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I. Science and Application Targets and their importance in addressing Decadal Survey
themes and previous community roadmaps, and advancing understanding

Understanding the processes controlling changes in atmospheric methane (CH4) and carbon dioxide
(COy) is at the core of Earth System Science and two Decadal Survey themes: Climate Change
(radiative forcings) and Air Quality (atmospheric chemistry). These gases are the two dominant
anthropogenic climate-forcing agents. Additionally CH. is relevant to air-quality science and
applications: CHs is a precursor for tropospheric ozone and is strongly linked with co-emitted
reactive trace gases that are the focus of air quality mitigation policies. The atmospheric growth rates
are strongly influenced by anthropogenic emissions of CHs and dominated by fossil fuel CO;
emissions from a population of spatially condensed point sources distributed over large areas and
spanning diverse socio-economic sectors. However, especially for CH4, bottom-up estimates are often
in strong disagreement with top-down estimates and our lack of process based knowledge is
exemplified by the ongoing scientific discussion on both the hiatus in the atmospheric growth rate in
the early 21st century as well as the unexpected rise starting in 2007. Emissions and process
attribution remain highly uncertain but are needed to resolve key elements of the key elements of
uncertainty in carbon cycle science, generate accurate greenhouse gas inventories and inform
emission mitigation decisions. A key factor is that regional top-down emissions estimates cannot
discriminate source categories and thereby attribute fluxes to specific processes or sources.

One way of solving this knowledge gap is by isolating anthropogenic point sources from regional
totals. The impact of anthropogenic CH4 point sources - principally from coal, oil and gas supply
chains, manure and waste management - on the atmospheric CHs growth rate is significant. However
the relative contribution compared to natural (wetland) and other anthropogenic area sources (e.g.,
enteric fermentation) has not been conclusively resolved (Turner et al., 2015; Shaefer et al.,, 2016;
others). Uncertainty in CH4 emissions remains persistently large at all scales and process attribution
remains challenging as well (Kirschke et al., 2013). Hypotheses regarding the space-time distribution
of anthropogenic CH4 point source fluxes have only been partially tested due to observational
limitations. For example, recent field studies of CH4 emissions from oil and gas supply chains in the
US provide compelling evidence of super-emitter (fugitives with long-tail distribution) behavior
(Zavala-Araiza et al,, 2015; Brandt et al., 2014; Lyon et al., 2015; Frankenberg et al., under review).
However, while those studies offer spatially complete assessments and some indication of stochastic
leak behavior they lack the vantage point with persistent, high frequency sampling and broad area




EARTH SCIENCE AND APPLICATIONS FROM SPACE RFI#2 15 MAY 2016

coverage necessary to constrain the distribution of episodic emission processes. There is a need to
complete similar assessments in I) other coal, oil and gas regions around the world (only a subset of
which are accessible by airborne campaigns) and II) important but under-sampled CH4 emission
sectors such as manure and waste management. The same limitations pose barriers to providing
relevant and timely information to decision-makers seeking to mitigate emissions (e.g., leak
detection and repair).

Historically, global fossil fuel CO, (FFCO2) emissions were considered one of the better known terms
in the carbon budget - constraining less well known terms such as the terrestrial land sink (Cox et
al, 2013). However, this was largely driven by a limited quantitative understanding of FFCO,
uncertainties and the fact that the global total uncertainty was dominated by the lower uncertainty
of the high-income countries. Given that the global FFCO2 emissions contain a larger proportional
share of emissions from historically less-developed economies, uncertainty is growing significantly
and will continue to do so over the coming years. The FFCO2 uncertainty is already comparable in
magnitude to uncertainty in the natural land sink (GCP, 2015). Over 50% of the world’s CO; emissions
come from tens of thousands of power plants and other industrial facilities including many where
information regarding their emissions or even their locations is not readily available - translating to
large (or unquantified) flux uncertainties at local scales (NRC, 2010).

