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1. EXECUTIVE SUMMARY AND RECOMMENDATIONS

The 2007 Decadal Survey (DS) included the recommendation for the Geostationary Coastal and
Air Pollution Events (GEO-CAPE) mission to launch in 2013-2016 to advance the science of
both coastal ocean biophysics and atmospheric-pollution chemistry. In 2009 the NASA Earth
Science Division (ESD) initiated study activities for GEO-CAPE and 8 other near- to medium-
term missions to help determine the readiness of these conceptual missions to begin the
formulation phase. In FY15 the GEO-CAPE mission study team completed a white paper
summarizing the results of the pre-formulation work accomplished to date:

https:/ /geo-cape.larc.nasa.gov/pdf/GEO-CAPE 2009-2015 SummativeWhitePaper.pdf

The team was directed to complete a final report in FY18. This document, prepared as an
addendum to the FY15 white paper, serves as the GEO-CAPE final report and focuses only on

FY16-18 activities and on summarizing the final state.

GEO-CAPE fully matured during the 2010-2018 pre-formulation study activities. Early studies
confirmed that the mission as recommended in the 2007 DS was at a high level of technology
readiness, with launch feasible by 2015, but also found that the 2007 DS cost estimate of $550
million for a dedicated geostationary mission was low by a factor of 2 to 3. Therefore, the study
team developed a novel mission implementation strategy featuring commercial hosting of GEO-
CAPE instruments on one or more geostationary satellites. This strategy was estimated to
reduce mission risk and potentially total mission cost, but most importantly to provide
programmatic flexibility by allowing smaller components of the mission to be individually
initiated as NASA funding profiles allowed. The team completed all other pre-formulation
objectives (including developing science traceability matrices to express measurement
requirements, conducting field campaigns and other science studies to affirm and refine these
requirements, and maturing enhancing technologies) and advanced mission readiness via
multiple synergistic activities with ESD research, applications, technology, and flight programs.
In parallel, team members also started pursuing Earth Venture (EV) opportunities as the only
means of initiating GEO-CAPE satellite observations in a constrained budgetary environment.

The selection of the Tropospheric Emissions: Monitoring of Pollution (TEMPO) mission through
the EV Instrument (EVI) 1 solicitation is viewed as a step toward the GEO-CAPE distributed
implementation strategy. TEMPO is likely to meet many of the GEO-CAPE atmospheric science
objectives and is a pathfinder for the hosted payload mission strategy. The principal remaining
atmospheric measurement objectives can be met by an instrument of comparable cost to
TEMPO that makes measurements in infrared wavelengths, as defined in the GEO-CAPE
atmospheric science traceability matrix, and use of data from the Advanced Baseline Imagers on
the GOES-R/S series satellites. The GeoCARB mission selected December 2016 via the EV
Mission 2 solicitation has potential to partially meet remaining GEO-CAPE atmospheric science
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requirements associated with infrared measurements, pending its final configuration and
observing strategy, and also demonstrates an alternative partnering strategy for a commercial
hosted payload mission. The coastal waters science objectives can be met by a variety of
instrument concepts within an instrument cost range of $100-200 million. This statement is
supported by the evaluations of the GLIMR proposal submitted to the EVI-4 solicitation. Full
mission cost estimates for a hosted payload implementation strategy ultimately depend on the
commercial market for hosting this class of instruments. At this time, it appears there are fewer
geostationary launch opportunities in the 2020-2023 period for new satellites viewing the
Americas than originally forecast, due to a combination of factors. It is unclear whether this is a
secular business change or a shorter-term market fluctuation, but the TEMPO and GeoCARB
experiences to date indicate that a hosted payload implementation strategy remains viable.

