12.77%
Soil 95 7.14%
Unknown composition 186 13.97%
Hydrocarbon/water mixture 102 7.66%
Confj
OHSErs Oil-based paints 80 6.01%
Calcite 44 3.31%
Asphalt 7 0.53%
Upclassiﬁed 0 0.00%
pixels
Total pixels in
segmented im- 1331 100.00%
age

Table 2.1. Classification results of segmented reflectance image for flight line r_04 indicating
land cover categories for two MESMA classes: probable CH, anomalies and confusers.

These spectra were then used to unmix the segmented reflectance image resulting in a
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classification using 109 successful models. Field spectra and image endmembers that modeled
only a small portion of the scene were removed, reducing the library to 93 spectra. This final
spectral library was used to unmix the scene and generated a classification image with 0

unclassified pixels.

RGB Classification CH4 CTMF
a. Inglewood subset

F'-’l.l-'-

B Probable CHs
anomalies

Confusers

Figure 2.12. True color subsets, classification results of segmented reflectance images, and
CH,4 CTMF scores are displayed for flight line r_04. (a, b, ¢) Inglewood subset. (d, e, f) Mid-
Wilshire subset. (g, h, i) Subset with contiguous pixels classified as endmembers from the
confusers class, indicating segment is a likely false positive.

50



The classification of the segmented reflectance image for the Inglewood subset is shown in
Fig. 2.12b, with confusers indicated in red and probable CH4 anomalies in green. This region
is composed of surfaces that make up the probable CH,4 anomalies class, including soil as well
as green and non-photosynthetic vegetation, while no confusers were detected. In Fig. 2.12c,
CH,4 CTMF scores are displayed with highest scores in orange (greater than 3.5), intermediate
values as yellow (2.5 to 3.5), and low scores in cyan (1.5 to 2.5). This indicates true CHy
anomalies consistent with southwesterly winds and emission from or near the hydrocarbon
storage tanks located at L1 in Fig. 2.8a. For reference, the original reflectance image for the
same subset is included in Fig. 2.12a. For the segmented portion shown in Fig. 2.12c, surface
reflectance measured at 2,100 nm had a maximum of 41.6%, minimum of 3.9%, and mean of
25.2%.

To classify the La Brea Tar Pits, it was necessary to select image endmembers directly
from this location, which were included in the confusers class due to the presence of oil and
tar. As a result, the anomalies at the eastern edge of the La Brea Tar Pits mostly are classified
as confusers (Fig. 2.12e). Oil and fresh tar have SWIR absorption features that could cause
false positives in CTMF results, however, CH4 bubbles tens of centimeters in diameter also
are present at this location. Accordingly, these anomalies are likely caused by combined
absorption features resulting from CHy gas and liquid hydrocarbons.

Most of the courtyard anomalies appear as the probable CH4 anomalies class and mainly
include impervious surfaces like brick and pavement as well as green vegetation (Fig. 2.12e).
However, confusers do exist along the edge of the heavily shaded portion of the courtyard,

including calcite, asphalt, as well as green and white paint endmembers. Because the clas-
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sification was limited to two endmember models, these are likely the result of mixed pixels
that were misclassified as confusers. Therefore, elevated CHy CTMF scores in the courtyard
likely represent true CH4 anomalies and are consistent with continuous CHy venting by the
surrounding office complex and the very elevated CH,4 concentrations up to 45.508 ppm mea-
sured at the south courtyard entrance.

For the segmented portion shown in Fig. 2.12f, surface reflectance had a maximum of
31.6%, minimum of 0.4%, and mean of 8.9% measured at 2,100 nm. Most of the anomalies at
the La Brea Tar Pits occur for dark spectra (around 5% reflectance at 2,100 nm) compared to the
considerably brighter surfaces that make up the courtyard. Therefore, the CTMF technique
is capable of detecting CH4 anomalies across a wide range of surface reflectance.

Fig. 2.12h provides the classification result for an image subset located approximately 1.0
km north of the La Brea Tar Pits. The confusers classification includes contiguous pixels
corresponding to the blue awning in Fig. 2.12g, which likely is a painted metal surface with
strong SWIR absorptions (Fig. 2.11, S4). In this example, it appears that many pixels classi-
fied as probable CH4 anomalies may result from poor modeling of mixed pixels using two
endmember models. Examining reflectance spectra adjacent to pixels classified as confusers
reveals strong absorption features similar to those present in the confusers pixels. This is
consistent with an edge effect caused by mixed pixels and indicates this segment is a likely
false positive. In a different location, a similar edge effect was observed for mixed asphalt
pixels, which systematically exhibited high CH4; CTMF scores.

A summary of classification results of the segmented reflectance image r_04 are presented

in Table 2.1. For the probable CH4 anomalies class, the impervious land cover category made
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up 460 pixels (34.56%) of the total 1,331 pixels within the segmented scene, followed by non-
photosynthetic vegetation (14.05%), green vegetation (12.77%), and soil (7.14%). For the con-
fusers class, 13.97% of the scene was of unknown composition and classified using image
endmembers from the blue awning, running track, and erosion barrier. Image endmembers
from the hydrocarbon/water mixture were used to classify the La Brea Tar Pits (7.66% of the
scene), while the remaining land cover categories for the confusers class included oil-based
paints (6.01%), calcite (3.31%), and asphalt (0.53%). Of the total 1,331 pixels within the seg-
mented scene, 68.52% of pixels were classified as endmembers corresponding to the probable

CHy4 anomalies class and 31.48% as the confusers class.

2.5 Discussion

The observed CH4 anomalies for COP and the Mid-Wilshire neighborhood of Los Angeles
suggest significant natural CHy seepage in these regions. COP is one of the largest natural
marine seeps in the world, with total atmospheric CH4 emissions estimated at 100,000 m>/day
(Hornafius et al. 1999). The Mid-Wilshire area has well documented CHy seepage, includ-
ing CH,4 bubbles in the La Brea Tar Pits, CH4 gas bubbling from between cracks in paved
surfaces after rains (Gurevich et al. 1993), and additional building codes requiring CHy mit-
igation such as gas detectors in addition to active and passive venting systems (Chilingar
and Endres 2005). The CTMF technique shows promise for detecting CH, from natural geo-
logical seepage, which contributes an estimated 30 Tg CH4 yr~! globally to the atmosphere
from marine seepage (Kvenvolden and Rogers 2005) and between 20 and 40 Tg CH, yr~! for
natural terrestrial seepage (Etiope et al. 2009).

The CTMF approach also demonstrates potential for detection of fugitive CH4 emissions,
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a term describing largely unmonitored CH, releases associated with petroleum production
and industrial processes that are poorly constrained (Howarth et al. 2011). CHy anoma-
lies consistent with fugitive emissions were detected at the Inglewood Oil Field immediately
downwind of two hydrocarbon storage tanks. Storage tanks are a major source of CHy, emit-
ting an estimated 212 Gg for the United States in 2009 (EPA 2011a). American natural gas
storage tanks have an emission factor of 5.8 x 1073 Gg CH, per (106) m? gas stored (IPCC
2000) and condensate tank batteries have been documented to emit between 141 and 14,158
m?> natural gas and light hydrocarbon vapors each day (EPA 2010).

For the Los Angeles Basin, CHy emissions are poorly constrained and statewide invento-
ries appear to underestimate urban CHy emissions (Wunch et al. 2009). Natural CHy seepage
is well documented in this region (Chilingar and Endres 2005) and there are a number of po-
tential sources of fugitive emissions. These include natural gas pipelines, the Inglewood Gas
Plant, improperly sealed wells (Pipkin and Proctor 1992), the Playa del Rey Oil Field which is
currently being used for natural gas storage (Chilingar and Endres 2005), as well as a number
of refineries in the El Segundo neighborhood and near the Port of Long Beach. Isotopic anal-
ysis by Townsend-Small et al. (2012) indicates the majority of CH4 emissions in Los Angeles
are from fossil fuel sources, including natural seepage from geological formations as well as
fugitive emissions. Therefore, the combination of airborne imaging spectrometry and the
CTMF technique offers the potential to detect concentrated natural and fugitive emissions in
areas where sources may be unknown or poorly quantified.

Significant CH,4 sources have been documented by Farrell et al. (2013) across much of the

Los Angeles Basin, while the lowest values were located in the coastal Rancho Palos Verde
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area (1.993 ppm) and at the base of the San Bernadino Mountains. All concentrations in the
Los Angeles Basin were elevated compared to the Mojave Desert, where average values were
1.860 ppm. Particularly high concentrations were observed near the La Brea Tar Pits (45.508
ppm), Marina del Rey (4.740 ppm), and at the Port of Long Beach (3.676 ppm) near a number of
hydrocarbon storage tanks. These high concentrations suggest that unaccounted natural CH,
seepage and fugitive emissions in the ‘bottom-up’ California Air Resources Board (CARB)
emissions inventory might explain some of the discrepancy between the CARB estimate of
3.0 MMT CO, E year™! and the ‘top-down’ estimate of 4.2 MMT CO, E year™! by Hsu et al.
(2010).

Water vapor has absorption features in the SWIR, but cannot account for any of the ob-
served CTMF anomalies for CHy. In this study, CH4 and H,O transmittance spectra with dis-
tinct absorptions across AVIRIS bands (Fig. 2.5) were used independently to generate CTMF
results for CH4 and H,O. Although elevated water vapor levels could be co-located with CH,
at all locations, CTMF results for water vapor indicate no contiguous H,O anomalies at any
location within the examined AVIRIS scenes.

CTMEF results included a number of false positives that resulted from surfaces with strong
absorptions similar to CH, absorption features, including oil-based paints and calcite. False
positives generally appeared as contiguous pixels with a spatial shape that mimicked an un-
derlying surface feature, for example individual rooftops. This suggests that the AVIRIS spec-
tral resolution limits the ability of the CTMF to accurately resolve between a pure CHy sig-
nature and land cover types with strong absorption features between 2,200 and 2,500 nm.

For AVIRIS scene r_04, a segmentation approach was used to reduce ’speckle’ and isolate
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contiguous pixels with high CTMF scores, resulting in 16 segments. By applying a MESMA
classification to reflectance spectra from these segments, segments were assigned to either a
probable CH4 anomalies or confusers class. As a result, anomalies located in close proximity
to hydrocarbon storage tanks and in the office courtyard were assigned as true CH4 anoma-
lies. Despite being classified mostly as the confusers class, anomalies at the eastern edge of
the La Brea Tar Pits were likely caused by absorption features resulting from the combination
of CHy gas, oil, and tar present at this location.

While the CTMF approach is well suited for detecting anomalies, it does not provide con-
centrations necessary to calculate fluxes or generate maps of gas concentrations. However,
a sensitivity analysis using synthetic images and Modtran 5.3 radiative transfer simulations
currently is under development to determine the relationship between CTMF scores and CHy
concentrations as well as the minimum detectable gas concentrations. This will permit a
greater understanding of the limitations of the CTMF technique, including what types of
emissions might go undetected. Residual based techniques using radiative transfer simula-
tions are also being investigated as a means of quantifying gas concentrations (Roberts et
al. 2010). Evaluating the accuracy of these concentrations is an important prerequisite for
creating maps of gas concentrations and estimating fluxes from individual point sources to
better constrain regional emissions.

Given the high radiative forcing per CHy molecule and an abundance of point sources,
targeting reductions in anthropogenic CHy is a particularly efficient means of mitigating
its effects. High resolution mapping could permit emission monitoring from anthropogenic

sources including wastewater treatment facilities, landfills, fossil fuel production, as well as
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sources of increasing concern like fugitive CHy emissions from leaking natural gas pipelines
(Murdock et al. 2008) and hydraulic fracturing (Howarth et al. 2011). Recently, there has been
concern over possible positive feedbacks between increased surface temperature and CHy
released at high latitudes by melting permafrost (Woodwell et al. 1998), subsea permafrost
(Shakhova et al. 2010), and from CHy hydrate destabilization (Kvenvolden 1988). Therefore,
developing remote sensing techniques to detect local emissions for terrestrial and marine
environments could be particularly useful in monitoring potential increases in CH, emissions

resulting from global warming.

2.6 Conclusions

High spatial resolution mapping of CH, over marine and terrestrial emission sources was
performed using a CTMF technique applied to AVIRIS data. Prominent anomalies consistent
with CH,4 emission from sonar-quantified seep bubble locations in the Coal Oil Point seep
field were detected in addition to multiple anomalies located at known or probable emission
sources in Los Angeles. The combined operations of segmentation of CTMF results followed
by MESMA classification provides a means of semi-automatically discriminating between
true CHy anomalies and false positives. Given that the CTMF results were quite consistent
despite variations in input parameters, this technique is particularly well suited for applica-
tion over large areas to detect CH4 emissions from concentrated point sources.

With little modification, the CTMF algorithm could permit detection of additional green-
house gasses with distinct absorption features, including CO, and N,O (Thorpe et al. 2012;
Dennison et al. 2013). The next generation AVIRIS sensor (AVIRIS-NG) should be better suited

for gas detection given it has a 5 nm spectral sampling and an improved signal-to-noise ra-
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tio (Hamlin et al. 2011). Further, proposed missions with AVIRIS-like sensors mounted on
satellites including HyspIRI, EnMAP, Prisma, HYPXIM, and HISUI may be well-suited for de-
tecting emissions and could greatly improve mapping of regional emissions due to its high

areal coverage and potential for repeat temporal coverage.
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3.1 Abstract

Two quantitative retrieval techniques were evaluated to estimate methane (CHy) en-
hancement in concentrated plumes using high spatial and moderate spectral resolution data
from the Airborne Visible/Infrared Imaging Spectrometer (AVIRIS). An iterative maximum
a posteriori differential optical absorption spectroscopy (IMAP-DOAS) algorithm performed
well for an ocean scene containing natural CH4 emissions from the Coal Oil Point (COP) seep
field near Santa Barbara, California. IMAP-DOAS retrieval precision errors are expected to
equal between 0.31 to 0.61 ppm CH, over the lowest atmospheric layer (height up to 1.04 km),
corresponding to about a 30 to 60 ppm error for a 10 m thick plume. However, IMAP-DOAS
results for a terrestrial scene were adversely influenced by the underlying land cover. A
hybrid approach using singular value decomposition (SVD) was particularly effective for ter-
restrial surfaces because it could better account for spectral variability in surface reflectance.
Using this approach, a CHy plume was observed extending 0.1 km downwind of two hydro-
carbon storage tanks at the Inglewood Oil Field in Los Angeles, California with a maximum
near surface enhancement of 8.45 ppm above background. At COP, the distinct plume had a
maximum enhancement of 2.85 ppm CH, above background, and extended more than 1km
downwind of known seep locations. A sensitivity analysis also indicates CHy sensitivity
should be more than doubled for the next generation AVIRIS sensor (AVIRIS-NG) due to im-
proved spectral resolution and sampling. AVIRIS-like sensors offer the potential to better
constrain emissions on local and regional scales, including sources of increasing concern like

industrial point source emissions and fugitive CHy from the oil and gas industry.
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3.2 Introduction

Atmospheric methane (CHy) is a long-lived greenhouse gas with an instantaneous radia-
tive forcing 21 times greater than carbon dioxide (CO,) on a per molecule basis (IPCC 2007).
In the late preindustrial Holocene (1000 to 1800 A.D.), mean concentrations were 695 ppb
(Etheridge et al. 1998) and global concentrations have increased to around 1,800 ppb in 2013
(NOAA 2013). While anthropogenic sources made up an estimated 4 to 34% of pre-industrial
emissions (IPCC 2007; Houweling et al. 2000), between 60 and 70% of emissions are presently
anthropogenic (Lelieveld et al. 1998). Furthermore, ice core records have indicated CH4 con-
centrations are closely tied to atmospheric temperature records, while present-day concen-
trations have not been observed for the previous 420,000 years (Wuebbles and Hayhoe 2002).

While the global CH, budget is relatively well constrained (550 + 50 Tg CH, yr™!), there
is considerable uncertainty regarding partitioning between individual natural and anthro-
pogenic source types and locations (IPCC 2007). Major sources of anthropogenic CH, emis-
sions include the energy, industrial, agricultural, and waste management sectors. In the
United States, 50% of anthropogenic CHy emissions are from the energy sector, including
natural gas and oil systems, coal mining, and stationary/mobile combustion (EPA 2011b).
Global fugitive CH4 emissions from natural gas and oil systems are of increasing concern,
estimated at 1,354.42 million metric tonnes CO, Eyr~! (64.50 Tg CH, yr~!) and expected to
increase 35% by 2020 (EPA 2006a). Recent studies also suggest official inventories are under-
estimated, for example, top-down estimates indicate fugitive CHy emissions are between 2.3
and 7% of CHy produced annually for the Denver-Julesburg Basin, Colorado (Petron et al.

2012). In the Los Angeles Basin, CH,4 emissions appear underestimated (Wunch et al. 2009)
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and unaccounted sources appear to be fugitive and natural CH4 emissions (Wennberg et al.
2012).

Significant natural CHy sources include wetlands, termites, and geological seeps (IPCC
2007). Globally, geological seeps are highly uncertain but estimated to contribute between 20
to 40 Tg CH, yr~! for terrestrial environments (Etiope et al. 2009) and about 40 Tg CH, yr~!
for marine seepage (Kvenvolden and Rogers 2005). In addition, increased surface and ocean
temperatures associated with global warming may increase CHy emissions from melting per-

mafrost (Woodwell et al. 1998) and CH,4 hydrate destabilization (Kvenvolden 1988).

3.3 Airborne measurements of methane

Aircraft measurements of gas concentrations are useful because they offer the potential
to measure local/regional variations in gas concentrations and complement ongoing efforts
at coarser spatial resolutions, such as spaceborne sensors. These airborne measurements
can improve greenhouse gas emissions inventories and offer the potential for detection and
monitoring of emissions (NRC 2010).

Research and commercial aircraft equipped with in situ gas measurement provides some
sense of CHy variability at local and regional scales (ARCTAS 2010; Schuck et al. 2012). The
nadir-viewing Fourier transform spectrometer (FTS) included as part of the NASA Carbon
in Arctic Reservoirs Vulnerability Experiment (CARVE) (Miller and Dinardo 2012) and spec-
trometers like MAMAP (Methane Airborne MAPper) (Gerilowski et al. 2011) also offer the
potential to measure local emissions. For example, MAMAP detected elevated CH, concen-
trations from coal mine ventilation shafts near Ibbenbiiren, Germany, allowing for an inver-

sion estimate that agreed closely with emission rates reported from mine operators (Krings
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et al. 2013). However, these non-imaging spectrometers have a small field of view (FOV) and
are limited to flying transects across local gas plumes rather than mapping plumes in their
entirety.