We suggest an observational strategy focused on CHs and CO; point source emissions with three goals

aligned with US Carbon Cycle Science Program priorities (CCSP, 2011):

1. Enable explanation of past and current variations in atmospheric CO; and CH4 (CCSP goal 1)

2. Understand and quantify socioeconomic drivers of carbon emissions, and develop transparent
methods to monitor and verify emissions (CCSP goal 2)

3. Address decision maker needs for carbon-cycle information with actionable data -including
direct guidance for near-term and longer-term mitigation action (CCSP goal 6)

To achieve those goals we suggest a Quantified Earth Science and Applications Objective:
Reduce uncertainty in the individual emission fluxes of anthropogenic CH, and fossil fuel CO; point
sources (with diameters < 100 m) to s 20% (CO2) and 50% (CH4) (20) for 90% of the global source
populations of those point sources!; geo-locate those sources to within 30 meters to support process
attribution; persistently monitor the source population for super-emitter behavior including large
episodic emissions; and produce flux estimates within 1 week of detecting CH4 threshold-crossing events
to enable timely mitigation action.

Justification: The global point source population for fossil fuel CO; emissions consists of tens of
thousands of power plants and other industrial facilities and for CHs, tens of millions of potential
point sources distributed across oil and gas supply chains, large agricultural facilities and waste-
management facilities associated with major cities. Reducing uncertainties in point source fluxes
from the current large or unquantified levels to 20% (CO2) to 50% (CH4) in all key sectors and regions
will significantly reduce global CO; and CH4 uncertainties. Providing fine-scale source geolocation is
necessary both for general emissions accounting and for unambiguous process attribution in
crowded source environments. Persistent monitoring for potential episodic emissions (i.e., leaks)
and low latency notification will enable rapid repair action particularly for CH4 sources.

I1. Utility of the measured geophysical variables to achieving the science/application target

We propose a tiered observational strategy focused on CH4 and CO; point source fluxes at fine-space
time scales sufficient to detect, quantify and attribute them, and to provide timely information to
facility operators and other decision makers. This approach would both complement and bridge gaps

' Definition of source populations, spatial completeness, and flux uncertainty targets are degrees of freedom that can be adjusted and balanced
as needed to address different science/application priorities, cost and schedule. The numbers presented in this whitepaper are notional and
intended to illustrate key concepts and trade-space.
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in planned observational systems focusing on area sources (Fig. 1). The tiered strategy would deploy
satellites and coordinated aircraft surveys with very high spatial resolution (5 to 30 m) observations
of CHs and CO; column mole fractions with persistent, dense sampling of key anthropogenic
infrastructure. The strategy involves three tiers to provide flexibility in meeting the objective — both
in terms of timeliness and preserving the opportunity to employ multiple vantage points, platforms,
and partnerships between instrument- and data-providers:

Tier-1: Global mapping of all land surfaces leveraging existing instrument hardware (potential launch
by 2019) with a focus on CO; from power plants and other major industrial facilities and CH4 from
the largest anthropogenic point sources. The global coverage is particularly important to
determining the locations of the largest fossil fuel CO, emitting facilities.

Tier-2: Annual aircraft campaigns over known CHs point source infrastructure using existing and new
instrument technology (potential first flight before 2020) in key regions globally with sufficient
sensitivity to detect >80% of emissions.

Tier-3: Global high-frequency sampling of the majority of known CHs and CO: point source
infrastructure using new instrument technology (potentially launched by 2022) with sufficient
sensitivity to rapidly detect super-emitters and inform timely mitigation action.

Table 1 traces our Quantified Earth Science and Applications Objective to requirements on data
products, instruments and sampling approaches for satellite and aircraft platforms.

Table 2 summarizes the utility of these measurements to meeting our science and applications
targets and provides context by comparing with other reference missions.

III. The key requirements on the quality (i.e. the performance and coverage specifications) of
the measurement(s) needed for achieving the science and application target.