The 2017 DS contains clear statements of the ongoing importance of GEO-CAPE objectives and
recommends accomplishing them via a range of existing and new missions. The importance of
GEO-CAPE’s atmospheric science goals is highlighted in 2017 DS “Weather and Air Quality”
and “Climate Variability and Change” priorities. Air quality is a “Most Important” Science and
Applications Priority (Table 3.3, Question W-5) and part of two other “Most Important”
priorities (Questions W-1, W-2). Methane measurements similar to those of GEO-CAPE are part
of the “Most Important” priorities for greenhouse gas measurements (Questions C-2d, E-3a, and
E-4a). Disposition of Targeted Observables aligned with these priorities is via the Program of
Record (including TEMPO, GeoCARB, MAIA, and partner space agency missions), the
Designated Mission for aerosols, and Explorer missions for greenhouse gases and ozone/trace
gases. Coastal ocean color is associated with three “Most Important” Priorities (Questions E-1b,
E-1c, E-3a) reflected in the Aquatic Biogeochemistry Targeted Observable (TO). Though not
presently allocated to a Flight Program Element, the Aquatic Biogeochemistry TO is well
positioned for Earth Venture opportunities given favorable reviews of the EVI-4 submission.

Given the progress of GEO-CAPE and related projects, and the recommendations of the 2017
DS, the opportunity exists to fulfill all GEO-CAPE objectives in a cost-effective manner by
completing NASA missions in the Program of Record (TEMPO, GeoCARB), investing in fused
data products using observations from these missions and those of NOAA and international
space agencies, and capturing future Earth Venture and Explorer opportunities. It has become
evident that the value of GEO-CAPE observations will be amplified by being embedded within
an integrated observing strategy featuring similar geostationary observations from missions
over other parts of the globe combined with low Earth orbit observations to provide full global
context. GEO-CAPE study team members remain key participants in international activities to
implement this potential under the auspices of the Committee on Earth Observation Satellites
(CEOS), and as members of mission science teams in Europe and Korea. Data harmonization
activities featuring common validation strategies will be essential for providing truly
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interoperable data products from these satellite constellations. GEO-CAPE study activities have
helped define and begin to build the modeling capabilities necessary for realizing these visions.

Specific recommendations follow.

1. Fulfill the Program of Record for the atmospheric composition missions in development
(TEMPO, GeoCARB, MAIA) and maintain close coordination among them and partner
missions in operation (GOES ABI, Sentinel-5 Precursor TROPOMI, S-NPP, JPSS, EPS) to
meet the science and applications priorities expressed in the 2017 DS. In particular, ensure
that measurements of CO and CHys consistent with GEO-CAPE science traceability matrix
requirements are available from GeoCARB or other means.

2. Prepare to fully exploit these data for improved monitoring of air quality over North
America by sustaining ongoing activities to improve retrieval algorithms, chemical data
assimilation capabilities, inverse modeling capabilities for constraining emissions
estimates, and integrated observing system frameworks (such as observation system
simulation experiments). In particular, synergistic aerosol retrievals using geostationary
observations from TEMPO, ABI, and potentially GeoCARB should be invested in.

3. Continue to support scientific investigations that exploit data from the Korean GOCI and
GOCI-II sensors and collaborations with KIOST to advance NASA capabilities for
accomplishing 2017 DS science and applications priorities (E-1a, E-1c, E-2a, E-3a, and C-
2d) and Targeted Observable 3, Aquatic Biogeochemistry.

4. Remain receptive to opportunities to begin formulation of a coastal ecosystems mission to
conduct GEO-CAPE coastal waters science, potentially through a targeted EV
opportunity.

5. Continue collaborations with partners such as the U.S. EPA and regional air quality
organizations to further implement and maintain long-term ground sites combining
continuous in-situ and remote-sensing (Pandora, lidar) measurements many times per
hour. Data from such sites are critical for validation of the geostationary measurements,
science and applications data utilization, and stakeholder uptake of the satellite data.

6. Continue to mature mechanisms for engaging end-users to aid early adoption of TEMPO
and other GEO-CAPE related observations, including participation in collaborative
regional field campaigns.

7. Create formal Constellation Science Teams for Air Quality and Ocean Color, supported by
stable funding for U.S. members, to collaborate with national and international partners in
order to mature harmonized, consistent, well-validated interoperable data products from
the constellations of geostationary and low-Earth orbit satellites now coming into
existence.

8. Given that highly time-resolved observations are the next frontier of Earth science from
space, build on the lessons learned from the communal GEO-CAPE study activities by
continuing to work with all stakeholders to jointly identify priorities and develop
advocacy for sustainable future highly time-resolved observations.