By combining large image footprints and fine spatial resolution, airborne imaging spec-
trometers are well suited for mapping local CH4 plumes. The Airborne Visible/Infrared Imag-
ing Spectrometer (AVIRIS) has a 34° FOV and measures reflected solar radiance at the nadir
viewing geometry across 224 channels between 350 and 2,500 nm (Green et al. 1998). Strong
CH, absorption features present between 2,000 and 2,500 nm can be observed at a 10 nm spec-
tral resolution and full width half maximum (FWHM). These absorptions are clearly shown in
Fig. 3.1a by transmittance spectra calculated for CH4 using Modtran 5.3 (Berk et al. 1989), pa-
rameterized for a mid-latitude summer model atmosphere and nadir-looking sensor at 8.9 km
altitude. High resolution transmittance is shown in red in Fig. 3.1a and convolved to AVIRIS
wavelengths in Fig. 3.1b, while water vapor (H,0) transmittance has been included in blue
to indicate spectral overlap with CHy.

These shortwave infrared (SWIR) absorptions have permitted mapping of concentrated
gas plumes in both marine and terrestrial environments using AVIRIS. For bright sun glint
scenes at the Coal Oil Point (COP) marine seep field in the Santa Barbara Channel, Califor-
nia, Roberts et al. (2010) developed a spectral residual approach between 2,000 and 2,500 nm
and Bradley et al. (2011) a band ratio technique using the 2,298 nm CHy absorption band and
2,058 nm carbon dioxide (CO,) absorption band. However, these techniques are not suited
for terrestrial locations that have lower albedos and have spectral structure in the SWIR. A

Cluster-Tuned Matched Filter (CTMF) technique is capable of mapping CH,4 plumes from ma-
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Figure 3.1. (a) High resolution CH4 and H, O transmittance. (b) Transmittance convolved to
the 10 nm AVIRIS spectral resolution.

rine and terrestrial sources (Thorpe et al. 2013) as well as CO, from power plants (Dennison
et al. 2013); however, this method does not directly quantify gas concentrations.

The logical next step is to focus on quantification and uncertainty estimation using tech-
niques originally developed for satellite sensors such as differential optical absorption spec-
troscopy (DOAS) (Platt 1994). In this study, an iterative maximum a posteriori differential
optical absorption spectroscopy (IMAP-DOAS) (Frankenberg et al. 2005b) algorithm was
adapted for gas detection in AVIRIS imagery. In addition, a hybrid approach using singu-
lar value decomposition (SVD) and IMAP-DOAS was also developed as a complementary

method of quantifying gas concentrations within complex AVIRIS scenes.

3.4 Basic principles of IMAP-DOAS

Retrieval algorithms for absorbing species in the SWIR require radiative transfer modeling

of solar radiation along the light path to the sensor and must be capable of simulating changes
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in radiation due to differing abundances of absorbers. These techniques permit comparison of
simulated at sensor radiance with a known abundance of absorbers with measured radiance
provided by the sensor. Differential optical absorption spectroscopy (DOAS) (Platt 1994) is
one approach that has been used for a number of applications, including ground-based (Stutz
et al. 2010), satellite (Schneising et al. 2012), and airborne measurement (Gerilowski et al.
2011). The underlying principle of DOAS is to isolate higher frequency features resulting
from gas absorptions from lower frequency features that include surface reflectance as well
as Rayleigh and Mie scattering (Bovensmann et al. 2011). To do so, a polynomial function
accounting for low-frequency features is often used, which is described in further detail in
Sect. 3.6.

Classical DOAS (Platt 1994) is based on the Lambert-Beer law and describes the relation-
ship between incident intensity for the vertical column (Ij(v)) and measured intensity (I(v))

after passing through a light path (ds) containing an absorber:

I(v) :Io(v)-exp(—fo(v,p,T)c(s)ds) (3.1)

Each absorber has an associated absorption cross section (o) and number concentration of
the absorber (c(s), molecules m~3). Eq. 3.1 is wavelength dependent and the absorption cross
section varies with temperature (T) and pressure (p). If the atmospheric absorption features
are fully resolved by the instrument and only weak absorbers are present, Eq. 3.1 can be

linearized with respect to slant column density S:

T = ln(?((:)))za(v,pj“)-JC(S)ds

=o(v,p,T)-S (3.2)
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where measured optical density () is proportional to the product of the absorption cross
section and the retrieved S, the path integral of the concentration of the absorber along the
light path. S is related to the vertical column density (V), the integral of the concentra-
tion along the vertical from the surface to the top of atmosphere, by way of the air mass
factor (A), where A = S/V. In the SWIR, scattering in the atmosphere is generally low
(Buchwitz and Burrows 2003; Dufour and Breon 2003) and for our applications, the impact
of scattering is far lower than the retrieval precision error. Thus, it can be neglected and
A = 1/cos(SZA) + 1/ cos (LZA), where SZA is the solar zenith angle and LZA is the line-
of-sight zenith angle. However, scattering could become non-negligible in some examples,
including industrial plumes that contain heavy aerosol loading or dark surfaces with low
SZA.

For a single absorber measured with a moderate spectral resolution and ignoring scatter-

ing, a theoretical slant optical density (77'°**) can be calculated as follows:

meas

TV (x) = —ln(< exp(—x-A . Tf\ef) >) (3.3)

where the reference vertical optical density (Tf\ef) is scaled by both the air mass factor (A)
as well as a retrieved scaling factor (x) and < - > denotes convolution with the instrument
function. In addition to scaling T''***, x can be used to estimate gas concentrations relative
to those concentrations present within the reference atmosphere.

However, moderate spectral resolution spectrometers cannot fully resolve individual ab-
sorption lines and must convolve light using an instrument line shape (ILS) function wider
than individual absorption lines. If absorptions are strong, this results in a nonlinear rela-

tionship between the measured optical density () and the retrieved slant column density of
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the absorber (S) shown in Eq. 3.2 (Frankenberg et al. 2005b). In the 2,300 nm region, strong
H,0 and CHy absorption lines are saturated within their line cores. These factors render
Eq. 3.2 nonlinear and cause classical DOAS algorithms to fail, requiring iterative procedures
to account for the induced nonlinearity.

To address the strong sensitivity of the shape of spectral absorption lines to tempera-
ture and pressure as well as unresolved absorption lines (Platt and Stutz 2008), the weighting
function modified differential optical absorption spectroscopy (WFM-DOAS) retrieval algo-
rithm was developed (Buchwitz et al. 2000). WFM-DOAS introduced weighting functions to
linearize the problem of a linearization point in the expected slant column density using ver-
tical profiles of all absorbers as well as pressure and temperature profiles. It has been used to
estimate column amounts of CO (carbon monoxide), CO,, and CH, using Scanning Imaging
Absorption Spectrometer for Atmospheric Chartography (SCTAMACHY) data, which have a
spectral resolution between 0.2 and 1.5 nm (Buchwitz et al. 2005b). A modified WFM-DOAS
algorithm is used with the airborne MAMAP, which has a SWIR grating spectrometer for
measuring CH, and CO, absorptions between 1,590 and 1,690 nm with a 0.82 nm FWHM
(Gerilowski et al. 2011). In addition to detecting elevated CH, concentrations from coal
mines (Krings et al. 2013), MAMAP has been used to measure both CH4 and CO, emissions
from power plants (Krings et al. 2011).

Frankenberg et al. (2005b) developed the IMAP-DOAS algorithm, which uses optimal
estimation theory to adjust the slant column densities of multiple gasses until total optical
density fits the observed measurement. IMAP-DOAS considers the shape of the spectral ab-

sorption lines, as they vary with temperature and pressure in multiple atmospheric layers,
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and convolves absorption lines using the instrument line shape function. This technique is
based on a simple non-scattering radiative transfer scheme, which allows very fast retrievals
and is well suited for processing of AVIRIS imagery. For the 2,300 nm range, where Rayleigh
scattering can be ignored and aerosol optical depths are low, this assumption in IMAP-DOAS
is valid, given errors induced by neglected scattering in AVIRIS scene are typically much
lower (0 to 2%) than precision errors in retrieved column estimates (>3%). Additional details
of the IMAP-DOAS algorithm and retrieval method are presented in Sect. 3.6.

While IMAP-DOAS has been used with SCTAMACHY data to estimate global column-
averaged mixing ratios for CHy (Frankenberg et al. 2005a, 2011) and CO (Frankenberg et al.
2005c¢), this study is the first to use aircraft measurements. Moderate resolution spectrometers
like AVIRIS require large fitting windows, and disentangling surface spectral features from
atmospheric absorptions becomes more complicated using fitting routines such as WFM-
DOAS and IMAP-DOAS. High resolution spectrometers can circumvent this problem since
atmospheric absorption lines are narrow and surface properties, which vary on a scale greater
than 5 to 10 nm, can be fitted using polynomial functions. In this case, reflectance spectra of
terrestrial surfaces (not including narrow atmospheric features) can usually be represented
by a low order polynomial as a function of wavelength. For the 10 nm spectral resolution
and FWHM of AVIRIS, distinguishing surface features from atmospheric absorptions will be
more difficult. Therefore, we developed an alternative hybrid approach using both IMAP-

DOAS and SVD of surface reflectance properties at background CH, concentrations.
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3.5 Study sites and AVIRIS data

Two AVIRIS scenes were used in this study, both acquired in California in 2008. The first
scene was acquired over the COP marine seep field near Santa Barbara from an 8.9 km altitude,
resulting in an image swath of ~5.4km and a ground instantaneous field of view (IFOV) of
~7.5m. The scene was acquired on 19 June 2008 at approximately 19:55 UTC (12:55 PDT) with
a 11.4° solar zenith resulting in high sun glint. COP is one of the largest natural seeps with to-
tal atmospheric CH, emissions estimated at 100,000 m® day~! (0.024 Tg CH, yr~!) (Hornafius
et al. 1999). A 308 by 191 pixel image subset was used for the IMAP-DOAS and SVD algo-
rithms, covering 3.31km? centered on the COP seep field (34°23'46.59” N, 119°52'4.47” W).

The second scene covered the Inglewood Oil Field, located in Los Angeles in an area
that has active oil and gas extraction (DOGGR 2010b). The AVIRIS scene was acquired at
approximately 21:12 UTC (14:12 PDT) on 18 September 2008 at 4.0 km altitude, resulting in a
swath width of ~2.7 km, ground IFOV of ~3 m, and a 38.1° solar zenith. For this scene, a 161 by
172 pixel image subset (0.25km? centered at 33° 59’28.68” N, 118°21’34.59” W) was selected
because it contains a CH4 plume detected using a CTMF technique, with hydrocarbon storage

tanks as a probable emission source (Thorpe et al. 2013).

3.6 IMAP-DOAS retrieval method

The IMAP-DOAS retrieval relies on layer optical properties of absorbing species calcu-
lated for a realistic temperature/pressure and trace gas concentration profile for a given loca-
tion. In addition, instrument line shape and flight parameters are used with geometric radia-
tive transfer calculations to simulate at-sensor radiances and Jacobians with respect to trace

gas abundances for each atmospheric layer. In the following, we describe input parameters
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and additional details of the IMAP-DOAS retrieval.

3.6.1 IMAP-DOAS input parameters

For the two 2008 AVIRIS scenes, temperature, pressure, and H,O volume mixing ratio
(VMR) profiles acquired from the National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) Reanalysis project were extracted for the
appropriate date and time for either location (Kalnay et al. 1996). The NCEP data are pro-
vided on a 2.5° latitude x 2.5° longitude grid every 6 h with 17 pressure levels between 10 and
1,000 mb. Prior profiles of CH4 and N,O are based on the U.S. standard atmosphere obtained
from the radiative transfer models LOWTRAN/MODTRAN (Kneizys et al. 1996). These pro-
files were scaled to reflect the VMR for CH, and N,O using the 2008 mean VMR provided
from the NOAA Mauna Loa station, United States (NOAA 2013). For both gasses, the percent
increase of the 2008 mean VMR compared to the U.S. standard atmosphere at 0 km altitude
was calculated and used to update the VMR up to 25 km altitude. Finally, we computed ver-
tical optical depths for 10 atmospheric layers at 100 mb intervals between 0 and 1,000 mb.

For AVIRIS, the strongest CHy absorptions occur between 2,200 to 2,400 nm (Fig. 3.1).
Spectral parameters for CHy, H,O, and N,O were used from the HITRAN database (Rothman
et al. 2009). We used a classical Voigt spectral line shape to calculate CHy, H,0, and N,O
vertical optical densities for each of the 10 atmospheric layers.

Given that the two AVIRIS scenes were acquired at different flight altitudes and SZA,
geometric air mass factors (AMF) had to be calculated for each of the 10 layers to account
for either one- (above sensor) or two-way (below sensor) transmission through each layer.

For example, the COP flight was at 8.9 km altitude with a solar zenith angle of 11.4°, placing
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the aircraft approximately at the boundary between atmospheric layer 3 and 4 (Fig. 3.2). In
this simplified setup, the AMF for layers 1 to 3 (above the aircraft) is calculated as 1/cos
(11.4°) =1.02, while for layers 4 to 10, an AMF of 2.02 (1/cos (11.4°) + 1/ cos (0.0°)) accounts
for two-way transmission. Similar calculations were performed for the Los Angeles scene,
which was acquired with a SZA of 38.1° at 4.0 km altitude, placing the aircraft approximately

at the boundary between layer 5 and 6.
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Figure 3.2. (a) 10 atmospheric layers were used for retrievals (layer 1 at the top). For the
COP scene, the aircraft was placed between layer 3 and 4 (red square). The slant and ver-
tical light paths (red lines) were used to scale optical densities appropriately. (b) Profiles
of temperature and VMR of H,0, CHy, and N,O for the boundaries of each layer (black
circles).

Additional input parameters for the IMAP-DOAS algorithm are shown in Fig. 3.3, includ-
ing the AVIRIS radiance data, spectral resolution of the sensor, signal-to-noise ratio (SNR)

estimate, and the full width at half maximum of the instrument lineshape (FWHM = 10.42 nm,

71



Atmospheric profiles
-Vertical column

-Updated profile o IMAP-DOAS outputs
(ORI — | ((jle(;] ;5;'2?5' H,O -Modeled radiance
NCEP, NOAA) yers, M0, . ;
CH,, N,0) -Retrieved optical
» IMAP- -5 density
Additional inputs ¥ | Doas -&agotga_ln (LOIOa)yers;
-High resolution solar AVIRIS data _qu 4'scalilr'19 fzactor
spectrum -Radiance scene -Subcolumn XCH,
-AVIRIS FWHM -Altitude (ppm, lowest |ayer)

-AVIRIS SNR -SZA
Figure 3.3. Processing steps for IMAP-DOAS CHy retrieval.

assuming a Gaussian line-shape). An average FWHM and an average SNR were calculated for
bands included within the fitting window, while the high resolution solar transmission spec-
trum was generated using a solar line list (Geoffrey Toon, personal communication, 2013).

The optimal choice of a fitting window for the IMAP-DOAS CHy retrievals was deter-
mined iteratively. We began using all spectral bands between 2,100 and 2,500 nm correspond-
ing to strong CH,4 absorptions, but observed strong correlations with surface features. This is
likely related to spectrally smooth convolved transmissions from 2,200 to 2,300 nm and above
2,370 nm. As we decreased the size of the fitting window to focus on the more high-frequency
CHy, features, the spectral variability associated with AVIRIS bands at either end of the fitting
window was reduced and results improved. The fitting window selected for this study used 9
bands between 2,278 and 2,358 nm, including three prominent absorption features visible in
CH, Jacobians shown in Fig. 3.4a.

3.6.2 Forward model and optimal estimation

Using 10 atmospheric layers and the gasses CHy, H,O, and N, O results in a state vector

with 30 rows (X,,). A forward radiative transfer model at high spectral resolution was used
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Figure 3.4. (a) CHy Jacobian for each of the 10 atmospheric layers with colors transitioning
from dark blue at the highest layer (layer 1) to light green for the lowest layer (layer 10). The
CH, Jacobians with smaller magnitudes (dark blue) are for layers above the flight altitude.
The same color scheme is used for the H,O Jacobians (b) and N,O Jacobians (c).

to calculate modeled radiance at each wavelength using the equation below:

k

30
_Zzn.fc;ef.zn,,.]. Y gt 69
n=1

i=0

FM (%) = Ig" - exp

where Fr (%) is the forward modeled radiance at the ith iteration of the state vector, Tgr

is the incident intensity (solar transmission spectrum), Xn is the AMF for each n number of
atmospheric state vector elements (30 rows, specified for each of the 10 layers and repeated
for each gas), T'f is the reference total optical density for each # number of atmospheric
state vector elements (including optical densities of CHy, H,O, and N,0), X, ; is the trace
gas related state vector at the ith iteration, which scales the prior optical densities of CHy,
H,O0, and N,0 in each n layer (30 rows), a; are polynomial coefficients to account for low-
frequency spectral variations.

The high resolution modeled radiance is then convolved with the ILS and sampled to the

center wavelengths of each AVIRIS spectral band. This results in a low resolution modeled
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radiance at the ith iteration of the state vector (F'* (x})), calculated using a known
by X, ;.

In addition to the scaling factors for CHy, H,0, and N,O in each n layers (X,,), the state
vector contains the spectral shift (not shown here) as well as a low order polynomial function
(ax) to account for the broadband variability in surface albedo (see Frankenberg et al. 2005b).

At each iteration i, a Jacobian matrix is calculated where each column represents the

derivative vector of the sensor radiance with respect to each element of the state vector ().

OF" (%)

ox |.

i

Ki = (35)

The forward model and the Jacobian Matrix can be used to optimize the state vector at the

ith iteration as follows (Rodgers 2000):

(7 P () + Ki(% - %) (3.6)

where X, is the a priori state vector (30 rows), X; is the state vector at the ith iteration (30
rows), S, is the error covariance matrix, S, is the a priori covariance matrix, 37 is the measured
AVIRIS radiance, E¥ (X;) is the forward model evaluated at X;, and K; is the Jacobian of the
forward model at X;.

The a priori state vector was set to 1 for each gas at each layer, while the a priori covari-
ance matrix was set to constrain the fit to the lowest atmospheric layer (height up to 1.04 km)
where high variance is expected. To achieve this, very tight prior covariances were set for
all atmospheric layers except the lowermost one, which is basically unconstrained. This as-
sumption is reasonable given that the COP and Inglewood scenes contain CH4 emission from
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ground sources that are not expected to extend above this atmospheric layer. CH4 concen-
trations were calculated by multiplying the CHy state vector at the last iteration (CHy scaling

factor) by the VMR for the lowest layer of the reference atmosphere (Fig. 3.2).