Passive remote spectroscopy is a powerful tool to characterize trace greenhouse gas emissions (Kort
etal, 2014; Schneising et al 2015; Turner et al 2015). While current and planned carbon monitoring
satellites promise significant advances in reducing uncertainty for regional and area sources of CO»
and CH4 (Schimel et al., 2015) they were not designed to detect or quantify anthropogenic point
source fluxes or their controlling processes. These limitations are primarily due to coarse spatial
resolution (typically instrument native resolutions of several kilometers and flux inversion
resolutions of 10 to >100 km; CEOS, 2014). Spatial resolution impacts both detection sensitivity
(since point source plumes disperse rapidly, dilution scales with pixel size) and geolocation (point
sources often appear in crowded scenes). For example, existing and planned satellites such as
GOSAT and TROPOMI/Sentinel-5P have nadir footprints of 85 km? and 49 km?, respectively.
Compared to an instrument with 10 meter pixels, GOSAT and TROPOMI both experience a factor of
>100,000 degradation in sensitivity to spatially condensed point source plumes due simply to pixel
size. Hence even less precise imaging spectrometers will produce dramatically improved sensitivity
to point source plumes compared to traditional greenhouse gas sounders. Additionally, existing and
planned observational systems often provide sample frequencies measured in weeks to months
given their focus on regional to continental scale fluxes. Even satellites with “global daily revisit”
capability will in practice achieve sample frequencies measured in days to weeks for pixel sizes much
larger than 1 km due to cloud interference (Bloom et al., 2016). Compared to traditional atmospheric
sounders, high resolution imaging spectrometers will have greater sampling density and frequency
resulting in a higher cloud free yield. In fact, the two approaches are synergistic; observing systems
focused on area sources address other distinct and important aspects of regional and global carbon
cycle science (Schimel et al 2015). A focus on fine scale point sources uniquely extends and
complements these observational capabilities (Fig. 1), greatly enhancing both systems’ science yield
and societal applications.
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In the past few years, rapid progress has been made in detecting and quantifying CHs plumes with
high spatial resolution using prior airborne instruments. The airborne imaging spectrometers
AVIRIS-C and AVIRIS-NG measure reflected solar radiation between 380 and 2,500 nm at 10 and 5
nm spectral resolution (Green et al, 1998; Hamlin et al, 2011). While not designed for this
application, they have successfully mapped CH4 and CO; emissions (Roberts et al., 2010; Thorpe et
al,, 2014; Thompson et al., 2015; Spinetti et al., 2004; Dennison et al,, 2013). Examples of quantitative
gas retrievals using optical absorption spectroscopy (Frankenberg et al., 2005, under review) with
AVIRIS-NG are shown for CH4 emissions from a gas processing plant with good agreement between
measured and modelled radiances (Fig. 2) and CO; emissions from a coal-fired power plant (Fig. 3).
A recent study used AVIRIS-C and the Hyperion orbital instrument (6.6 and 30 m spatial resolution,
respectively) to observe CH4 plumes from the Aliso Canyon leak over multiple days (Fig. 4). To our
knowledge this represents the first orbital detection of an individual CH4 point source (Thompson et
al,, 2016, under review).