13
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2. INTRODUCTION TO GEO-CAPE

The Geostationary Coastal and Air Pollution Events (GEO-CAPE) mission was recommended
by the 2007 National Research Council’s (NRC’s) Earth Science Decadal Survey (DS) to measure
tropospheric trace gases and aerosols, coastal ocean phytoplankton, water quality and
biogeochemistry from geostationary orbit, providing continuous observations within the field
of view. In 2009 the NASA Earth Science Division (ESD) initiated study activities for GEO-
CAPE and 8 other near- to medium-term missions to help determine the readiness of these
conceptual missions to begin the formulation phase. In FY15 guidance was received from the
ESD Associate Director for Flight Programs “to complete a white paper summarizing the results
of the six years of pre-formulation work accomplished by the mission study team.” The
comprehensive 2015 report is available at:
https://geo-cape.larc.nasa.gov/pdf/GEO-CAPE_2009-2015_SummativeVWhitePaper.pdf

For FY18 the team was directed to complete a final report. This document is the GEO-CAPE
final report, presented as an addendum to the FY15 white paper and focusing only on FY16-18
activity and summarizing the final state. The document layout is consistent with the 2015 report
for ease in reading. Sections therefore address the specific topics originally requested, including
science objectives and requirements, technology assessment, mission concepts, field campaigns,
measurement algorithms, and coordination with other ESD elements. The public website
communicating team accomplishments will be maintained for the foreseeable future:

http://geo-cape.larc.nasa.gov

The Science Working Groups (SWGs) developed realistic science objectives using input drawn
from several community workshops (Table 2-1) and have performed extensive studies to refine
requirements and reduce uncertainties, as described in Section 3. Section 3 is substantially
updated from the 2015 report.

Table 2-1. Dates and Locations of GEO-CAPE Workshops.

Date Type of Event Location
August 2008 Open Community Workshop University of North Carolina, Chapel Hill, NC
September 2009 Open Community Workshop Columbia, MD
March 2010 Closed Team Meeting University of South Florida, St. Petersburg, FL
May 2011 Open Community Workshop National Center for Atmospheric Research, Boulder, CO
May 2013 Closed Team Meeting NASA Ames Research Center, Moffett Field, CA
August 2015 Open Community Workshop U.S. EPA, Research Triangle Park, NC
May 2018 Atmospheric Science Open Workshop NOAA NCWCP, College Park, MD
August 2018 Ocean Science Open Workshop NASA Goddard Space Flight Center, Greenbelt, MD
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Section 4 discusses mission and instrument implementation considerations. This section is
slightly updated with new developments since the 2015 report.

Section 5 describes Technology Assessment and Development efforts. This section is slightly
updated with new developments since the 2015 report.

Section 6 summarizes GEO-CAPE mission development achieved through several field
measurement campaigns. This section is substantially updated from the 2015 report.

Section 7 presents efforts that have advanced algorithms for retrieval and analysis of both ocean
color and atmospheric data. This section is updated with new developments since the 2015
report.

Section 8 summarizes how GEO-CAPE development activities have been very well aligned and
integrated with funded activities from other NASA ESD program areas. This section is updated
with new developments since the 2015 report.

Brief closing thoughts and lessons learned are offered in Section 9.

References cited in this document are provided in Section 10 and acronyms are defined in
Section 11.

Section 12 provides a complete listing of the 294 peer-reviewed publications produced to date
with GEO-CAPE participation. Additional publications using data and information generated
with GEO-CAPE funding are anticipated, in particular using data acquired in recent field
campaigns (refer to Section 6).
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3. MISSION SCIENCE REQUIREMENTS AND OBIJECTIVES

3.1 Introduction

This addendum to the 2015 report includes only content that has changed since the 2015 report.
The 2015 report is available at:
https:/ /geo-cape.larc.nasa.gov/pdf/GEO-CAPE 2009-2015_SummativeWhitePaper.pdf

During FY16-FY18 the GEO-CAPE study team invested significant resources, 40%-50% per year,
to refine mission science requirements and demonstrate achievable mission objectives. Much of
this funding was devoted to analysis of data acquired in GEO-CAPE funded field campaigns.
Team members usually leveraged other sources of funding to efficiently complete these
activities for GEO-CAPE. This section reports on accomplishments that have been published or
otherwise publicly communicated.