3.7 Basic principles of SVD

SVD transforms a large number of potentially correlated vectors into a smaller set of un-
correlated (orthogonal) vectors, denoted as singular vectors (Press et al. 2007; Rodgers 2000).
It is closely related to principal component analysis (PCA) and offers the potential for re-
duced computation time by efficiently summarizing high dimensional data. It has been used
in a number of remote sensing applications, including cloud detection using the Michelson
Interferometer for Passive Atmospheric Sounding (MIPAS) (Hurley et al. 2009), retrieving
aerosol optical densities of mineral dust using the Infrared Atmospheric Sounding Interferom-
eter (IASI), and retrieval of terrestrial chlorophyll fluorescence using the Fourier Transform
Spectrometer (FTS) on board the Greenhouse gases Observing SATellite (GOSAT) platform
(Guanter et al. 2012).

For this study, we constructed an m xn matrix L, where m is the number of spectral bands
(for the CHy fit window) and # is the number of radiance spectra in a specific AVIRIS scene.

This can be expressed as

L=UAVT (3.7)

where the mxm matrix U contains the left singular vectors and the nxn matrix V contains the
right singular vectors in their respective columns. A is an m x n rectangular diagonal matrix
containing the m singular values of L on its diagonal. These singular values are essentially

eigenvalues that correspond to the m columns of U, which are analogous to eigenvectors.
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Each of the n columns of V is essentially a principal component of the scene, with each suc-
cessive column capturing increasingly less signal variability. Therefore, L can be recomposed
as a linear combination of singular vectors scaled by the singular values (Murtagh and Heck

1987).

3.8 SVD retrieval method

For each AVIRIS image subset, the radiance scene was first standardized by fitting a first
order polynomial to each radiance spectrum and dividing it by the polynomial fit. Next, a
mean radiance spectrum was calculated from the standardized data and the IMAP-DOAS
retrieval was performed on the mean spectrum to generate the CHy Jacobian for the lowest
layer (Kcp,) (Fig. 3.5). This standardization was performed to ensure that the computed
CH,4 Jacobian is representative for all pixels; without it, calculations of Jacobians for each
continuum level would be required. As an alternative to standardization, a SVD in log-space
could be considered since optical depths are linear with respect to changing concentrations
in the vicinity of the linearization point.

Using Eq. 3.7, the SVD was performed on each image subset using the standardized radi-
ance (mxn matrix L, where m is the number of spectral bands and 7 is the number of radiance
spectra). Due to computing limitations, the economy version of the SVD was calculated us-
ing MATLAB (Mathworks, Natick, Massachusetts, USA). This resulted in Uy, maintaining
a dimension of m x m (left singular vectors in m columns), but reduced matrix dimensions
for Vecon and Agcon (1 x m and m x m, respectively).

The first ¢ columns of Uecon (Ugelect, an 71 X ¢ matrix where the optimal selection of ¢ is

described below) and the CHy Jacobian (K¢, , an m x 1 matrix) are concatenated to generate
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Figure 3.5. Processing steps for the SVD retrieval method. The IMAP-DOAS retrieval is
performed on a mean radiance for the image subset to generate the CH, Jacobian for the
lowest layer. The SVD is used to calculate Ugcon, Vecon, and Aecon, While Ugglecr is combined
with the CH, Jacobian to generate the J matrix. J is used to determine the portion of each
radiance spectra associated with the CHy Jacobian (i.e., absorptions due to CHy) and can be
used to estimate CH4 concentrations.

a matrix J (dimensions of m x ¢+ 1). The basic principle is to reflect the general variability in
spectral radiances by a linear combination of the first ¢ eigenvectors and the CH4 Jacobian,
which relates to deviations from background concentrations since the background radiance
is already modeled using the linear combination of eigenvectors. A similar technique was
used to retrieve terrestrial chlorophyll fluorescence using the FTS on board GOSAT (Guanter
et al. 2012). The linear combination of eigenvectors is an empirical way to compute the
forward model radiance, which can include many detector and surface albedo features that
the IMAP-DOAS approach cannot easily handle.

Using linear least squares, we can now find a vector W that minimizes the cost function

involving the measured radiance spectra ¥:
— > |2
-1 (38)

W represents the contribution of each column of J to the measured radiance. The modeled
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radiance F can be calculated by multiplying J by the weights W
F=Jw (3.9)

resulting in a modeled radiance that can be compared to the measured radiance for each
spectrum.

The previous equation can be rewritten as the sum of the background and CH, component
of the radiance as follows:

c
E(W3) =) Ji-WitTer Wep (3.10)
k=1

where the left term represents the background radiance modeled as a linear combination of
the first ¢ eigenvectors of J (Jx) multiplied by the corresponding weights Wk. The right term
is the CHy component of the scene, the product of J.,; (the CHy Jacobian, Kcy,) and its
corresponding weight WC+1 (denoted as RCHy). In Eq. 3.10, the fit coefficients are ¢ and W.
RCHjy indicates how much of the observed radiance for each spectrum can be associated with
the CHy Jacobian (i.e., changes in absorptions due to CHy) and can be used to both estimate
CH,4 concentrations as well as its uncertainties. Similar to the IMAP-DOAS approach, RCHy
for each pixel is multiplied by the VMR for the lowest layer of the reference atmosphere and
results in an estimated CH, concentration in ppm above/below the average.

The same 9 bands between 2,278 and 2,358 nm that made up the IMAP-DOAS retrieval
window were initially used for the hybrid SVD approach. In an iterative process, additional
bands between 2,218 and 2,457 nm were included to better account for high-frequency varia-
tion present in the scenes. A portion of the scene was selected for a homogeneous land cover

and the standard deviation of the RCHy results for different fitting windows was calculated.
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A 16-band fitting window (2,278 to 2,428 nm) was selected because it produced the lowest
standard deviation in RCHy and thereby minimized noise in results.

Using these 16 bands, the hybrid SVD retrieval was performed iteratively by increasing
the ¢ columns of Ue.y, used to generate Uggjeei. This resulted in 16 SVD retrievals, which
were assessed by minimizing the standard deviation of the RCHy results for the portion of the
scene selected to represent homogeneous land cover. This technique was used to determine
the optimal number of columns of Ug.,, to use with the SVD retrieval for the COP and

Inglewood scenes.

3.9 Results for IMAP-DOAS sensitivity study

To investigate the expected IMAP-DOAS retrieval errors for the 9-band fitting window

between 2,278 and 2,358 nm, the covariance S was calculated using the following equation:
R -1
$=(K"s;'K+S;") (3.11)

where the diagonal of S corresponds to the covariance associated with CHy, H,0, and N,0O
at each of the 10 atmospheric layers. S, is the error covariance matrix, a diagonal matrix
representing expected errors resulting from shot-noise and dark current that is calculated
using the SNR for the AVIRIS sensor.

The precision error of the IMAP-DOAS retrieval algorithm is calculated by multiplying
the square root of the corresponding diagonal entry of S (the standard deviation of the CHy
fit factor) by 1.78 ppm CHy, the 2008 mean VMR provided from the NOAA Mauna Loa sta-
tion, United States (NOAA 2013). These errors were calculated for a number of hypothetical
sensors with varying spectral resolution and FWHM across a range of SNR (Fig. 3.6). As ex-

pected, the IMAP-DOAS error decreases as SNR increases and as the spectral resolution and
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FWHM become finer. The black line (10 nm spectral resolution and FWHM) approximates
the AVIRIS sensor and the SNR for bands used in the IMAP-DOAS retrieval was conser-
vatively estimated between 100 and 200 using an AVIRIS instrument model for low albedo
surfaces (Robert Green, personal communication, 2013). Using scene parameters similar to
the COP flight (8.9 km altitude, 11.4° solar zenith), this corresponds to an error of between
0.31 to 0.61 ppm CHy over the lowest atmospheric layer (up to 1.04 km) shown in Fig. 3.2a.
Given that about 10% of the total column is within the lowest layer, this error is considerable
and roughly corresponds to an error of 30 to 60 ppb in column-averaged CH, over the total

atmospheric column.
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Figure 3.6. Estimated IMAP-DOAS retrieval errors (ppm CHy) for four hypothetical sensors,
each with the spectral resolution (SR) equal to the FWHM. Errors are relative to lowest
atmospheric layer (height up to 1.04 km) and decline with increased signal-to-noise ratio

(SNR).

3.10 Results for IMAP-DOAS
3.10.1 COP

For the COP subset shown in Fig. 3.7a, measured radiance for the first band of the IMAP-

DOAS retrieval window at 2,278 nm had a minimum of 0.1158, maximum of 6.436 (sensor
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'nm~!. Sensor saturation occurs only for a small

saturation), and mean of 2.0516 chm_zsr_
portion of the scene where the full well of the detector is saturated for multiple channels in the
SWIR. Sonar return contours of subsurface CHy bubble plumes are overlain and correspond
to known seep locations (Leifer et al. 2010). In Fig. 3.7b, the CHy scaling factor is shown for
the lowest atmospheric layer (height up to 1.04 km) and a CH4 enhancement is clearly visible,
consistent with emission from seep locations and the 2.3 ms~! southwesterly wind measured
at the nearby West Campus Station. The standard deviation of the residual (the difference
between measured and modeled radiance) was also calculated to evaluate the ability of IMAP-
DOAS to model radiance. This result is shown in Fig. 3.7c and has a similar visual appearance
to Fig. 3.7a, indicating a strong albedo influence.

CH, concentrations were calculated by multiplying the retrieved CH, scaling factor
by the VMR for the lowest atmospheric layer (1.78 ppm CH,). In Fig. 3.7d, ppm CHy for
the lowest layer is shown (subcolumn XCHy), excluding 740 bright pixels (greater than

! in the fitting window) associated with high standard deviation of the

5uWem~2sr 'nm™
residuals. These results indicate enhancements in the lowest layer up to 2.5 times concen-
trations present in the reference atmosphere, equivalent to 4.46 ppm CHy averaged across
the distance from the ocean surface to 1.04 km. However, there appears to be a positive bias
in these results, given concentrations for locations upwind of the plume appear higher than
the expected background concentration of 1.78 ppm. Therefore, the subcolumn XCHy results
appear overestimated. This observed bias will be further addressed in Sect. 3.12.

In Fig. 3.7, locations L1 and L2 correspond to the measured and modeled radiance plotted

in Fig. 3.8. At location L1 (Fig. 8a), the measured radiance (black) is nearly horizontal for
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Figure 3.7. (a) Measured radiance at 2,278 nm, showing strong variability in brightness.
Sonar return contours (Leifer et al. 2010) are overlain and correspond to known seep loca-
tions. (b) For the same image subset, CHy scaling factor for the lowest atmospheric layer
(layer 10) indicates a CH, plume consistent with the local wind direction. (c) The stan-
dard deviation of the residuals (measured minus modeled radiance) depends strongly on
brightness (a). (d) Subcolumn XCH, (ppm CHy for the lowest layer), excluding bright pix-
els (greater than 5 yWem™2sr 'nm™! in the fitting window) associated with high standard
deviation of the residuals. For two spectra (indicated by locations L1 and L2), measured and
modeled radiance are provided in Fig. 3.8.

wavelengths between 2,278 and 2,328 nm, indicating sensor saturation due to high sun glint.
This causes considerable disagreement with the modeled radiance (red), as indicated by the
residual radiance shown in the bottom plot; this pixel was excluded from the results shown
in Fig. 3.7d. For Fig. 3.8b (location L2), the radiance is considerably lower and there is better
agreement between measured and modeled radiance, resulting in a retrieved concentration
of 2.18 ppm CHy for this pixel. This radiance was detrended in Fig. 3.8c and the CHy4 Jacobian
for the lowest layer is overlain to indicate the location of CH,4 absorptions at 2,298, 2,318, and

2,348 nm.
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Figure 3.8. (a) For location L1 (see Fig. 3.7), the measured radiance (black) indicates sensor
saturation due to high sun glint between 2,278 and 2,328 nm. This causes considerable dis-
agreement with the modeled radiance (red), as indicated by the residual radiance shown in
the bottom plot. (b) There is better agreement for location L2. (c) The radiance shown in
(b) was detrended and the CHy Jacobian for the lowest layer overlain (green) to indicate the
location of CHy absorptions at 2,298, 2,318, and 2,348 nm.

3.10.2 Inglewood

The Inglewood subset (Fig. 3.9a) is highly heterogeneous, with a maximum measured ra-
diance of 0.8033, minimum of 0.0192, and mean of 0.2800 |,1Wcm‘2s1r‘1nm‘1 at 2,278 nm. A
road crosses the scene from north to south, separating the Inglewood Oil Field on the left
from a residential neighborhood on the right. In this complex urban environment, the low

order polynomial in the IMAP-DOAS algorithm is unable to account for some of the high-
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Figure 3.9. (a) Radiance at 2,278 nm, showing a portion of the Inglewood Oil Field. (b)
For the same image subset, CH, scaling factor for the lowest atmospheric layer (layer 10)
appears heavily influenced by land surface type. (c) Standard deviation of the residuals also
appears influenced by land cover. (d) Subcolumn XCH, (ppm CHy for the lowest layer),
excluding dark pixels (less than 0.1 pWem™2sr! ! in the fitting window). (e) Close-up
of hydrocarbon storage tanks upwind of observed plume (Google Earth 2013).

nm-

frequency spectral variability that interferes with CHy absorptions. Therefore, the CHy scal-
ing factor results for the lowest atmospheric layer are heavily influenced by the land surface
type (Fig. 3.9b). For example, the road appears clearly visible and high CHy4 scaling factors

occur for individual structures within the neighborhood. Dark spectra also appear to have
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erroneously high CHy scaling factors, including heavily vegetated areas in the northwest and
southeast of the scene.
For the lowest atmospheric layer, subcolumn XCH, results are shown in Fig. 3.9d, ex-

~Inm™! in the fitting window. While background

cluding dark pixels less than 0.1 yWcem™2sr
concentrations are expected around 1.78 ppm CHy, observed background concentrations ap-
pear biased upward, between 2 and 3 ppm. Despite the noisy results, a feature of elevated
CHy, is visible in the center of the image with maximum concentrations in excess of 5.5 ppm.
This CH,4 plume is consistent with a 2.2m s~ southwesterly wind measured nearby at the
time of image acquisition (http://weatherunderground.com, 2012). Using higher resolution

Google Earth imagery acquired one year after the AVIRIS flight, two hydrocarbon storage

tanks were identified immediately upwind and are the probable emission source (Fig. 3.9¢).

3.11 Results for SVD
3.11.1 COP

While the IMAP-DOAS technique permitted CHy retrievals for the more homogeneous
marine location, high-frequency variation present in the terrestrial example interferes with
CH, absorptions and makes mapping more challenging. To permit retrievals for terrestrial
locations, a hybrid approach using SVD and IMAP-DOAS was used to first account for high-
frequency variation present in the scene and determine what variance of the standardized
radiance resulted from changes in CHy.

In Fig. 3.10, all 16 columns of Ugcyy are shown in addition to the CHy Jacobian (Kcy, ).
Following the iterative method described in Sect. 3.8, 4 of the total 16 columns of U, were

used to generate Ueecr and account for over 99.99% of the variance. Next, Usejec and Kcy,
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Figure 3.10. Singular vectors contained in Uy, for COP scene with CHy Jacobian (K¢, )
plotted for reference. (a) Ugcon columns 1 to 5. (b) Columns 6 to 10. (c) Columns 11 to 16.

were concatenated to generate the J matrix, which is used for modeling radiance (see Eq. 3.9).

In Fig. 3.11b, the weights (RCH,) associated with the column of J that corresponds to the
CHy Jacobian are shown (see Eq. 3.9). Within the scene, expected background values are 0
and the distinctive CHy plume is similar to the IMAP-DOAS results (Fig. 3.7b). In Fig. 3.11d,
ppm CHy relative to background is shown, excluding 323 pixels (0.55% o f total scene) associ-
ated with standard deviation of the residuals greater than 0.0075 (Fig. 3.11c; a unitless value
given the SVD was performed on standardized radiance). CH, concentrations exceed 3 ppm

above background within the plume, gradually decrease downwind, and approach expected
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background concentrations.

a) Standardized radiance (2278 nm) b) SVD: RCH4
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Figure 3.11. (a) Standardized radiance used for calculating SVD at COP (showing only
2,278 nm). (b) For the same image subset, RCHy results clearly indicate CHy plume. (c)
The standard deviation of the residuals (measured minus modeled radiance). (d) ppm CHy
relative to background, excluding pixels with greater than 0.0075 standard deviation of the
residual (a unitless value given the SVD was performed on standardized radiance).

3.11.2 Inglewood

Using the iterative method described in Sect. 3.8, 9 columns of U,,, were selected to gen-
erate Uggject for the Inglewood scene. The RCH, results (Fig. 3.12b) more clearly distinguish
the CHy plume compared to the IMAP-DOAS results (Fig. 3.9b); however, the SVD standard
deviation of the residuals indicates higher errors for vegetated surfaces (Fig. 3.12c). Excluding
pixels with greater than 0.0075 standard deviation of the residual, retrieved concentrations
relative to background are shown in Fig. 3.12d. Expected background concentrations are ob-
served throughout much of the scene and CHy concentrations are highest for the western

portion of the plume (in excess of 4 ppm above background).
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Figure 3.12. (a) Standardized radiance used for calculating SVD for Inglewood subset (show-
ing only 2,278 nm). (b) For the same image subset, RCHy results indicate CH4 plume at the
center of the scene. (c) The standard deviation of the residuals (measured minus modeled
radiance). (d) ppm CHy relative to background, excluding pixels with greater than 0.0075
standard deviation of the residual (a unitless value given the SVD was performed on stan-
dardized radiance). For two spectra (indicated by locations L3 and L4), measured and mod-
eled radiance are provided in Fig. 3.13.

In Fig. 3.12, locations L3 and L4 correspond to the measured and modeled radiance plot-
ted in Fig. 3.13. At location L3 (Fig. 3.13a), there is considerable disagreement between the
measured (black) and modeled radiance (red), as indicated by the residual. L3 is located in a
vegetated region and because the standard deviation of the residual exceeds 0.0075, this pixel
was excluded from the results shown in Fig. 3.12d. In contrast, there is good agreement for

L4, which is made up of bare soil with an estimated concentration of 0.38 ppm CH, above
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background (Fig. 3.13b).
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Figure 3.13. (a) The modeled (red) and measured standardized radiance (black) for
location L3, which corresponds to a dark spectrum with an average radiance of
0.0376 pyWem™2sr 'nm~!. L3 is located in a distinct region with high values for the stan-
dard deviation of the residuals (see Fig. 3.12c) and was excluded from the results shown
in Fig. 3.12d. (b) For location L4, there is better agreement between modeled and measured
radiance (average 0.5187 pWem ™ 2sr"'nm™~!. The CHy Jacobian for the lowest layer is over-
lain (green) to indicate the location of CHy absorptions.