A limitation with existing imaging spectrometers is the moderate spectral resolution, which can
cause interferences between surface and atmospheric features. A 1 nm spectral resolution would
eliminate this (Krings et al., 2013) and achieve sufficient CH4 and CO; sensitivity while maintaining
an imaging capability and the fine spatial resolution required to resolve individual emission sources
(Thorpe et al,, 2014; Thorpe et al,, 2016). This improved sensitivity is illustrated in Fig. 5 where CH4
and CO; Jacobians are plotted for a 10 nm (AVIRIS), 5 nm (AVIRIS-NG), and 1 nm spectral resolution
instrument. Plume modeling combined with a simulated atmosphere and retrieval algorithms reveal
which gas fluxes are detectable for different design points. A 5 nm spectral and 30 m spatial
resolution results in an estimated CH4 flux detection threshold of 1,000 kg/h, while for a 1 nm
spectral and 10 m spatial resolution the threshold falls to 50 kg/hr. An airborne imaging
spectrometer that was designed exclusively for quantitative mapping of CHs and CO (Thorpe et al,,
2016) could further reduce detection thresholds and complement orbital instruments (Fig. 6). For
example, an instrument with 1 nm spectral resolution flying at 5 km above ground (5 m spatial
resolution) results in a detection threshold around 10 kg/h (and 0.5 kg/h at 1 km altitude). The
importance of spatial and spectral resolution favors a three tiered system with different
instrument/measurement requirements to resolve different aspects of the emission profile (Table
1). Tier 1 would utilize a Landsat-like sun-synchronous orbit with global terrestrial coverage, an
image swath of 185 km, and a 16 day revisit interval2. Its 30 m spatial and 5 nm spectral sampling
would be capable of detecting larger fluxes, targeting detection thresholds of 1,000 kg CHs/hr and
200,000 kg COz/hr. These thresholds correspond to the largest known CHs emitters (contributing
30% of total emissions from sampled population) and the largest CO; emitting power plants and
other industrial facilities (contributing 80% of total fossil fuel CO2 emissions) - see Table 2. Tier 1's
global coverage would not rely on prior knowledge of facility locations. Tier 2 would use airborne
measurements (1 nm spectral, 5 m spatial resolution, 5 km swath) to conduct bi-annual surveys of
sources populations in key regions to detect small CHs and CO; sources. Tier 3 would use a
constellation of small sats carrying imaging spectrometers with 10 m spatial resolution, 1 nm spectral
sampling and a revisit interval of 3 days to monitor the much larger population of potential CH4
sources including super-emitters with fluxes as small as 50 kg/hr (Table 2) and rapidly notify facility
operators and decision makers of episodic threshold crossing events. Tier 2 and 3 measurements
would permit detection of a significant portion of emissions from key oil and gas basins as
documented in previous studies (Lyon et al., 2015; Zavala-Araiza et al., 2015;). For both tier 1 and
tier 3, spacecraft pointing could be used to target specific regions of interest. All three tiers would
benefit from simplified plume modeling and available wind information to estimate fluxes rather
than depending on atmospheric transport models required for flux inversions using sparser
observations over larger areas (Frankenberg et al.,, under review).

2 Revisit intervals described here refer to the cloud-free sample frequency defined by the spacecraft orbit assumed for these notional cases.
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IV. Likelihood of affordably achieving the required measurements in the decadal timeframe
given the maturity of instruments, algorithms, and the potential for partnerships

Investments in response to global terrestrial/coastal coverage missions outlined in the 2007 NRC
Decadal Survey (NRC 2007), the NRC Landsat and Beyond report (NRC, 2013), and other initiatives
will ensure that the required measurements can be achieved affordably in the decadal timeframe.
They would build on a legacy of imaging spectrometers designed for airborne and orbital
applications. For airborne instruments, spectral resolution has improved from 10 nm for AIS (Vane
etal,, 1984) and AVIRIS (Green et al., 1998), to 5 nm for AVIRIS-NG (Hamlin et al.,, 2011), and to 3 nm
for PRISM (Mouroulis et al,, 2014). Orbital measurements using imaging spectrometers have been
successfully demonstrated with NIMS (Carlson et al.,, 1992), VIMS (Brown et al., 2004), Deep Impact
(Hampton et al., 2005), CRISM (Murchie et al., 2007), EO-1 Hyperion (Ungar et al, 2003; Middleton et
al,, 2013), M3 (Green et al,, 2011), and MISE, the imaging spectrometer now being developed for
NASA’s planned Europa mission.

NASA-guided engineering studies determined that a Landsat-class VSWIR (380 to 2,510 nm @ <10
nm sampling) imaging spectrometer instrument with a 185 km swath, 30 m spatial sampling and 16
day revisit with high signal-to-noise ratio and the required spectroscopic uniformity could be
implemented affordably for a three year mission with mass (98 kg), power (112 W), and volume
compatible with a Pegasus class launch (Fig. 7). The instrument design and a technology
demonstration (high TRL) is complete, featuring an optically fast spectrometer with high SNR that
accommodates the full spectral and spatial ranges (Mouroulis et al., 2016) and a scalable prototype
F/1.8 full VSWIR spectrometer (Van Gorp et al., 2014) is currently being qualified (Fig. 8).

Lossless compression algorithms for spectral measurements (Klimesh et al., 2006; Aranki et al,,
2009ab; Keymeulen et al., 2014) will permit the required data transfer rate and this algorithm is
currently a CCSDS standard (CCSDS, 2015). Using compression and the current Ka band downlink
offered by KSAT and others, all terrestrial/coastal measurements can be downlinked. Algorithms for
calibration (Green et al., 1998) and atmospheric correction (Gao et al., 1993, 2009; Thompson et al.,
2014, 2016) have been applied to large, diverse data sets as part of the HyspIRI preparatory
campaign (Lee et al., 2015) as well as AVIRIS-NG India and Greenland campaigns. CHs and CO;
retrieval algorithms are mature (Thorpe et al,, 2014, 2016; Thompson et al., 2015) and have been
applied in near real time to large data sets including surveys of the San Juan Basin, CA (Thompson et
al,, 2015) and the Four Corners region (Frankenberg et al., under review). This offers the promise of
onboard data processing to reduce demands on satellite data storage and downlink systems.

There are a number of existing or planned instruments with fine spatial resolution (Hyperion,
EnMAP, Landsat Swath Spectrometer), however, these were not designed for CH4 and CO; mapping.
Dedicated orbital imaging spectrometers with improved spectral and spatial resolution will be
critical for understanding CH4 and CO, growth rates, balancing the carbon budget, and improving
greenhouse gas inventories. High spatial resolution quantitative mapping of emissions will
complement existing and planned instruments that provided global and regional measurements at
coarser spatial resolutions, like TROPOMI (CH4 at 49 km? resolution) and OCO-2 (CO; at 2.9 km?
resolution). Airborne instruments will also be required with far finer spatial resolution that will
result in improved sensitivities (Thorpe et al.,, 2016).