As described in Sect. 3.10.2, high standard deviation of the residuals were observed for
dark pixels in IMAP-DOAS results for the Inglewood scene (Fig. 3.9¢). In Fig. 3.9d, dark pix-
els less than 0.1 pWem™2sr 'nm™! in the fitting window were excluded from IMAP-DOAS
results, which included vegetated surfaces. For the hybrid approach using SVD and IMAP-
DOAS, pixels with greater than 0.0075 standard deviation of the residual were excluded from
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the results shown in Fig. 3.12d, also corresponding to vegetation within the scene. The aver-
age radiance at 2,278 nm for those pixels with greater than 0.0075 standard deviation of the

residual for the hybrid approach (Fig. 3.12d, black pixels) was only 0.1368 yWem™2sr™'nm ™!,

compared to the 0.3129 pWem™2sr™'nm™!

average for the remaining pixels in the scene.
Dark pixels and their corresponding low SNR cause lower single measure precision and are

thus problematic for both the IMAP-DOAS and the hybrid approach.

3.12 Discussion
3.12.1 Comparison of retrieval results

The IMAP-DOAS and hybrid SVD approach were capable of quantifying CH4 concentra-
tions from plumes over marine and terrestrial environments. For both techniques, agreement
between measured and modeled radiance was poorest at albedo extremes, for example sat-
urated pixels at COP and dark, vegetated surfaces at Inglewood. SVD results indicate near
surface enhancements relative to background; absorptions resulting from background CHy
concentrations in the scene are contained in Uggje.; and the retrieval used the CH, Jacobian
from the lowest layer of the atmospheric model. Similarly, the IMAP-DOAS retrieval also pro-
vides ppm CH4 enhancements averaged over the lowest atmospheric layer (up to 1.04 km).

For the IMAP-DOAS results from COP and Inglewood, an average background ppm CHy
concentration was calculated for the portion of the scene selected to represent homogeneous
land cover (see Sect. 3.8). To account for the observed positive bias in subcolumn XCHy (see
Sect. 3.10), this average concentration was subtracted from subcolumn XCHy, resulting in
ppm CHy relative to background. However, different portions of each scene were excluded

from IMAP-DOAS and SVD results due to observed biases. For example, pixels were excluded
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from IMAP-DOAS results at Inglewood using an albedo threshold (Fig. 3.9d), while a stan-
dard deviation of the residual threshold was applied to SVD results (Fig. 3.12d). To permit
comparison between results, only those pixels not excluded from either the IMAP-DOAS or
SVD results are shown in Figs. 3.14 and 3.15.

These results were also compared with an independent technique, the Cluster-Tuned
Matched Filter (CTMF) that was applied to both scenes (Figs. 3.14c and 3.15c). The CTMF
is trained with a gas transmittance spectrum as a target to calculate CTMF scores for each
image pixel where scores greater than one indicate significant evidence of the gas signature
(Funk et al. 2001). Because the CTMF uses the inverse of the scene’s covariance structure
to remove large-scale noise to isolate the gas signal, it is best suited for detecting concen-
trated sources rather than background concentrations. A detailed description of the CTMF
algorithm including results from both the COP and Inglewood image subsets is available in
Thorpe et al. (2013). The CTMF does not provide an estimate of gas concentrations; rather,
it provides an image of gas anomalies that can be evaluated for consistency with probable
emissions sources and local wind direction. In contrast, IMAP-DOAS and the hybrid SVD
approach provide CHy concentrations as well as uncertainty estimates.

At COP, there is good spatial agreement between the observed plumes obtained with the
IMAP-DOAS (Fig. 3.14a), hybrid SVD (Fig. 3.14b), and CTMF (Fig. 3.14c) approaches (Thorpe
et al. 2013). IMAP-DOAS CHy concentrations are generally higher (mean 0.12, standard
deviation 0.43 ppm relative to background) than the SVD results (mean —0.01, standard de-
viation 0.63 ppm relative to background). The location of an identical transect is shown for

the IMAP-DOAS (Fig. 3.14a, green line), SVD (Fig. 3.14b, cyan), and CTMF results (Fig. 3.14c,
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Figure 3.14. For the same COP subset, there is good agreement between results obtained
using three techniques: (a) IMAP-DOAS, (b) SVD, and (c) Cluster-Tuned Matched Filter
(CTMF). (d) The location of a vertical transect is shown for the IMAP-DOAS (green line),
SVD (cyan), and CTFM results (red); values along the transect are shown for IMAP-DOAS
(green), SVD (cyan), and CTMF (red). At each point along the transect, an average value was
calculated for 21 pixels centered on the transect in the horizontal direction. IMAP-DOAS

and SVD transects share the cyan figure axes, while the CTMF transect was offset for clarity
and corresponds to the red figure axes.

red). At each point along the transect, an average value was calculated for 21 pixels centered
on the transect in the horizontal direction. The average values along the transect are plotted
in Fig. 3.14d and indicate concentrations for IMAP-DOAS (green), which are generally higher
than for the SVD approach (cyan) with both transects sharing the cyan figure axes. Where
the transect intersects the plume, there is good agreement in the pronounced peak in values
from the three techniques, including CTMF results (red) that were offset for clarity and cor-
respond to the red figure axes. While the CTMF technique appears better suited for detecting
diffuse portions of the plume (Fig. 3.14c), it does not provide CH4 concentrations.

Using the hybrid SVD approach, the maximum observed concentration within the scene
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was 2.85 ppm CHy above background, located at a region of subsurface CH4 bubble plumes,
as shown by the sonar return contours (Fig. 3.11a). Averaged over the lowest atmospheric
layer (a distance of 1.04 km), this maximum concentration will increase when scaled for a
smaller atmospheric column. For example, concentrations increase to 590 ppm CHy above
background if all enhancements are within a 5 m atmospheric column. Near surface concen-
trations are likely much higher; Leifer et al. (2006a) measured up to 2 x 10* ppm CHy at 5m
height using a flame ion detector.

For Inglewood, the CHy plume is clearly visible in IMAP-DOAS (Fig. 3.15a), hybrid SVD
(Fig. 3.15b), and CTMF (Fig. 3.15¢) results (Thorpe et al. 2013). CHy concentrations for
IMAP-DOAS are generally higher (mean 0.13 and standard deviation 1.03 ppm relative to
background) than the hybrid SVD results (mean —0.04 and standard deviation 1.60 ppm rel-
ative to background). Overall there is good spatial agreement for the observed CH,4 plume
obtained using these three distinct techniques.

Similar to the COP comparison, the location of an identical transect is shown for the
IMAP-DOAS, SVD, and CTMF results. An average was calculated at each point along the tran-
sect (for 9 pixels centered on the transect in the vertical direction) and plotted in Fig. 3.15d,
indicating two locations with enhanced CHy between the 70th and 100th pixels. For this por-
tion of the transect, there is considerable disagreement between the IMAP-DOAS (Fig. 3.15d,
green line) and SVD concentrations (blue). This discrepancy can be partly attributed to the in-
fluence of the choice of the number of columns of U, used to generate Uge o (see Sect. 3.8).
For the transect shown in Fig. 3.15d, 9 columns of U,.,,wWere used, resulting in a mean con-

centration along the transect of 0.4141 ppm CH,4 relative to background. Selecting 10 columns
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Figure 3.15. For the same Inglewood subset, there is good agreement between results ob-
tained using three techniques: (a) IMAP-DOAS, (b) SVD, and (c) Cluster-Tuned Matched
Filter (CTMF). (d) The location of a horizontal transect is shown for the IMAP-DOAS (green
line), SVD (cyan), and CTMF results (red); values along the transect are shown for IMAP-
DOAS (green), SVD (cyan), and CTMF (red) approach. At each point along the transect, an
average value was calculated for 9 pixels centered on the transect in the vertical direction.
IMAP-DOAS and SVD transects share the cyan figure axes, while the CTMF transect was
offset for clarity and corresponds to the red figure axes.

of Uecon decreased the mean concentration along the transect to 0.3664 ppm relative to back-
ground with a standard deviation of the difference between transects obtained using 9 and
10 columns equal to 0.2959 ppm. In contrast, using 8 columns of Ue.,, results in a mean
concentration of 0.4144 ppm relative to background, and the standard deviation of the dif-

ference between transects obtained using 9 and 8 columns is reduced to 0.1508 ppm relative

94



to background. This indicates that retrieved CH,4 concentrations obtained using the SVD ap-
proach is influenced by the choice of Ugee; because higher-order singular vectors can start
correlating with the computed CHy Jacobian.

For the SVD approach at Inglewood using 9 columns of Ugc,,, the maximum within
the CHy plume was 8.45ppm above background with concentrations decreasing down-
wind of the hydrocarbon storage tanks (Fig. 3.12d). Such enhancements are feasible given
tanks represent large emission sources; natural gas storage tanks can emit between 4.3 and
42.0x107* Gg CH,4 per (10°) m® gas withdrawals per year (IPCC 2000) and tank venting rep-
resented approximately 14.4% (212 Gg CHy) of the total U.S. CH,4 emissions from petroleum
systems in 2009 (EPA 2011a).

3.12.2 Potential for AVIRIS-NG and future sensors

While CHy retrievals are promising using AVIRIS, the next generation sensor (AVIRIS-
NG) will have a 5nm spectral resolution and FWHM, which should significantly improve
CHy sensitivity. An IMAP-DOAS retrieval error between 0.31 to 0.61 ppm CHy over the low-
est atmospheric layer (height up to 1.04 km) is expected for an AVIRIS scene acquired at 8.9 km
altitude, 11.4° solar zenith, and with a SNR conservatively set between 100 and 200 (Fig. 3.6,
black line). This corresponds to about a 32 to 63 ppm retrieval error for a 10 m thick plume
or 322 to 634 ppm for a 1 m thick plume. For a similar AVIRIS-NG scene, the IMAP-DOAS re-
trieval error would be reduced to between 0.18 to 0.35 ppm over the lowest atmospheric layer
for the same range of SNR (Fig. 3.6, red line); however, retrieval errors remain significant.
In addition, SNR for AVIRIS-NG should be considerably improved, further reducing retrieval

€rrors.
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Figure 3.16. (a) For the lowest layer of the atmopsheric model (height up to 1.04 km), the
CH, Jacobian calculated for AVIRIS-NG (red) indicates improved sensitivity compared to
the CHy Jacobian for AVIRIS (black). Even greater sensitivity can be achieved using a finer
spectral resolution (SR) and FWHM (dashed grey). (b) H,O Jacobians calculated for the same
three sensors.

To further assess this increased sensitivity, CHy Jacobians were calculated for AVIRIS-NG
and AVIRIS for a 5% CH4 enhancement over the lowest atmospheric layer. In Fig. 3.16a, the
AVIRIS CH, Jacobian (black line) has a —4.7 x 107*A pWem™2sr 'nm™!'/A VMR amplitude
between a peak at 2,310 nm and the CHy absorption at 2,320 nm. For AVIRIS-NG (red line)
this amplitude is —9.8 x 107*A pWem™2sr"'nm™!/A VMR roughly representing a doubling
of CHy sensitivity compared with AVIRIS. However, additional improvements should result
from a greater number of detector pixels and the improved SNR of AVIRIS-NG. Sensors with a
finer spectral resolution and FWHM offer the potential for even greater sensitivity, as shown
by the grey line in Fig. 3.16a for a spectral resolution and FWHM of 1 nm and reduced IMAP-

DOAS retrieval errors indicated by the grey dashed line in Fig. 3.6.
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3.13 Conclusions

In this study, two retrieval techniques were used to measure CHy enhancements for con-
centrated plumes over marine and terrestrial locations in AVIRIS data. The IMAP-DOAS
algorithm performed well for the homogenous ocean scene containing the COP seeps, and
retrieval errors are estimated between 0.31 to 0.61 ppm CH, over the lowest atmospheric
layer (height up to 1.04 km). For the Inglewood subset, IMAP-DOAS results became heavily
influenced by the underlying land cover, while the hybrid SVD approach was particularly ef-
fective given that it could better account for spectrally variable surface reflectance. Using the
hybrid SVD approach for the COP and Inglewood plumes, maximum near surface concentra-
tions were 2.85 and 8.45 ppm CH, above background, respectively. An additional benefit of
the hybrid SVD approach is that it requires less than half the computational time than that
of the IMAP-DOAS retrieval.

Given a 5nm spectral resolution and FWHM, CH, sensitivity should be more than dou-
bled for AVIRIS-NG. This might permit CH, retrievals for weaker absorption features cen-
tered at 1,650 nm, as well as CO, retrievals for absorptions at 1,572, 1,602, and 2,058 nm. How-
ever, both the AVIRIS and AVIRIS-NG sensors were not designed for detecting gas plumes,
and sensitivity could likely be dramatically improved using a spectrometer designed exclu-
sively for mapping gas plumes. For example, an imaging spectrometer with 0.05 nm spectral
resolution and 0.15nm FWHM would have an IMAP-DOAS error around 18 times smaller
than AVIRIS.

While non-imaging spectrometers such as MAMAP have increased CH, sensitivity com-

pared to AVIRIS and AVIRIS-NG, they are currently limited to flying transects across local
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gas plumes due to a small field of view. In contrast, airborne imaging spectrometers com-
bine large image footprints and fine spatial resolution necessary to map local CH4 plumes
in their entirety; however, they have considerably higher expected errors for retrieved CHy
concentrations.

In this study, the observed COP plume extended more than 1 km; however, the Inglewood
plume was much smaller, extending only 0.1 km downwind. Such plumes with a small spa-
tial extent are of increasing concern, including industrial point source emissions, leaking gas
pipelines (Murdock et al. 2008), and fugitive CH4 emissions (Howarth et al. 2011). Imag-
ing spectrometers permit direct attribution of emissions to individual point sources, which
is particularly useful given the large uncertainties associated with anthropogenic emissions,
including fugitive CH4 emissions from the oil and gas industry (Petron et al. 2012; EPA 2013;
Allen et al. 2013), and the projected increase in these types of emissions (EPA 2006a). There-
fore, AVIRIS-like sensors offer the potential to better constrain emissions on local and regional
scales (NRC 2010), improve greenhouse gas budgets and partitioning between natural and an-

thropogenic sources, as well as complement data provided at coarser spatial resolutions.
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4.1 Abstract

Emissions estimates of anthropogenic methane (CH,) sources are highly uncertain and
many sources related to energy production are localized yet hard to quantify. Airborne imag-
ing spectrometers like the next generation Airborne Visible/Infrared Imaging Spectrometer
(AVIRIS-NG) are well suited for locating CHy4 point sources by covering large regions with the
high spatial resolution necessary to resolve localized emissions. As part of a field campaign
with controlled CHy releases at the Rocky Mountain Oilfield Testing Center (RMOTC) in
Wyoming, U.S., a number of CH, plumes were clearly visible at multiple flux rates and flight
altitudes. Images of plumes were in agreement with wind directions measured at ground
stations and were consistently present for fluxes as low as 14.16 m3/h, equivalent to 0.09
kt/year. In some cases plumes were detected as low as 3.40 m3/h (0.02 kt/year), indicating
that AVIRIS-NG has the capability of detecting a number of fugitive CH,4 source categories
for natural gas fields. This controlled release experiment demonstrates how imaging spec-
trometers permit direct attribution of emissions to individual point source locations, which
is particularly useful given the large uncertainties associated with anthropogenic emissions,

including those from industry, gas transmission lines, and the oil and gas sectors.

4.2 Introduction

Atmospheric methane (CHy) is an important greenhouse gas with a Global Warming Po-
tential (GWP) 86 times that of carbon dioxide (CO,) for a 20 year time interval (Myhre et
al. 2013). The growth rate of global atmospheric CH4 concentrations slowed between 1999
and 2006, but has increased since 2007 (Nisbet et al. 2014). The causes of these observed

increases remain unclear and reflect uncertainty in the global CHy budget (Kirschke et al.
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2013). Between 50-65% of the global CH4 budget can be attributed to anthropogenic emis-
sions (Ciais et al. 2013), however, there is considerable uncertainty regarding partitioning
between individual anthropogenic source types and locations.

In the United States, major anthropogenic CHy sources listed by importance include
livestock (enteric fermentation and manure management), natural gas systems (production,
transmission, and storage), landfills, coal mining, and petroleum systems (EPA 2013). Nu-
merous studies suggest bottom-up inventories for natural gas production and distribution
are underestimated (Kort et al. 2008; Miller et al. 2013; Brandt et al. 2014). Multiple top-down
estimates suggest fugitive CH4 emissions from natural gas and oil production can be large,
ranging between 2.3 to 7.0% of CHy produced annually for the Denver-Julesburg Basin, Col-
orado (Petron et al. 2012) and between 6.2 to 11.7% of average hourly natural gas production
in the Uintah County oil and gas field (Karion et al. 2013). These estimates pertain to specific
locations and times, while leak rates from different facilities should vary considerably. For
example, additional studies suggest that fugitive CH4 leakage is considerably lower (Alvarez
et al. 2012; Allen et al. 2013; O’Sullivan and Paltsev 2012).

Airborne measurements are increasingly being used to study fugitive CH, emissions from
the oil and gas industry. So far, these mostly comprise airborne in situ measurements of CH,
using mass balance approaches (Karion et al. 2013), ethane (C,Hg) to CH4 enhancement ratios
(Wennberg et al. 2012), and observations of alkanes used with high-resolution atmospheric
transport models (Miller et al. 2013). Airborne spectrometers like MAMAP (Methane Air-
borne MAPper) can not provide the same level of accuracy and precision as in-situ data but

offer the potential to detect and quantify fugitive CH4 emissions (Gerilowski et al. 2011). For
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example, MAMAP measurements of elevated CHy concentrations from coal mine ventilation
shafts near Ibbenbiiren, Germany permitted an inversion estimate in good agreement with
reported emissions rates from mine operators (Krings et al. 2013). However, MAMAP is a
non-imaging spectrometer with a small field of view (FOV) limited to flying transects across
local gas plumes rather than mapping plumes in their entirety. Recently, thermal infrared
imaging spectrometers such as MAKO (Tratt et al. 2014) and the Hyperspectral Thermal
Emission Spectrometer (HyTES) (Hulley et al. in prep) have mapped CH,4 plumes over active
oil and gas fields.

The Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) (Green et al. 1998) was
not designed for detecting gas plumes, but has been used for high resolution mapping of
fugitive CH4 emissions at the Inglewood Oil Field in Los Angeles, California (Thorpe et al.
2013). To measure CH4 enhancements, the iterative maximum a posteriori differential optical
absorption spectroscopy (IMAP-DOAS) algorithm (Frankenberg et al. 2005b) was modified
for use with AVIRIS between 2,278 and 2,358 nm (Thorpe et al. 2014). To better account
for highly variable surface reflectance, a hybrid approach using IMAP-DOAS and Singular
Value Decomposition (SVD) was also developed (Thorpe et al. 2014). By combining large
image swaths and fine spatial resolution, imaging spectrometers like AVIRIS permit direct
attribution of emissions to individual point source locations.

Due to an improved 5 nm spectral resolution, the next generation sensor (AVIRIS-NG) has
greater sensitivity to CH, (Dennison et al. 2013; Thorpe et al. 2014). To better understand
the ability of AVIRIS-NG to detect and quantify CH, emissions, a controlled CHy release

experiment using variable flux rates was performed with AVIRIS-NG overflights in June 2013.
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This study evaluates which flux rates can be observed using both a non-quantitative matched

filter algorithm and the quantitative hybrid retrieval using IMAP-DOAS and SVD.

4.3 Controlled release experiment

The controlled release experiment was performed at the Rocky Mountain Oilfield Test-
ing Center (RMOTC), a U.S. Department of Energy (DOE) facility located approximately 50
km northeast of Casper, Wyoming. RMOTC extends across the 10,000 acres of the Naval
Petroleum Reserve No. 3 (NPR-3) and was used as an energy testing center and for oil and
gas production (Fig. 4.1). As of July 2014, testing at RMOTC has been officially completed
and NPR-3 was sold by the U.S. DOE in January 2015.

The experiment was performed towards the north where there were fewer oil and gas
wells and the influence of fugitive CHy emissions could be minimized (Fig. 4.1). Three con-
trolled release sites were located nearly collinearly, including the northern most site (X-N),
central site (X-C), and the southern site (X-S). Each site was separated by at least 1.5 km and
ground elevation ranged between 1.51 and 1.58 km. The land cover was a mixture of grass-
shrubland and was characterized by bare soil as well as green and senesced vegetation during
late June when the controlled release occurred.

A total of 5 meteorological towers were used (Fig. 4.2d), one 15 m tower at site X-N and
X-C and 3 towers at the flattest site X-S (2 at 15 m and 1 at 3 m). These towers were equipped
with a suite of meteorological instrumentation, including high frequency (20 Hz) 3-D sonic
anemometers at multiple heights (5, 9, and 13 m) and sensors for air temperature, relative
humidity, as well as downwelling/upwelling long and short wave infrared radiation. For this

study, observed plumes were evaluated for consistency with the wind speed and direction
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Figure 4.1. The Rocky Mountain Oilfield Testing Center is located approximately 50 km
northeast of Casper, Wyoming. Outlined in red, it spans 10,000 acres of the Naval Petroleum
Reserve No. 3 (NPR-3) and contains a number of oil and gas wells (black points). Three
controlled release sites were located nearly collinearly (shown in green), including sites X-
N, X-C, and X-S. Image data provided by RMOTC and the U.S. DOE.

obtained from the towers.

The experiment was performed over 7 days (20-26 June 2013) and for 6 flight days CHy
was released at all sites, with metered flux rates ranging between 3.26 and 141.58 m3/h (115
and 5,000 standard cubic feet per hour, scfh). For each of the 3 sites, a trailer tank contained
the CHy (Fig. 4.2b), which was piped to a flow regulator to prevent icing due to adiabatic gas
expansion and control the flux rate (Fig. 4.2b, device directly in front of trailer tank). Using a
7.6 cm diameter flexible rubber hose, the CH4 was next piped to a 1 by 1 m square diffuser that

was fabricated from metal pipes with holes every few inches to prevent buoyancy effects and
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ensure the plume remained somewhat diffuse (Fig. 4.2c). This method was selected to prevent
generating a ’'CHy jet, a more concentrated plume emitted at higher velocity that would occur
using one narrow release point (i.e. using the rubber hose alone). Each morning the release
points were oriented upwind of the towers and CHy4 releases began approximately 30 minutes

before aircraft overflights.

i

ERAEE Tl
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Figure 4.2. (a) Twin Otter aircraft used with AVIRIS-NG. (b) Trailer tank storing CHy at one
of controlled release sites. (c) Controlled release using square diffuser. (d) Meteorological
towers at site X-S equipped with suite of meteorological instrumentation that includes wind
speed and direction.

In addition to AVIRIS-NG, the Hyperspectral Thermal Emission Spectrometer (HyTES)
was flown, a 7.5-12 micron hyperspectral grating spectrometer using a quantum well infrared

photodetector (Johnson et al. 2011). For most of the experiment AVIRIS-NG and HyTES
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flew in separate Twin Otter aircraft in close succession at multiple altitudes ranging between
0.43 and 3.80 km above ground level (AGL). The Carbon in Arctic Reservoirs Vulnerability
Experiment (CARVE) was also flown, which included a nadir-viewing Fourier Transform
Spectrometer (FTS) as well as an onboard Picarro for CH4 measurement (Miller and Dinardo
2012). Finally, additional in situ CH,4 sampling was performed using a commercial quadrotor
equipped with the Compact Herriott Cell Analytical Spectrometer Experiment (CHASE), a
tunable diode laser for CHy (Christensen et al., in prep). The analysis of this study focuses

solely on AVIRIS-NG results.

4.4 AVIRIS-NG instrument and data processing

The next generation Airborne Visible/Infrared Imaging Spectrometer (AVIRIS-NG) is a
push-broom imaging spectrometer with 598 across track elements of 1 milliradian instante-
nous field of view (FOV) covering a total FOV of 36°. AVIRIS-NG measures reflected solar
radiance at the nadir viewing geometry at a 100 Hz readout rate across 427 channels between
380 and 2,510 nm with a spectral sampling of 5 nm and a full width at half maximum (FWHM)
of approximately 6 nm (Hamlin et al. 2011). This pushbroom instrument was developed at the
Jet Propulsion Laboratory (JPL) and is similar to the visible-to-shortwave infrared (VSWIR)
imaging spectrometer used in the Carnegie Airborne Observatory next generation Airborne
Taxonomic Mapping Systems (AToMS) (Asner et al. 2012). In addition, similar spectrometers
are being used in the Airborne Observation Platform (AOP) by the National Ecological Ob-
servatory Network (NEON) (Kampe et al. 2010). This new class of imaging spectrometers is
based on the design of the Airborne Visible/Infrared Imaging Spectrometer (AVIRIS), which

provides 224 spectral channels at a 10 nm spectral resolution, measuring across-track with a
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whisk-broom scanning mechanism.

During the flight campaign, a total of 55 flight lines were acquired with AVIRIS-NG at
altitudes ranging between 0.43 and 3.80 km above ground level (AGL). While AVIRIS-NG
can be flown at higher altitudes using an ER-2 aircraft, a Twin Otter aircraft was used for
the controlled release experiment (Fig. 4.2a). CHy detection algorithms were applied to non-
orthorectified AVIRIS-NG scenes, which are 598 pixels wide (cross track direction) and have
an along track image dimension that depend on flight duration. Images were subsequently
orthorectified and resulted in spatial resolutions ranging between 0.4 m per pixel for a flight
at (0.43 km AGL with image swath width 0.28 km) to 3.6 m per pixel (3.80 km AGL with

image swath of 2.47 km).

4.5 Hybrid IMAP/SVD methane retrieval

Quantifying CHy concentrations present within AVIRIS-NG scenes requires radiative
transfer modelling of solar radiation along the light path to the sensor in the SWIR. One
technique previously applied to AVIRIS for CHy retrievals uses the iterative maximum a pos-
teriori differential optical absorption spectroscopy (IMAP-DOAS) algorithm (Frankenberg et
al. 2005b; Thorpe et al. 2014). IMAP-DOAS uses the Lambert-Beer law and optimal estimation
theory to adjust the slant column densities of multiple gasses until total optical density fits
the observed measurement. This permits direct comparison of simulated at sensor radiance
with a known abundance of absorbers to radiance measured by the imaging spectrometer.

As shown in previous work for moderate resolution spectrometers like AVIRIS, disentan-
gling lower frequency features such as surface reflectance from higher frequency gas absorp-

tion features can be challenging using IMAP-DOAS (Thorpe et al. 2014). To address this, an
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alternative hybrid approach using both IMAP-DOAS and singular value decomposition (SVD)
of surface reflectance properties at background CH, concentrations was also developed for
AVIRIS (Thorpe et al. 2014). SVD is closely related to Principal Component Analysis (PCA)
and has been used in a number of remote sensing applications to reduce computation time
by summarizing high dimensional data (Kluser et al. 2011; Guanter et al. 2012). SVD is based
on the transformation of a large number of potentially correlated vectors into a smaller set
of uncorrelated (orthogonal) vectors that are denoted as singular vectors (Press et al. 2007;
Rodgers 2000).

For this study, the hybrid approach was modified for use with AVIRIS-NG. Based on a
simple non-scattering radiative transfer scheme, IMAP-DOAS is used as a forward radiative
transfer model at high spectral resolution using 10 atmospheric layers and the gases CHy,
H,O0, and N,O to calculate modeled radiance at each wavelength. The high resolution mod-
eled radiance is then convolved with the instrument lineshape function (ILS) and interpolated
to the center wavelengths of each AVIRIS-NG spectral band. This generates a lower resolution
modeled radiance at the ith iteration of the state vector (flr (X})), calculated using a known

ref scaled by ), the trace gas related state vector at the ith

reference total optical density T
iteration. Additional details on the IMAP-DOAS portion of the hybrid retrieval can be found
in Thorpe et al. (2014).

A Jacobian Matrix K is calculated for each iteration i, where each column represents the

derivative vector of the sensor radiance with respect to each element of the state vector (X;)

as follows

(4.1)
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The Jacobian Matrix and forward model is used to optimize the state vector at the ith iteration
as described in Rodgers (2000).

An example of a high resolution CHy Jacobian is shown in Fig. 4.3a (light red), indicat-
ing weaker absorption features between 1,600 to 1,820 nm and stronger absorptions between
2,130 and 2,450 nm. The water vapor (H,0) Jacobian is also shown in Fig. 4.3b (light blue) and
indicates some spectral overlap with CHy. AVIRIS-NG was not designed for CHy detection
and because its relatively coarse spectral resolution is far wider than individual gas absorp-
tion features it cannot fully resolve the individual CH,4 absorption lines shown by the high
resolution CHy Jacobian. As a result, CHy sensitivity is reduced compared to instruments
with finer spectral resolutions and there are potential interferences with lower resolution
surface albedo features. Convolved results using the AVIRIS-NG ILS function are also shown
for CH, (Fig. 4.3a, dark red) and H, O (Fig. 4.3b, dark blue). While CHy absorption features are
weaker between 1,600 to 1,820 nm, reflected radiances are generally higher at shorter wave-
lengths as compared to the lower radiances present for strong absorptions between 2,130 and
2,450 nm (Fig. 4.3c).

For this study, the hybrid IMAP/SVD approach was applied individually to each spatial
row (along track element) of the AVIRIS-NG detector independently prior to orthorectifi-
cation. This minimizes striping effects due to small variability in detector characterization
across the focal plane. Radiance was first standardized by fitting a first order polynomial to
each radiance spectrum and dividing it by the polynomial fit. For each along track element
e, a mean radiance spectrum was calculated from the standardized data and the IMAP-DOAS

retrieval was performed on the mean spectrum to generate the CH, Jacobian (Kcpqe).
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Figure 4.3. (a) Example of a high resolution CH, Jacobian (light red) and convolved results
using the AVIRIS-NG ILS function (dark red). (b) High resolution H,O Jacobian (light blue)
and convolved results (dark blue). (c) Example AVIRIS-NG radiances for bare soil, senesced
vegetation, and green vegetation.

We constructed an m x n matrix L, for each along track element e, where m is the number
of spectral bands (for the CHy fit window) and 7 is the number of radiance spectra in each
along track element as follows

L,=UAV! (4.2)

where the m xm matrix U, contains the left singular vectors, the matrix V, contains the right
singular vectors in their respective columns, and matrix A, contains the m singular values of
L, on its diagonal. L, can be recomposed as a linear combination of singular vectors scaled
by the singular values (Murtagh and Heck 1987).

Uslect> an m x ¢ matrix using the first ¢ columns of U, (optimal selection of c is described
below) and the CH,4 Jacobian (K¢py4 ¢, an m x 1 matrix) are concatenated to generate a matrix

J. (dimensions of m x ¢ + 1). Next, linear least squares can be used to find a vector We that
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minimizes the cost function involving each of the measured radiance spectra 3 within each

along track element e:

2
| (4.3)

N
|'37_ I e We
where We represents the contribution of each column of J, to the measured radiance. Mod-

eled radiance F can be calculated as the sum of the background and CH4 component of the

radiance as follows:

c
F (We:]e,k) = Zle,k - W, kT Ie,c+1 : We,c+1 (4.4)
k=1

The left term represents the background radiance modeled as a linear combination of the
first c eigenvectors of J, (J, x) multiplied by the corresponding weights We,k- The right term
is the CH4 component of the scene, the product of J, ., (the CHy4 Jacobian, K¢y ) and its
corresponding weight WMH (denoted as RCHy).

RCHy indicates how much of the observed radiance for each spectrum can be associated
with the CHy Jacobian (i.e. changes in absorption due to CHy). RCHy is multiplied by the
volume mixing ratio (VMR) for the lowest layer of the reference atmosphere to estimate the
CHy concentration in ppm above/below background. This represents an empirical method of
computing the forward model radiance, including many detector and surface albedo features
that can be problematic for the IMAP-DOAS approach at coarse spectral resolutions (Thorpe
et al. 2014).

The hybrid approach used a 29 band retrieval window between 2,278 and 2,423 nm similar
to a previous study using AVIRIS (Thorpe et al. 2014). To determine the optimal number of
¢ columns of U, used to generate Uy,j.;, the hybrid retrieval was performed iteratively by

increasing the ¢ columns. This resulted in 29 retrievals that were assessed by minimizing the
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standard deviation of the RCH, results for the portion of the scene representing homogeneous
landcover. While the retrieval was applied to non-orthorectified data, these results were
subsequently orthorectified to generate a planimetrically correct image. Additional details

on the hybrid retrieval can be found in Thorpe et al. (2014).

4.6 Matched filter detection

In addition to the hybrid retrieval, a non-quantitative matched filter technique was also
applied to AVIRIS-NG scenes. The matched filter is well suited for detecting weak signals
overlain on a cluttered background and has been used to detect simulated gas plumes in
the thermal infrared (Funk et al. 2001; Theiler and Foy 2006). It generates a linear weight-
ing function that produces high values when an unknown spectrum matches the shape of a
known gas target spectrum and uses the inverse of the scene’s covariance structure to remove
large-scale noise (background clutter) while isolating the gas signal.

To generate the CH, target for this study, one CH, Jacobian was generated with IMAP-
DOAS using an average radiance generated from an AVIRIS-NG scene (see Sect. 4.5, Eq. 4.1).
The matched filter is 'matched’ to both the gas signature as well as the background clutter
and was calculated using the following equation applied to each along track element e of the

non-othorectified AVIRIS-NG radiance images

. Cc:'p
3, = ﬁ (4.5)
bTC; '

where g, is the matched filter and represents an m-dimensional vector of optimal weights,
where m is the number of spectral channels. C;! is the inverted m x m covariance matrix,
N

b is the m-dimensional vector containing the CHy target spectrum (CH,4 Jacobian), and T'is

the transpose operator.
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All 427 AVIRIS-NG spectral channels were used for the matched filter algorithm and ra-
diance was first standardized by subtracting the mean and dividing by the standard deviation
of the scene, both scalar values. For each image pixel, a matched filter score was calculated by
multiplying the transpose of the matched filter by the standardized radiance. Scores greater
than one indicate significant evidence of the gas signature, which can be quantified by the
‘number of sigmas’ for the z distribution. A detailed description of the matched filter algo-
rithm is available in Funk et al. (2001) and Thorpe et al. (2013). Similar to the hybrid retrieval
results, matched filter results were subsequently orthorectified to generate a planimetrically
correct image.

The matched filter detection algorithm does not directly quantify gas concentration, and
in previous studies has been used to provide an image of gas anomalies that can be evaluated
for consistency with probable emissions sources and local wind direction (Thorpe et al. 2013;
Thorpe et al. 2014). In this study, segmentation based on 8-connectivity was applied to the
matched filter results to isolate contiguous pixels with matched filter scores greater than 2
(equivalent to 2 standard deviations) and minimum population size of 16 pixels. Segmented
matched filter results were used to generate a mask that was applied to results from the hybrid
retrieval. Because the matched filter CH, detection sensitivity appears greater than for the
hybrid retrieval (Thorpe et al. 2014), this method allows for an improved means of isolating

CHy plumes.
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4.7 Results
4.7.1 Multiple fluxes and flight altitude examples

A total of 5 of the total 29 columns of U, were used to generate U,,;,.; (see Sect. 4.5 for se-
lection criteria). The weights (RCH) associated with the column of J that corresponds to the
CH,4 Jacobian (i.e. changes in absorptions due to CHy) were calculated first. Next, RCH4 was
multiplied by the VMR for the lowest layer of the reference atmosphere in order to estimate
CH,4 concentration in ppm above/below background averaged over a 1 km subcolumn. For
presentation, AVIRIS-NG CHy retrievals will be displayed as plumes overlain on true color
images with enhancements shown in g/m? and ppm (for a 1 km layer).