Finally, the tiered observing strategy described here would provide flexibility for staged sequential
deployment of observing capability - beginning with existing instrument hardware for tier 1. New
instrument technology would be applied as soon as it completed development and testing (tiers 2
and 3). The multi-platform/instrument approach for tiers 2 and 3 allows for partnering between US
agencies, international partners, and potentially the private sector. This could in turn contribute to
a coordinated constellation of small satellites (and/or aircraft) with incrementally deployed
observing capability while managing cost and risk.
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Table 1. Traceabilty Matrix showing flow down of science and application targets to Quantitative Earth Science Objective and requirements on
data products, measurement/observational strategy and instrument requirements. These requirements are notional and intended to illustrate
the trade space that could be explored for optimal performance or implementation flexibility.
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Table 2. Preliminary estimates of point source detection performance for the proposed 3 tiers of the
CH4 observing system with other existing (OCO-2, Crisp et al.,, 2004), planned (TROPOM], Veefkind et
al,, 2012; EnMAP, Kaufmann et al., 2016) and proposed (CarbonSat, Buchwitz et al.,, 2013) systems
for reference. The fraction of total emissions from each source population is based on spatial
coverage, detection threshold, and representative emission distribution curves from the indicated
literature and data sources (see footnotes). Detection thresholds are based on a variety of analyses
and in some cases (e.g., TROPOMI and 0CO-2) simple scaling based on relative native resolutions; a
more complete analysis is required to confirm these. Sample interval is approximate but indicates
likely measurement yield (expressed as practical time between samples) based on orbit/campaign
revisit interval and cloud cover (e.g., for a 2 week revisit we assume practical sample interval of 30
days). The Tier 3 performance assumes a constellation of 16 smallsats.
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Figure 1. Relative space-time scales for CHs and/or CO; flux estimates* generated by observing
systems focused on point sources (smaller than about 100 m) compared with those designed to study
area sources (>> 100m). The green box represents the range of space-time scales encompassed by
the proposed three-tiered point source monitoring system - including satellite and aircraft
contributions. The blue box illustrates typical flux space-time scales for representative current and
planned satellites/instruments (OCO-2 and OCO-3 for COz, TROPOMI for CH4). The brown box does
the same for proposed geostationary CO; and CHs sounders. Flux estimates from the proposed
CarbonSat mission would bridge the gap between the latter two domains. A point source observing
system would complement area source measurements and fill gaps at unique space-time scales for
carbon cycle science and applications. [*Unlike most area source observing systems where the space-
time resolution of flux estimates is often dominated by the resolution of the atmospheric transport
models required for flux inversions, at the scale of individual point source plumes the flux resolution
often approaches the native pixel resolution of the instrument. Point source flux estimation can be
achieved with simplified estimation methods including Gaussian plume models and publically available
wind data rather than the more complex inverse modeling approaches needed at larger spatial scales].]
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Figure 2. CHsplumes observed with AVIRIS-NG flying at 3 km above ground level (3 m pixels). Plume
is overlain on true color image showing one emission source for a gas processing plant within the
scene and another plume originating from outside the image. Plumes are consistent with local wind
conditions, extends 600 m downwind, and has an estimated flux of 6,100 kg/h (Frankenberg et al,,
under review). IMAP-DOAS CHs retrieval shows good agreement between observed radiance (black)
and modelled radiance (red).
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Figure 3. CO; plumes observed with AVIRIS-NG flying at 3 km above ground level (3 m pixels). Plume
is overlain on true color image showing one emission source for a coal-fired power plant. Plumes are
consistent with local wind conditions, extends over 400 m downwind, and has maximum
enhancements in excess of 1,000 ppm-m. IMAP-DOAS CH, retrieval shows good agreement between
observed radiance (black) and modelled radiance (red).
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ER-2 at 6.6 km altitude, 1/12/2016 EO-1 Spacecraft at LEO, 1/1/2016

Figure 4. Left: CHs plume observed from the Aliso Canyon natural gas leak in January 2016 using
AVIRIS-C flying in an ER-2 aircraft at 6.6 km above ground level (6.6 m pixels). Plume is overlayed on
the 2,300 nm channel and is consistent with local wind conditions. Right: CH4 plume observed with
the orbital Hyperion instrument onboard the EO-1 spacecraft (30 m resolution) has similar
morphology. The EO-1 spacecraft exhausted its fuel in 2011 and the Hyperion spectrometer was
disadvantaged by low signal to noise ratio and a solar elevation under 25° (Thompson et al., under
review).
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Figure 6. Imaging spectrometer concept showing a pushbroom design with 1 nm spectral sampling
that enables high sensitivity measurements for each image pixel. Instrument design would be
compatible with a variety of airborne/orbital platforms. Currently, AVIRIS-C and AVIRIS-NG use
moderate and high altitude fixed-wing aircraft only.
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Figure 7. Left: Opto-mechanical configuration with one telescope feeding two field split wide swath
F/1.8 VSWIR Dyson spectrometer providing 185 km swath and 30 m sampling. Center: Imaging
spectrometer with spacecraft (248 kg, 670 W with margin) configured for launch in a Pegasus shroud
for an orbit of 429 km altitude, 97.14 inclination to provide 16 day revisit for three years. Right:
Orbital altitude and repeat options showing an altitude of 429 km with a fueled spacecraft supports
the three year mission with the affordable Pegasus launch. Higher orbits are viable with a larger
launch vehicle.
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Figure 8. Left: Design of a wide swath F/1.8 VSWIR Dyson covering the spectral range from 380 to
2510 (see Fig. 7). The visible range is not required for this application but is heritage with the as-
built instrument. Right: Dyson imaging spectrometer completed for technology demonstration (TRL
5) that uses a full spectral range HgCdTe detector array.
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