An assessment of the plume shapes and orientations show consistency with the wind di-
rection as measured by the meteorological towers at each site. Further, higher winds produce
elongated plumes compared to the more compact appearance for lower wind speeds. For
example, the three plumes shown in Fig. 4.4 indicate orientations that agree well with the
wind speed and direction measured by nearby meteorological towers (white arrows). These
examples were acquired approximately 7 minutes apart at location X-N for a 56.6 m3/h (2,000
scfh) flux and a flight altitude of 0.58 km AGL (0.5 m pixel resolution). The plume in Fig. 4.4b
(6.9 m/s wind) appears elongated (56.6 m maximum length, 5.5 m maximum width) compared
to the more compact plume observed in Fig. 4.4c for a 1.9 m/s wind (50.1 m maximum length,
10.4 m maximum width). Further, the maximum observed concentration (9.06 ppm, 5.07 g/m?
with the high wind case (2.96 ppm, 1.65 g/m?). This is also consistent with accumulation of
CH,4 due to low wind speed rather than more efficient advection of CHy (thus lower concen-

trations) for higher wind speeds.
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In Fig. 4.4a, an apparent false positive is observed at the meteorological tower in the upper
right portion of the scene. However, this does not occur in the 2 subsequent scenes. Therefore
the false positive is not caused solely by the spectral properties on the meteorological tower.
Given the shape and trajectory of the plume in Fig. 4.4a, this false positive may result from the
combined effects of the increased brightness of the tower and elevated CH,4 concentrations
downwind of the plume. In Fig. 4.4b, an apparent false positive also occurs for a white cotton
sheet that was included as part of the experiment (center of scene). However, only the right
hand portion of the sheet appears as a false positive in Fig. 4.4c. Similar to the meteorological
tower example, this could result from the combined effects of the increased brightness and
elevated CH, concentrations. These examples suggests a potential albedo bias in the CHy
retrievals, which will be investigated in Sect. 4.7.2. In addition, techniques for mitigating

false positives will also be discussed in in Sect. 4.7.2
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Figure 4.4. At site X-N with a 56.6 m3/h (2,000 scfh) flux, AVIRIS-NG quantitative CH,
retrievals are overlain on true color images. CH, enhancements are shown in g/m? and
ppm (for a 1 km layer). For all scenes flight altitude was 0.58 km AGL, resulting in a pixel
resolution of 0.5 m. Wind speed and direction (white arrow) were measured by nearby
meteorological tower visible in the upper right portion of each scene. (a) At 19:56 UTC,
plume appears consistent with the wind speed and direction, however, an apparent false
positive is observed at the meteorological tower. (b) Plume appears elongated at higher
wind speed (6.9 m/s) at 20:03 UTC compared to more compact appearance at lower wind
speed (1.9 m/s) shown in (c) at 20:11 UTC.
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a) 17:14 UTC b) 17:22 UTC c) 17:31 UTC

ppm enhance. (1 km)

Figure 4.5. At site X-C with a 14.2 m3/h (500 scfh) flux, AVIRIS-NG quantitative CHy re-
trievals are overlain on true color images. CH, enhancements are shown in g/m? as well
as ppm (for a 1 km layer), and plumes appear consistent with the wind speed and direction
measured by nearby meteorological towers (white arrows). For all scenes, flight altitude
was 0.43 km above ground level (AGL) and the pixel resolution is 0.4 m. Plume shape and
direction changes considerably between each scene imaged a few minutes apart. (a) 17:14
UTC. (b) 17:22 UTC. (c) 17:31 UTC.

a) 0.58 km AGL b) 1.00 km AGL c) 2.00 km AGL
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Figure 4.6. At site X-N with a 56.6 m3/h (2,000 scth) flux, AVIRIS-NG quantitative CHy
retrievals are overlain on true color images for three flight altitudes. (a) 0.58 km AGL. (b)
1.00 km AGL. (c) 2.00 km AGL. CH4 enhancements are shown in g/m? and ppm (for a 1 km
layer). Plumes appear consistent with the wind speed and direction measured by nearby
meteorological towers (white arrows). Detection at multiple flight altitudes is a prerequisite
for monitoring large areas.

In Fig. 4.5, 3 plumes are visible at location X-C for a flux rate of 14.2 m3/h (500 scfh). These
scenes were acquired a few minutes apart at a flight altitude of 0.43 km AGL (0.4 m pixel
resolution) and the plumes appear consistent with the wind speed and direction measured by
nearby meteorological towers (Fig. 4.5, white arrows). For these examples, observed plume

lengths are on the order of 10 to 20 m (Fig. 4.5) and the maximum observed concentration
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is 2.66 ppm (1.49 g/m?). As expected, these values are lower than those for the 3 higher
flux examples (56.6 m3/h, 2,000 scfh) show in Fig. 4.4. In addition, AVIRIS-NG consistently
observed CH4 plumes at multiple flight altitudes. This is important because increasing flight
altitude improves ground coverage, which would be an important prerequisite for monitoring
large areas. In Fig. 4.6, plumes are shown at site X-N with a 56.6 m/h (2,000 scfh) flux for

0.58, 1.00, and 2.00 km AGL.

4.7.2 Residual and radiance analysis

Figure 4.7. (a) CHy retrieval results for a 70.8 m3/h (2,500 scfh) flux. AVIRIS-NG quantitative
CH, retrievals are overlain on true color images and shown in g/m?. L1 corresponds to a
CH, enhancement downwind of release point, L2 to a false positive caused by trailer tank,
and L3 to a second false positive caused by meteorological tower. Plume appears consistent
with the wind speed and direction measured by nearby meteorological tower (white arrows).
(b) False positives were reduced by using a residual mask to exclude poor fits.

As shown in Sect. 4.7.1, AVIRIS-NG consistently observed CHy plumes at multiple flux
rates and altitudes, but false positives were also observed in some cases. To investigate meth-
ods for mitigating false positives, a residual analysis was performed for scenes acquired with

a70.8 m®/h (2,500 scth) flux at 0.43 km AGL (0.4 m pixel resolution). In Fig. 4.7a, CH, retrieval
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results clearly indicate a plume and location L1 corresponds to a CH4 enhancement down-
wind of the release point. In Fig. 4.8a, modeled (red) and measured standardized radiance
(black) is shown for location L1 and the lower residual plot (measured minus modelled) indi-
cates good agreement. However, false positives appear for the trailer tank (location L2) and
meteorological tower (location L3). In Fig. 4.8b, measured and modelled radiance is shown for
location L2 and the lower residual plot indicates disagreement in band 4 of the fitting window
(2,296 nm). In Fig. 4.8c, the results shown for location L3 indicate the most significant dis-

agreement between measured and modelled radiance at band 14 of the fitting window (2,346

nm).
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Figure 4.8. (a) The modeled (red) and measured (black) standardized radiance for location
L1, which corresponds to a CH4 enhancement downwind of release point (see Fig. 4.7a) and
good agreement between modeled and measured radiance. Lower residual plot (measured
minus modelled) further emphasizes agreement. (b) Location L2 corresponds to a false pos-
itive caused by trailer tank. Residual plot indicates disagreement for band 4 at 2,296 nm of
standardized radiance (see green line). (c) For location L3, a second false positive caused
by meteorological tower. Residual plot indicates disagreement for band 14 at 2,346 nm (see
green line).

These characteristic features observed in residuals for surfaces that cause false positives
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Figure 4.9. AVIRIS-NG retrieval results for 6 scenes have been combined to show the re-
lationship between radiance level at band 1 of the fitting window (2,278 nm) and retrieved
CH, concentrations. All retrievals were for 70.8 m3/h (2,500 scth) flux and a 0.43 km AGL
flight altitude. (a) Scatterplot with a color overlay indicating that the highest density of
points is around 0.45 uWem™2sr 'nm™!. (b) Boxplot generated for radiance bins and their
associated CHy enhancement for each bin, with central red mark indicating the median (ex-
cluding outliers), the edges of the blue box are the 25th and 75th percentiles, and outliers are
plotted as red crosses (which represent CH4 enhancements). Median values across the en-
tire range of radiance bins appears quite consistent and indicates that a significant retrieval
bias is not present. (c) Histogram of aggregate results.

can be used to exclude poor fits and ultimately reduce false positives in the CH, results. To
do so, an image mask was generated by first isolating pixels that either had residual values

below -0.02 for band 4 (2,296 nm of standardized radiance) or above 0.015 for band 14 (2,346
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nm). This isolated regions of false positives for the trailer tank and meteorological tower
respectively. Next, a buffer of 1 pixel was applied to ensure the edges of false positives were
also isolated. Finally, negative values that also correspond to a few pixels appearing as false
positives were added to the mask. The resulting image mask was applied to the results shown
in Fig. 4.7a to generate Fig. 4.7b where the false positives have been excluded.

This technique was applied to 6 AVIRIS-NG retrieval results for a 70.8 m>/h (2,500 scth)
flux and a 0.43 km AGL flight altitude. In Fig. 4.9, results from the 6 AVIRIS-NG retrievals
were combined and plotted to investigate the relationship between radiance level at band 1
of the fitting window (2,278 nm) and retrieved CH4 concentrations. In Fig. 4.9a, a scatterplot
was generated with a color overlay indicating that the highest density of points is around
0.45 yWem™2sr'nm™!. In Fig. 4.9¢, the histogram also clearly indicates a maximum count

around 0.45 yWem™2sr~ ' nm™!

, with counts decreasing on either side. In Fig. 4.9b, a boxplot
was generated for radiance bins and their associated CH, enhancement for each bin, with
central red marks indicating the median (excluding outliers), the edges of the blue boxes as the
25th and 75th percentiles, and outliers as red crosses (which represent CH, enhancements).
Overall, median values across the entire range of radiance bins appears quite consistent and

indicates that a significant retrieval bias is not present.

4.7.3 Summary of all results

For the flight campaign, AVIRIS-NG was flown at 0.43, 0.58, 1.10, 2.00, and 3.80 km above
ground level (AGL) with spatial resolutions of 0.4, 0.5, 1.0, 1.9, and 3.6 m for each image pixel,
respectively. All AVIRIS-NG results are summarized in Fig. 4.10 for a range of flux rates and

wind speeds. A segmentation approach based on 8-connectivity was used to isolate adjacent
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pixels of the CHy plume (see Sect. 4.6). Segmentation used matched filter scores greater than 2
(scores are standardized, so greater than 2 standard deviations) and a minimum of 16 adjacent
pixels. This criteria permitted automatic detection by the algorithm, denoted as green circles
in Fig. 4.10. Green crosses indicate partial detections (requiring user interpretation) and non-

detections are shown as red circles.
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Figure 4.10. (a) For all flights (multiple altitudes) for entire range of flux rates and wind
speeds, detections indicated by green circles (automatic detection by algorithm), green
crosses denote partial detections (requiring user interpretation), and non-detections shown
as red circles. Results for lower fluxes ranges are included in (b), (c), and (d).

The results in Fig. 4.10 indicate that AVIRIS-NG consistently detected CH, plumes for a
range of flux rates and wind speeds. This trend is observed in Table 4.1, where detection
percentages are calculated for each flux range and the majority are detections for flux ranges
greater than 301 scth (8.5 m3 /h). As seen in Fig. 4.10b, c, and d, non-detections increase as
fluxes decreases to around 515 scfh (14.58 m3/h), 263 scfh (7.45 m3/h) and 120 scth (3.40 m3/h).

This trend is more clearly represented in Table 4.2, where non-detections increased to 15.6%,

26.7%, and 70.6% respectively for the 700-301 scth (19.8-8.5 m>/h), 300-151 scfh (8.4-4.3 m>/h)
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and 150-0 scfh (4.2-0.0 m3/h) categories.

Count | % total | Count | % total | Count | % total | Count | % total

6000-3001 scfh | 3000-2201 scfh | 2200-1701 scfh | 1700-701 scfh
(169.9-85.0 m3/h) | (84.9-62.3 m3/h) | (62.2-48.2 m3/h) | (48.1-19.9 m3/h)

Detection 4 100.0% 10 [ 100.0% 28 93.3% 15 68.2%
Partial 0 0.0% 0 0.0% 2 6.7% 6 27.3%
Non-detection 0 0.0% 0 0.0% 0 0.0% 1 4.5%
Total 4 100.0% 10 | 100.0% 30 | 100.0% 22 | 100.0%

Count | %total | Count | % total | Count | % total

700-301 scfth 300-151 scfth 150-0 scth

(19.8-8.5m3/h) | (8.4-43m3/h) | (4.2-0.0 m3/h)
Detection 30 66.7% 6 40.0% 1 5.9%
Partial 8 17.8% 5 33.3% 4 23.5%
Non-detection 7 15.6% 4 26.7% 12 70.6%
Total 45 100.0% 15 | 100.0% 17 | 100.0%

Table 4.1. AVIRIS-NG detections by flux range.

Count | % total | Count | % total | Count | % total | Count | % total | Count | % total

0.00 to 1.99 m/s | 2.00 to 3.99 m/s | 4.00 to 5.99 m/s | 6.00 to 7.99 m/s | 8.00 to 10.00 m/s

Detection 8| 66.7% 36 | 70.6% 38 | 63.3% 9| 64.3% 0 0.0%
Partial 3| 25.0% 5 9.8% 13| 21.7% 2 14.3% 1 50.0%
Non-detection 1 8.3% 10 | 19.6% 91 15.0% 3| 21.4% 1 50.0%
Total 12 | 100.0% 51 | 100.0% 60 | 100.0% 14 | 100.0% 2| 100.0%

Table 4.2. AVIRIS-NG detections by wind speed range.

Wind speed has been shown to influence the shape of plumes, for example lower wind
speeds result in a more compact shape with higher maximum CHy concentrations (see
Sect. 4.7.1). Therefore, lower wind speeds should improve detection percentages by permit-

ting higher concentrations of CHy to build up downwind of the release point. To investigate
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this, detection percentages were calculated for a number of wind speed ranges in Table 4.2.
However, the percentage of detection is quite similar (63.3 to 70.6%) across most wind condi-
tions (0.00 to 7.99 m/s). For winds between 8.00 to 10.00 m/s, the detection percentage drops
to 0% with a 50% partial detection rate (note small sample size of 2 examples). Given these
results, it appears that flux rate has the greatest influence on percentage of detection while
the influence of winds is less clear.

In Fig. 4.11, plume area and maximum plume length are shown as a function of flux and
wind speed. As expected, plume area (Fig. 4.11a) and plume length (Fig. 4.11b) both clearly
increase with higher flux rates, while wind speed has a lesser influence. For moderate flux
rates (25 to 75 m3/h) in both examples, there appears to be a local maximum for moderate
wind speeds (2 to 6 m/s). This could be explained by the observation that low wind speed (less
than 2 m/s) leads to more compact plumes (smaller area and plume length) than for moderate
wind speed (see Sect. 4.7.1). In addition, higher winds (greater than 6 m/s) would lead to
increased advection of CHy downwind and likely result in lower concentrations that AVIRIS-
NG is incapable of detecting, thereby generating smaller plume areas and lengths than for
moderate wind speeds. The observed relationship between plume area or plume length to
flux and wind speed offers the potential to constrain fluxes during future AVIRIS-NG flight
campaigns. To do so, empirical results from the RMOTC campaign or results from plume
dispersion models could be used to generate a lookup table similar to that shown in Fig. 4.11.
For observed AVIRIS-NG plumes, total area and plume length can be first calculated and the
flux rate could be constrained based on the lookup table and some knowledge of local wind

conditions.
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Figure 4.11. (a) Observed plume area is shown as a function of flux and wind speed. (b)
Maximum plume length also increases with higher flux rates, while wind speed has a lesser
influence on total length. These 2 relationships offer the potential to constrain fluxes using
AVIRIS-NG results.

4.8 Discussion and conclusion

This controlled release experiment has demonstrated that AVIRIS-NG is capable of de-
tecting CHy plumes for a range of fluxes using a matched filter approach. Plumes were con-
sistently observed between 14.16 and 141.58 m3/h (500 and 5,000 scfh) for wind conditions
that ranged from 0.5 to 9 m/s (Fig. 4.10a). Below 14.16 m3/h, the percentage of detections
decreases, however, plumes were observed as low as 3.40 m>/h (120 scth) (Fig. 4.10d). Ob-
served plume shapes and orientations were broadly consistent with wind direction and higher
winds produced elongated plumes compared to a more compact appearance at lower wind
speeds. In addition, AVIRIS-NG observed plumes at altitudes ranging from 0.43 to 3.80 km
AGL, resulting in spatial resolutions between 0.4 and 3.6 m per pixel. Sensitivity at the higher
flight altitudes is particularly important given increased ground coverage is a prerequisite for

future flight campaigns focused on detecting point source emissions over large areas. The re-
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sults from the RMOTC experiment indicate the potential for using imaging spectrometers
like AVIRIS-NG for detection of CH,4 plumes and to directly attribute emissions to individual
point source locations across a range of CHy flux rates and wind conditions.

Quantitative CH, retrieval results consistently indicated highest concentrations near the
release point with values decreasing downwind. As seen with the matched filter detections,
quantitative retrievals performed well for multiple flux rates, wind conditions, and flight alti-
tudes. There was overall good agreement between measured and modelled radiances, but in
some instances for specific surfaces like the tube trailer and meteorological tower fits were
poor. In these cases, false positive were observed and residual based masks applied to exclude
false positives from retrieval results. This type of false positive mitigation could be partic-
ularly useful for extended monitoring campaigns to improve the accuracy of detections and
to reduce ambiguity for high-altitude observations that have less context to interpret surface
features. AVIRIS-NG retrievals were combined and plotted to investigate the relationship
between radiance level and retrieved CH,4 concentrations (Fig. 4.9) and do not indicate a re-
trieval bias.

AVIRIS-NG detected plumes for the entire range of fluxes used during the controlled re-
lease experiment, between 3.40 and 141.58 m3/h (120 and 5,000 scth). For comparison, pub-
lished values for fugitive CH, from natural gas production are shown in Fig. 4.12. Fluxes
are listed in m®/h on a logarithmic scale and are shown as ranges (grey bars) or mean values
(black lines). Flux rates vary considerably from 0.05 to 0.58 m>/h for pneumatic controller
(Allen et al. 2015a) to between 6.66 and 1,633.65 m>/h for liquid unloadings for gas wells

without plunger lifts (Allen et al. 2015b). It is important to note that for each source category
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there is likely significant variability and uncertainty in published results, so these examples

should not be viewed as definitive or comprehensive.
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Figure 4.12. Published values of fugitive CH4 from natural gas production in m3/h. Multiple
emission categories are listed with sources referenced by numbers in parentheses as follows:
(1) (Allen et al. 2015b), (2) (EPA 2006), (3) (EPA 2010), (4) (EPA 2014), (5) (Allen et al. 2015a).
Values are shown as ranges (grey bars) or mean values (black lines). For each source category
there is significant variability and uncertainty. Range of fluxes used for RMOTC controlled
release is shown in blue. Cyan bar represents AVIRIS-NG detection capability based on
results from controlled release (above 3.40 m3/h, 120 scth). AVIRIS-NG was not designed
for CHy detection, but offers the potential for monitoring a number of source categories.
Calculated fluxes from Allen et al. (2015b) assume average 1.51 hour event for gas wells
with plunger lifts and 2.34 hour event with no plunger lifts.

The range of fluxes tested at RMOTC are shown by the blue bar and the AVIRIS-NG sen-
sitivity is shown in cyan, including fluxes higher than those tested at RMOTC. This indicates
AVIRIS-NG can be used to detect plumes from some of the larger emission sources in existing
gas fields. For example, a study by the EPA (2006) listed a 33.68 m3/h average flux rate from
the top 10 emitters for a number of gas processing plants, which is well within the detection
capability of AVIRIS-NG. In addition, CH4 plumes from liquid unloadings, tanks, some vents,
and gas processing plants should be visible using AVIRIS-NG.

Since the RMOTC experiment, a new detector array with improved quantum efficiency
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has been installed in AVIRIS-NG. This along with additional enhancements in spectral align-
ment and calibration are expected to improve the CH, sensitivity of AVIRIS-NG. In addition,
real time detection of CHy plumes has been implemented using an operator interface that
overlays plumes on a true color image acquired by AVIRIS-NG (Thompson et al. submitted).
This has facilitated surveys over existing oil and gas fields to identify and attribute CH,4 emis-
sions to individual point sources, including wells (Thompson et al. submitted) and well pads
known to use hydraulic fracturing for natural gas extraction (Aubrey et al. 2015).

Despite these promising results, it is important to emphasize that AVIRIS-NG was not
designed for CHy detection and the moderate spectral resolution can cause false positives. An
imaging spectrometer built exclusively for detection, quantification, and attribution of CH,
plumes would have improved sensitivity compared to AVIRIS-NG (Thorpe et al. 2014). To that
end, an instrument concept is currently being developed that uses an imaging spectrometer
with finer spectral resolution for improved CHysensitivity. This would permit detection of
smaller point sources and more diffuse emissions and entirely decouple the spectroscopy of
terrestrial surfaces and the atmosphere, virtually eliminating false positives.

Recent studies have suggested that a small number of ’super emitters’ are responsible
for the majority of fugitive emissions from natural gas systems and production sites (Brandt
et al. 2014; Caulton et al. 2014; Allen et al. 2015a; Allen et al. 2015b). Results from the
RMOTC controlled release experiment as well as subsequent surveys over oil and gas fields
indicates that AVIRIS-NG is capable of detecting the super emitters. One benefit of imaging
spectrometers is they provide the ability to rapidly image large areas with the high spatial

resolution required to locate emissions and attribute emissions to individual point sources.
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This offers the potential to effectively mitigate the impacts of fugitive CH,4 on global climate
by identifying leaks and communicating these with site operators of oil and gas fields.
Overall oil and gas production is projected to increase steadily and natural gas production
is expected to increase 44% between 2011 and 2040 (EIA 2013). This projected growth will
primarily result from increased development of shale gas, tight gas, and coalbed CH,4 often
using enhanced recovery techniques like hydraulic fracturing and horizontal drilling (EPA
2014). Accordingly, fugitive CH4 emissions are expected to rise (Caulton et al. 2014) and the

ability to identify these emission sources will be of even greater importance.
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Chapter 5

Conclusions

5.1 Summary of research

This dissertation has focused on developing techniques for detecting and quantifying CHy
enhancements using airborne imaging spectrometers like AVIRIS and AVIRIS-NG. In Chapter
2, a non-quantitative Cluster-Tuned Matched Filter (CTMF) approach (Funk et al. 2001) was
adapted for use with AVIRIS data acquired over marine and terrestrial environments known
to emit CHy. The CTMF was trained with a gas target spectrum to calculate CTMF scores
for each image pixel where scores greater than one indicate significant evidence of the gas
signature. The CTMF uses the inverse of the scene’s covariance structure to remove large-
scale noise to isolate the gas signal, so it is best suited for detecting concentrated sources
rather than background concentrations.

In a high sunglint scene, CH4 anomalies were clearly visible at the Coal Oil Point seep
field near Santa Barbara, CA, a large emission source estimated at 100,000 m3/ day (Hornafius
et al. 1999). The observed anomalies were consistent with known seep locations and lo-
cal wind direction, extending more than 1 km downwind. The CTMF results were also in

good agreement with those obtained using the non-quantitative AVIRIS CH, index, a band
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ratio developed by Bradley et al. (2011). However, CTMF sensitivity appears greater than
the AVIRIS CH, index thereby permitting improved ability to detect the plume. The CTMF
was also applied to two AVIRIS flight lines west of downtown Los Angeles. Significant CHy
anomalies were identified for known sources at the La Brea Tar Pits and in close proximity
to probable sources, including an office complex documented as venting CH,4 continuously
and likely fugitive CH4 emissions from hydrocarbon tanks on the Inglewood Oil Field. The
plume emanating from the hydrocarbon tanks extended 0.1 km downwind and was observed
to change shape in the 6.5 minutes between two scenes. This represents the first detection of
fugitive CH,4 using AVIRIS data.

Interpretation of anomalies was complicated by noise and false positives for surfaces with
strong absorptions at the same wavelengths as CHy absorption features, like hydrocarbons,
oil-based paints, calcite, and asphalt. To address false positives, segmentation of results was
first used to identify distinct locations of contiguous pixels with high CTMF scores. Segments
were then classified into probable CH4 anomalies and confusers based on the spectral prop-
erties of the underlying surface over the full spectral range measured by AVIRIS. In Appendix
A, the CTMF was also applied to additional trace gasses like CO, that permitted detection of
a CO, plume from a fossil-fuel power plant.

Using the same AVIRIS scenes for COP and the Inglewood Oil Field, two quantitative
CHy retrieval algorithms were developed in Chapter 3. The iterative maximum a posteriori
differential optical absorption spectroscopy (IMAP-DOAS) algorithm, originally developed
for the satellite sensor SCIAMACHY (Frankenberg et al. 2005b), was adapted for use with

AVIRIS. The IMAP-DOAS algorithm uses optimal estimation theory to adjust the slant col-
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umn densities of multiple gasses until total optical density fits the observed measurement.
As part of this algorithm, CHy Jacobians (change in atmospheric transmission with respect
to a change in gas concentration) and a retrieved CHy scaling factor are calculated, thereby
permitting quantification of observed CH, enhancements. The IMAP-DOAS technique per-
formed well for the high sunglint ocean scene for COP resulting in plumes consistent with
previous studies (Bradley et al. 2011; Thorpe et al. 2013). IMAP-DOAS retrieval precision
errors are expected to equal between 0.31 to 0.61 ppm CH, over the lowest atmospheric layer
(height up to 1.04 km). However, IMAP-DOAS results for the terrestrial scene were adversely
influenced by the underlying land cover.

A hybrid approach using IMAP-DOAS and Singular Value Decomposition (SVD) was de-
veloped to better account for spectral variability in surface reflectance. SVD transforms a
large number of potentially correlated vectors into a smaller set of uncorrelated (orthogonal)
vectors, denoted as singular vectors. This technique allows determination of how much of
the observed radiance for each spectrum can be associated with the CH4 Jacobian (changes
in absorptions due to CH,) and can be used to estimate CHy concentrations. Using this
hybrid approach, maximum near surface enhancement were 2.85 and 8.45 ppm CH, above
background (averaged over a 1.04 km subcolumn) respectively for the COP and Inglewood
plumes.

Both the IMAP-DOAS and hybrid approaches permit uncertainty estimation by calcu-
lating the standard deviation of the residual (the difference between measured and modeled
radiance) to evaluate the ability of each algorithm to model radiance. This technique can

also be used to identify land cover types that are problematic and exclude poor fits to im-
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prove retrieval results. Using the IMAP-DOAS technique at COP, bright pixels (greater than
5uWem2sr 'nm™! in the fitting window) resulted in poor fits (high standard deviation of
the residual). In contrast, dark pixels (less than 0.1 pWem™2sr™'nm™) resulted in poor fits
for the Inglewood plume. Dark pixels were problematic for the hybrid approach as well,
further emphasizing that their correspondingly low signal to noise ratio causes lower single
measure precision for both retrieval techniques.

Finally, a sensitivity analysis indicates CH, sensitivity should be more than doubled for
the next generation AVIRIS sensor (AVIRIS-NG) due to improved spectral resolution. There-
fore, AVIRIS-NG should be better suited for mapping both CH4 and CO, plumes from concen-
trated point sources. However, sensors with a finer spectral resolution (1 nm) offer far greater
sensitivity and would be better suited for constraining emissions on local and regional scales,
including sources of increasing concern like fugitive CHy from the oil and gas industry.

As part of my dissertation research, I participated in a controlled CHy4 release experiment
performed over seven days (20-26 June 2013) at the Rocky Mountain Oilfield Testing Cen-
ter (RMOTC), a Department of Energy facility located approximately 30 miles northeast of
Casper, Wyoming. This included campaign planning, experiment setup, and data analysis.
Over six flight days CH, was released at all sites, with metered flux rates ranging between
3.40 and 141.58 m>/h (120 and 5,000 standard cubic feet per hour, scth). During the flight
campaign, a total of 55 flight lines were acquired during the experiment at altitudes ranging
between at 0.43 and 3.8 km above ground level (AGL).

In Chapter 4, AVIRIS-NG results from the RMOTC experiment were discussed. Flight

lines were processed using both the non-quantitative matched filter and quantitative hybrid
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approaches. There was consistent detection down to 14.16 m>/h (500 scfh) for multiple flight
altitudes and detection as low as 3.40 m3/h (120 scfh). Results from the RMOTC controlled re-
lease experiment indicate that AVIRIS-NG has the capability of detecting a number of fugitive

CH, source categories for natural gas fields.

5.2 Potential application

Although AVIRIS and AVIRIS-NG were not designed for gas detection, they appear well
suited for attribution and quantification of CH, emissions from concentrated point sources.
The published research as part of this dissertation focused on CHy from natural marine and
terrestrial sources (Thorpe et al. 2013), wastewater treatment (Thorpe et al. 2012), and fugitive
CH, from the oil and gas industry (Thorpe et al. 2014). However, there is potential application
to other CHy sources like landfills, coal mines (Krings et al. 2013), and coal bed CH, (Kort et
al. 2014). Additional studies have shown great potential for trace gasses like CO, (Dennison
et al. 2013) and water vapor (Ogunjemiyo et al. 2002). More recent studies (Thompson et al.
submitted; Aubrey et al. 2015) indicate the potential of AVIRIS-NG for detecting fugitive CH,4
from active oil and gas fields (Fig. 5.1, Fig. 5.2).

There is considerable disagreement over the contribution of fugitive CH,4 from oil and gas
sectors to the CH4 budget. Multiple top-down estimates suggest fugitive CH, emissions from
natural gas and oil production can be large, ranging between 2.3 to 7.0% of CHy produced
annually for the Denver-Julesburg Basin, Colorado (Petron et al. 2012) and between 6.2 to
11.7% of average hourly natural gas production in the Uintah County oil and gas field (Karion
et al. 2013). These estimates pertain to specific locations and times, while leak rates from

different facilities should vary considerably. For example, additional studies suggest that

134



ppm enhancement (1 km layer)

0

Figure 5.1. AVIRIS-NG true color image subset with superimposed CH4 plume from Septem-
ber 2014 flight in Garfield County, Colorado. Plume extends over 600 m downwind of the
emission source. Google Earth imagery with finer spatial resolution is also included from
June 2014 (red box), however, the high density of infrastructure makes the primary emis-
sion source unclear. The blue modular units seen in Google Earth imagery are ’Frac Tanks,
which can be used to store fresh or produced water.

fugitive CH, leakage is considerably lower (Allen et al. 2013; Alvarez et al. 2012; O’Sullivan
and Paltsev 2012).

There is also high variability in estimated leak rates from different facilities for individual
sites and from different methods of extraction such as traditional versus non-conventional
drilling. In the U.S., published CH4 emission losses for individual wells are generally small
but vary regionally, for example 0.059 m3/h CH, (2.10 scfh) for the Rocky Mountain States up
to 0.167 m>/h (5.88 scth) for the Appalachian States (EPA 2014). A recent study of pneumatic
controllers found average emission rates that were generally low, ranging from 0.049 to 0.580
m3/h (1.72 to 20.5 scth) for four regions in the U.S. (Allen et al. 2014a). In contrast, gas
processing plants and compressor stations have higher average loss rates, on the order of

9.328 to 9.730 m>/h (329.42 to 343.61 scfh) respectively (EPA 2014). Loss rates as high as
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Figure 5.2. AVIRIS-NG true color image subset with superimposed CH4 plume from Septem-
ber 2014 flight in Garfield County, Colorado. Plume extends 200 m downwind of the emis-
sion source. Google Earth imagery with finer spatial resolution is also included from June
2014 (red box), indicating that tanks are the likely CHy4 source. These tanks are likely either
produced water storage tanks or condensate tanks.

262.950 m3/h (9,286 scfh) have been reported for completion flowback events from hydraulic
fracturing (Allen et al. 2013). Further, liquid unloadings for wells with plunger lifts averaged
between 28.317 and 283.168 m>/h (1,000 and 10,000 scth) per event and increased to between
594.654 and 991.090 m>/h (21,000 and 35,000 scfh) per event for wells without plunger lifts
(Allen et al. 2014b). Recent studies have suggested that a small number of super emitters are
responsible for the majority of fugitive emissions (Brandt et al. 2014; Caulton et al. 2014;
Allen et al. 2014a; Allen et al. 2014b). For example, in one study, 58% of CHy losses were
attributed to the 10 largest emitters, which ranged from 9.653 to 216.417 m>/h (340.96 to
7,642.71 scth) (EPA 2006b).

As shown in Chapter 4, results from the RMOTC field campaign indicated consistent de-
tections at 14.2 m>/h (500 scfh) and detections down to 3.4 m3/h (120 scth). Thus imaging

spectrometers like AVIRIS-NG will be able to detect the super emitters, while some smaller
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leaks could also be visible. Imaging spectrometers provide the ability to rapidly image large
areas with the high spatial resolution required to attribute emissions to individual point
sources (Fig. 5.3). This offers the potential to determine what proportion of oil and gas in-
frastructure represents the heavy tail of overall fugitive CH, emissions (for a given surveyed
area, how many well pads are super emitters). These results could help constrain regional
CHy budgets from the oil and gas sectors and explain observed discrepancies between bottom
up emissions inventories and top down emission estimates (Brandt et al. 2014). Detection and
quantification of fugitive CHy also offers the potential for direct mitigation of global warming
by identifying leaks and communicating these with site operators of oil and gas fields. From
the perspective of the oil and gas industry, these CH, emissions represent safety hazards,
lost revenue, and a source for poor public relations. Given anticipated increased regulation
of fugitive emissions, proactive identification and mitigation of fugitive CHy could also be
advantageous.

Overall oil and gas production is projected to increase steadily and natural gas production
is expected to increase 44% between 2011 and 2040 (EIA 2013). This projected growth will
primarily result from increased development of shale gas, tight gas, and coalbed CHy often
using enhanced recovery techniques like hydraulic fracturing and horizontal drilling (EPA
2014). Accordingly, fugitive CH, emissions are expected to rise. For example, applying a
7% CHy loss rate to projected global increases in shale gas production results in an annual
loss of 24 Tg CHy, representing around 4% of the global CH, emissions from natural and

anthropogenic sources (Caulton et al. 2014).
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Figure 5.3. AVIRIS-NG true color image showing locations of three controlled release sites
(X-N, X-C, X-S). Scene was acquired at 3.8 km AGL with a pixel resolution of 3.6 m and image
swath of approximately 1.9 km. Three examples of CH4 plumes are shown for different flux
rates with concentrations shown both as ppm averaged over a 1 km layer and g/m?. (top)
2,000 scth flux (0.5 m pixel resolution, 0.58 km AGL). (center) 500 scth flux (0.4 m pixel
resolution, 0.43 km AGL). (bottom) 5,000 scth flux (1.0 m pixel resolution, 1.1 km AGL).

5.3 Ongoing research and future directions

Published results from this dissertation have demonstrated the utility of using airborne
imaging spectrometers for attributing CHy plumes to individual sources and quantifying CH,
enhancements. However, false positives proved problematic for both AVIRIS and AVIRIS-NG
because the spectral properties of the surface could not be entirely decoupled from atmo-
spheric absorption features. To reduce false positives, a segmentation approach and land

surface classification was developed in Chapter 2 and residual based masks were used in
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Chapter 4. These existing techniques can be further improved and new techniques are cur-
rently being developed to better suppress false positives. As part of these efforts, ongoing
work is focused on generating synthetic images with plumes of known gas concentration
to further investigate false positives, detection limits, and the influence of albedo on both

detection and quantification algorithms.

100

Total CH4 (9)
Total CH4 (9)

2
Flux (scfh) 0 Wind (m/s)

Figure 5.4. Observed total CH, is shown as a function of flux and wind speed. This relation-
ship offers the potential to constrain fluxes using AVIRIS-NG CHy retrievals.

In Chapter 4, a strong relationship was observed between flux rates and both observed
plume areas and plume lengths in AVIRIS-NG results. Further, ongoing work indicates that
total CHy calculated for AVIRIS-NG retrievals increases with flux rate, while wind speed has a
lesser influence (Fig. 5.4). This suggests that a mass balance technique, like those utilized since
the 1970s (White et al. 1976) could be applied to AVIRIS-NG retrievals. This would permit
leveraging the fully imaged plume to quantify the flux by measuring the total CH4 added to

the atmosphere from each point source, which is impossible to do with in situ measurements
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that only sample portions of the plume and make assumptions about mixing.

These observed relationships between total CHy, plume area, or plume length to flux and
wind speed offers the potential to constrain fluxes during future AVIRIS-NG flight campaigns.
To do so, empirical results from the RMOTC campaign or results from plume dispersion mod-
els could be used to generate a lookup table similar to that shown in Fig. 5.4. For observed
AVIRIS-NG plumes, total CHy, total area, or plume length can be first calculated and the flux
rate could be constrained based on the lookup table and some knowledge of local wind con-
ditions. In addition, simple flux calculations using measured wind speeds and orthogonal
transects can also be used to calculate fluxes directly. As shown in Fig. 5.5, this technique
was applied to one AVIRIS-NG CH4 plume at RMOTC and resulted in a calculated flux in
good agreement with the known flux rate. While these results suggest the potential for con-
straining fluxes based on CH, retrievals, additional research is required to further explore
this possibility.

Finally, the CHy4 sensitivity of imaging spectrometers can be improved dramatically by
building an instrument designed exclusively for gas detection. Given the potential utility of
such systems, a proposed imaging spectrometer using a 1 nm spectral resolution has been
proposed (Aubrey et al. 2015). This imaging spectrometer of the future could be deployed
both on helicopters to fly low and slow, improving signal to noise, and on fixed wing aircraft
to fly higher and faster, thereby improving areal coverage. The 1 nm spectral resolution will
improve detection capabilities down to around 0.28 m3/h (10 scth) and false positives will
be virtually eliminated by decoupling the spectroscopy of terrestrial surfaces and the atmo-

sphere. This system could offer a method of covering large areas to identify and attribute
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Figure 5.5. AVIRIS-NG retrieval for a 5.08 x 10* g/hour flux (2,500 scfh) showing CHy en-
hancements in g/m? and ppm. Wind measured at nearby meteorological station had velocity
of 4.5 m/s and 211° direction (black arrow). For each of the eight transects shown (orthog-
onal to wind) a total mass was calculated across the transect for a unit time, yielding an
average of 5.34 x 10* g/hour in good agreement (within 5%) with the metered flux rate.

both super emitters as well as smaller emissions and has great potential for regulatory appli-

cations.
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Appendix A

Point source emissions mapping using
the Airborne Visible/Infrared Imaging
Spectrometer (AVIRIS)

A. K. Thorpel, D. A. Roberts!, P. E. Dennison?, E. S. Bradleyl, C. C. Funk!3
'Department of Geography, University of California, Santa Barbara, Santa Barbara, CA
2Department of Geography, University of Utah, Salt Lake City, UT
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This chapter was published in Proceedings SPIE and is referenced as Thorpe et al. (2012).
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A.1 Abstract

The Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) measures reflected solar
radiation in the shortwave infrared and has been used to map methane (CHy) using both
a radiative transfer technique (Roberts et al. 2010) and a band ratio method (Bradley et al.
2011). However, these methods are best suited to water bodies with high sunglint and are
not well suited for terrestrial scenes. In this study, a Cluster-Tuned Matched Filter (CTMF)
algorithm originally developed by Funk et al. (2001) for synthetic thermal infrared data was
used for gas plume detection over more heterogeneous backgrounds.

This approach permits mapping of CHy, CO, (carbon dioxide), and N,O (nitrous ox-
ide) trace gas emissions in multiple AVIRIS scenes for terrestrial and marine targets. At the
Coal Oil Point marine seeps offshore of Santa Barbara, CA, strong CH4 anomalies were de-
tected that closely resemble results obtained using the band ratio index. CO, anomalies were
mapped for a fossil-fuel power plant, while multiple N,O and CH, anomalies were present at
the Hyperion wastewater treatment facility in Los Angeles, CA. Nearby, smaller CH4 anoma-
lies were also detected immediately downwind of hydrocarbon storage tanks and centered
on a flaring stack at the Inglewood Gas Plant.

Improving these detection methods might permit gas detection over large search areas,
e.g. identifying fugitive CH4 emissions from damaged natural gas pipelines or hydraulic
fracturing. Further, this technique could be applied to other trace gasses with distinct ab-
sorption features and to data from planned instruments such as AVIRIS-NG, the NEON Air-
borne Observation Platform (AOP), and the visible-shortwave infrared (VSWIR) sensor on

the proposed HysplIRI satellite.
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A.2 Introduction

Methane (CHy), carbon dioxide (CO,), and nitrous oxide (N,O) are considered the three
greenhouse gasses most important to climate change, and global concentrations of these long-
lived gasses have increased rapidly since the Industrial Revolution, mainly as a result of hu-
man activity. Increasing radiative forcing due to higher concentrations of CH4, CO,, and N,O
makes up the majority of the total net increase in radiative forcing since 1750 (IPCC 2007). On
a 20 year time scale, one molecule of CHy is at least 70 times as effective at trapping radiant
energy than a molecule of CO,, while N,O has a 20 year global warming potential 289 times
greater than CO, (IPCC 2007). In addition to being a potent greenhouse gas, CH4 contributes
to ozone (O3) production and photochemical smog, while N,O will be the most important
contributor to O3 depletion throughout the 21st century (Ravishankara et al. 2009).

For each of these gasses, the majority of present-day emissions are anthropogenic and of-
ten emitted from concentrated point sources. Estimates indicate the majority of pre-industrial
CH,4 emissions were from natural sources (Houweling et al. 2000), while between 60 to 70%
of CHy4 emissions are presently anthropogenic (Lelieveld et al. 1998) and have an atmospheric
residence of 8.4 years (IPCC 2007). Approximately 75% of anthropogenic CO, emissions have
resulted from burning of fossil fuels and cement production (IPCC 2007) and atmospheric res-
idence varies between 5 and 200 years due to large differences in rates of CO, uptake (IPCC
2001). About half of N,O emissions are presently anthropogenic and emissions remain in the
atmosphere on average for 114 years (IPCC 2007).

Existing spaceborne remote sensing provides an effective means of detecting continen-

tal scale variation in CHy4, CO,, and N,O concentrations using sensors that sample the mid-
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infrared (MIR) and thermal-infrared (TIR) (Aires et al. 2002; Beer et al. 2001; Tobin et al. 2006;
Saitoh et al. 2009) as well as in the shortwave infrared (SWIR) (Frankenberg et al. 2011). These
sensors lack the fine spatial resolution needed to detect near-surface local emissions, includ-
ing individual plumes from concentrated point sources. Detecting faint gas signatures over
heterogeneous surfaces remains challenging, however, one technique of particular promise is
matched filters, which have successfully detected gas plumes in simulated data (Villeneuve et
al. 1999; Theiler et al. 2006). A matched filter algorithm generates a linear weighting function
that produces highest values when an image spectrum matches the shape of the gas target.
When applied to a scene, this algorithm reduces noise while enhancing the gas signature and
outputs an image indicating those regions with anomalous gas concentrations.

This study aims to improve methods for fine spatial resolution gas detection using a
Cluster-Tuned Matched Filter technique originally developed by Funk et al. (2001) for sim-
ulated thermal data. The Cluster-Tuned Matched Filter improves performance over tradi-
tional matched filter algorithms because it first applies k-means clustering to partition the
background surface, then creates a matched filter that is specifically tuned for each cluster.
These algorithms were modified for the airborne imaging sensor AVIRIS, which samples 224
contiguous spectral channels between 350 nm and 2,500 nm. To test the feasibility of this
approach, the Cluster-Tuned Matched Filter was applied to a diversity of locations known to
emit CHy, CO,, and N, O and results were analyzed for consistency with known or probable
emission sources.

Developing techniques to map local emissions using airborne imaging spectrometry could

permit emission monitoring and hazard detection over large areas. For example, detecting
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fugitive CHy emissions from leaking natural gas pipelines (Murdock et al. 2008), hydraulic
fracturing (Howarth et al. 2011), and coal bed fields is of increasing concern. High resolution
mapping of trace gasses from concentrated sources could also improve national greenhouse
gas budgets, partitioning between anthropogenic and natural sources, and compliment on-

going global monitoring efforts at coarser spatial resolutions.

A.3 Methodology
A.3.1 AVIRIS data and Modtran radiative transfer model

AVIRIS measures reflected solar radiance over 224 contiguous spectral channels between
350 nm and 2,500 nm, with a spectral sampling interval and nominal Full Width Half Max-
imum (FWHM) of 10 nm, 34° field of view (FOV), and 1 mrad instantaneous field of view
(IFOV) (Green et al. 1998). AVIRIS encoded radiance data are georectified and radiometri-
cally calibrated by the Jet Propulsion Laboratory (JPL). Flown on aircraft, AVIRIS has a high
signal-to-noise ratio and a ground-instantaneous field of view (GIFOV) typically ranging be-
tween 3 m to 20 m, which offers the potential for detecting gaseous emissions from point
sources. This has enabled detection of CH,4 over the Coal Oil Point Seeps offshore of Santa
Barbara, CA (Roberts et al. 2010; Bradley et al. 2011), however, these techniques are limited
to water bodies with high sunglint and are not well suited for terrestrial scenes.

CHy, CO,, and N,0 have absorptions in the SWIR that can be resolved with the 10 nm
spectral sampling of AVIRIS. Examples of transmittance spectra are shown in Fig. A.1, calcu-
lated using a Modtran 5.3 radiative transfer model parameterized for an AVIRIS flight at 3.8
km altitude for a Los Angeles scene. Absorption features for CH4 and CO, have some spec-

tral overlap with H,O, however, CH, absorptions at 2,300 nm and CO, absorptions around
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Figure A.1. (a) Transmittance spectra for trace gasses convolved to AVIRIS bands generated
using Modtran 5.3, parameterized for a mid-latitude summer model atmosphere and 3.8 km
sensor altitude. (b) CHy exhibits prominent absorptions between 2,150 nm and 2,450 nm.
(c) CO, has strong absorptions centered at 1,958 nm, 2,008 nm, and 2,058 nm. (d) N,O

absorptions at 2,109 nm and 2,258 nm

are weak compared to those of other trace gases due

to low N,O concentration in the atmosphere.

1,572 nm, 1,602 nm, and 2,058 nm have the least overlap with H,O absorptions (Fig. A.1a).

CHy, CO,, and N,0 transmittance spectra were calculated with Modtran parameterized for

different flight lines and convolved to AVIRIS wavelengths using the band centers and FWHM

supplied by JPL. These transmittance spectra were used as gas targets for the Cluster-Tuned

Matched Filter analysis; CHy, CO,, and N,O gas targets for a Los Angeles scene are shown

in Fig. A.1b, A.1c, A.1d.
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A.3.2 Study sites

To identify AVIRIS images for the Cluster-Tuned Matched Filter analysis, four flight lines
containing likely point source emissions of CHy4, CO,, and N,O were identified (Fig. A.2). The
first scene was acquired over the Coal Oil Point Seeps offshore of Santa Barbara, CA, one of
the largest and best studied natural sources of CH4 emissions and oil with total atmospheric
emissions estimated at 100,000 m3/day (Hornafius et al. 1999). A second AVIRIS flight near
Moss Landing, CA imaged a natural gas power generation station with multiple smokestacks,
providing an anthropogenic CO, emission source. An additional scene covered the Mid-
Wilshire district of Los Angeles, known for natural CHy and oil seepage, and the Inglewood
Oil Field, with active natural gas and hydrocarbon extraction. The final AVIRIS flight line
covered the El Segundo neighborhood of Los Angeles and included the Hyperion wastewater

treatment facility, a potential source of CHy and N,O emissions.

A.3.3 Cluster-Tuned Matched Filter algorithm

The Cluster-Tuned Matched Filter algorithm first applies k-means clustering to classify
the image and partition the background surface (clutter) to minimize within-class variance.
To do so, the algorithm uses the first few principle components of the image to assign extreme
locations for each of the k-class centroids (Funk et al. 2001). After the k-means algorithm
assigns a specified number of classes (defined a priori) and creates a k-means class image,
matched filters specifically tuned for each class are applied to the scene using the following

equation,

7= — (A.1)
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Figure A.2. Extent of four AVIRIS flight lines overlain on map of California showing county
boundaries. AVIRIS scenes were acquired near Moss Landing, the Coal Oil Point Seeps
offshore of Santa Barbara, and the Mid-Wilshire and El Segundo regions of Los Angeles.

where q_]) is the Cluster-Tuned Matched Filter for class j, C]-_1 is the inverted covariance matrix
for the jth class, and b is the gas target spectrum. Multiplication by the inverted covariance
matrix in the numerator ‘whitens’ the data by removing spectral cross-correlation in the
background clutter. The denominator standardizes the filtered data so that the expected fil-
tered results have a standard deviation of 1. These filtered pixels are then recomposed as a
final output image that reduces noise and sensitivity to surface features while enhancing the
gas signature and outputs an image indicating gas anomalies. Cluster-Tuned Matched Filters
were applied to each AVIRIS image using transmittance spectra as gas targets, calculated with

Modtran parameterized for each flight line.
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A.4 Initial results and discussion

Cluster-Tuned Matched Filters were effective for mapping CH,4, CO,, and N,O anomalies
for concentrated marine and terrestrial emission sources. On 19 June 2008, AVIRIS acquired
an image containing the Coal Oil Point marine seeps near Santa Barbara, CA with a spatial
resolution of 7.5 m. The scene was characterized by high sunglint and a relatively homoge-
neous ocean surface, which permitted detection of prominent CH, anomalies (Fig. A.3). The
anomalies emanate from known seeps, including the Trilogy Seep and IV Super Seep, and are
consistent with southwesterly wind measured at the time of image acquisition. These CHy
anomalies also closely resemble results obtained using the band ratio technique developed
by Bradley et al. (2011). Marine seeps are significant but poorly constrained sources of CHy,

releasing an estimated 20 Tg yr~!' (Kvenvolden et al. 2005).

Figure A.3. CH4 matched filter results for Coal Oil Point seeps.
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Analysis of an AVIRIS scene from 19 July 2011 with a spatial resolution of approximately
6 m revealed a prominent CO, anomaly for the Moss Landing Power Plant (Fig. A.4), which
is powered with natural gas and generated 1,435,507 MT CO, in 2010 (EPA 2011a). This
anomaly crosses over multiple k-means classes and thus different land cover types and is
consistent with a CO, plume emitted from four, closely-spaced smokestacks and transported
by northwesterly winds. Power plants are a significant emissions source, with 76% of U.S.

CO, stationary source emissions attributed to electricity production (DOE 2011).

o

Power' plant

Figure A.4. Cluster-Tuned Matched Filter CO, anomalies for the Moss Landing Power Plant.

For an AVIRIS scene covering the El Segundo neighborhood of Los Angeles with a spatial
resolution of approximately 3 m (Fig. A.2), multiple N,O and CH, anomalies were present
at the Hyperion Sewage Treatment Plant (Fig. A.5). CHy anomalies appear throughout the

scene (green pixels in Fig. A.5), while N,O anomalies are observed in close proximity with
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Figure A.5. Matched filter results overlain on a visible band image of the wastewater treat-
ment facility (darkened for presentation). N,O anomalies (red pixels), appear near two
groups of waste digesters. CH, anomalies (green pixels) are also present, causing consider-
able overlap of N,O and CHy anomalies (orange pixels).

egg-shaped digesters and settling tanks (red pixels). Wastewater treatment facilities produce
CH,4 and significant N, O emissions, which result from denitrification and nitrification in both
anoxic and anaerobic environments (EPA 2011a; Brown et al. 2010). In 2009, U.S. emissions
of CHy and N,0 from wastewater treatment were estimated at 24.5 Tg CO, Eq. and 5.0 Tg
CO, Eq. respectively (EPA 2011a).

In the AVIRIS scene covering the Mid-Wilshire region of Los Angeles (Fig. A.2), a CHy
anomaly was detected at the Inglewood Oil Field that crosses multiple land cover classes

and is consistent with local meteorological data indicating a 2.2 m s~!

southwesterly wind
(Fig. A.6b). The spatial resolution is approximately 3 m for this scene and Google Earth im-

agery was used to resolve surface features, including what appears to be two hydrocarbon
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storage tanks located immediately upwind of the anomaly (Fig. A.6a). Nearby, an additional
CH,4 anomaly was identified centered on a flaring stack at the Inglewood Gas Plant (Fig. A.6¢c
and A.6d) and sensor saturation in the SWIR indicated active flaring at the time of image
acquisition. Fugitive CH, emissions associated with hydrocarbon production are consider-
able, estimated in 2009 at 221.2 Tg CO, Eq. for natural gas systems, 71.0 Tg CO, Eq. for coal

mining, and 30.9 Tg CO, Eq. for petroleum systems (EPA 2011a).

Figure A.6. (a) Close-up of hydrocarbon storage tanks (Location L1) (Google Earth 2012). (b)
CH,4 anomaly downwind of L1, shown using median smoothing filter. (c) Close-up flaring
stack (Location L2) (Google Earth 2012). (d) CH4 anomaly centered on stack at L2, shown
using median smoothing filter.

Despite these promising results, ‘speckle” and false positives observed in matched filter
results make interpretation of anomalies challenging. False positives result for surfaces with
strong absorptions located at the same wavelengths as gas absorption features; for example,

the CH4 Cluster-Tuned Matched Filter produced false positives for roofs with limestone peb-
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bles that exhibit strong carbonate (CO3) absorption at 2,338 nm. Therefore, to distinguish
trace gas emissions from false positives, methods of smoothing results and suppressing false
positives must be developed.

While Cluster-Tuned Matched Filters are well suited for detecting anomalies, they do not
provide concentrations necessary to calculate fluxes or generate maps of gas concentrations.
In order to create robust techniques for detection and quantification of trace gas emissions
in AVIRIS data, additional research is required. A sensitivity analysis using synthetic images
and radiative transfer simulations is necessary to determine minimum detectable gas concen-
trations by the Cluster-Tuned Matched Filter approach and determine how surface composi-
tion and albedo influence matched filter scores. Multiple approaches will be used to estimate
concentrations, including Modtran 5.3 radiative transfer simulations to generate synthetic
spectra with elevated gas concentrations that will be best fit to AVIRIS radiance data as well
as additional residual based techniques. Evaluating the accuracy of these concentrations is
an important prerequisite for creating maps of gas concentrations and estimating fluxes from

individual point sources to better constrain regional emissions.

A.5 Conclusions

The Cluster-Tuned Matched Filter technique is effective for mapping CHy, CO,, and N,O
anomalies for concentrated natural and anthropogenic emission sources in AVIRIS imagery,
including the Coal Oil Point marine seeps (CHy), the Moss Landing Power Plant (CO,), and
the Hyperion Sewage Treatment Plant (N,O and CHy). These long-lived trace gasses are often
emitted at concentrated sources; an estimated 4,507 stationary point sources produced 63%

of U.S. CO, emissions from fossil fuel combustion in 2008 (DOE 2011). Therefore, targeting
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reductions in anthropogenic CHy, CO,, and N,O emissions from concentrated sources is a
particularly efficient means of mitigating their effects.

Airborne imaging spectrometers are well suited for monitoring local sources because they
provide areal coverage with high spatial resolution necessary to resolve point source emis-
sions. Developing gas detection techniques for airborne platforms could better constrain local
emissions as well as improve national greenhouse gas budgets and partitioning between an-
thropogenic and natural sources. To create robust techniques for mapping trace gas emissions
in AVIRIS data, additional research is required to determine minimum detectable gas concen-
trations by the Cluster-Tuned Matched Filter, reduce false positives, and develop techniques
for estimating gas concentrations.

Given these promising preliminary results, the Cluster-Tuned Matched Filter might be
capable of detecting additional trace gasses with distinct absorption features and could be
applied to data from planned AVIRIS-like instruments such as AVIRIS-NG, the NEON Air-
borne Observation Platform (AOP), and the proposed HyspIRI VSWIR sensor. The addition
of these planned sensors could greatly improve mapping of local and regional emissions by
providing the spatial coverage necessary to detect individual emission sources and potential

for repeat temporal coverage to monitor global change.
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