3.2 Coastal Ocean Color

3.2.1 Coastal Ocean Color Accomplishments 2016-2018

Table 3-1 summarizes the major accomplishments of the Ocean Science Working Group
(OSWG). The roughly 40 experts comprising the OSWG largely operated as a “committee of the
whole” in which all members participated in all activities.

3.2.1.1 Evolution of Coastal Ocean Color Science Requirements

The accomplishments of recent years have produced many refinements to the Instrument
Requirements articulated in the Science Traceability Matrix of 2015. The latest and final version
of the Coastal Ocean Color STM can be seen in Appendix B.

During 2018, the OSWG conducted a detailed review of the Coastal Ocean Color Science
Requirements and updated the Coastal Ocean Color STM shown in Appendix B. Previously the
STM was last updated in July 2015. Two sets of studies conducted over the past three years
provided the scientific basis for modifying the requirements. First, the OSWG continued data
analysis through GEO-CAPE funded science studies from FY2015 to the present, including
further analysis of the 2013 Gulf of Mexico field campaign datasets and the recent 2016 KORUS-
OC campaign (Section 6.2.1). Second, the PACE mission has conducted science trade studies
that are highly relevant to GEO-CAPE. The GEO-CAPE Coastal Ecosystem Imager continues to
require high spatial resolution to resolve near-shore processes, fronts, eddies, and track carbon
pools and pollutants. The OSWG has increased the baseline requirement to 200 m in coastal
waters and maintained a spatial resolution of 1000 m for open ocean regions while maintaining
a threshold coastal waters requirement of 375 m to optimize the science return versus cost
(including the cost of achieving precision pointing).
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Table 3-1. Ocean Science Working Group Activities and Accomplishments (2016—-2018).

Activity Objective Accomplishment
Define the high priority coastal ocean biology
Science Traceability | and biogeochemistry science questions, §3.2.1.1 and §3.2.1.2; STM and white paper
Matrix (STM) approach, measurement and instrument update; numerous publications
requirements.

Advance the science of GEO-CAPE ocean

Science Studies biology and biogeochemistry

§3.2.1.2; publications

Interdisciplinar Identify and describe topics of coastal ocean- : N :
Science piinary atmosghere interactionsp. §3.2.1.3; §6.2.1; interdisciplinary white paper
Applications and Identify applications that would benefit from ) I

Event Monitoring GEO-CAPE ocean sensor capabilities §32.1.4; publications

Science communications to promote GEO-
CAPE science and applications beyond the §3.2.1.5; publications
ocean color community and OSWG members

Communicating to a
Broader Audience

Reduce mission risk by collection & analysis of
Field Campaigns in-situ measurements to refine STM §6.2; §7.2; KORUS-OC
measurement and instrument requirements.

3.2.2; Approval for NASA distribution of GOCI
L1B obtained from Korean ministry; NASA
OBPG is processing NASA L2 and L3 standard
Korean Institute of Science and Technology; | products for distribution by the OB.DAAC along
European science teams developing with GOCI L1B; NASA OBPG incorporated
geostationary ocean color missions GOCI processing capabilities in SeaDAS;
recently performed GOCI vicarious calibration.
Working towards a quasi-global constellation of
geostationary ocean color sensors.

International
collaboration

The OSWG has also invested significant effort in refining the spectral coverage and spectral
resolution requirements to achieve ocean data products, including atmospheric NO; retrieval
for atmospheric correction. The spectral range of the hyperspectral UV-Vis-NIR requirements
was narrowed in the longer wavelength end of the spectrum (to 900 nm and 1000 nm for the
threshold and baseline requirements, respectively) to allow for a wider range of detector
substrate material. To compensate for the lack of a 1-micron band in the hyperspectral, the
OSWG added a requirement for an additional standalone short-wave infrared (SWIR) band
(band center at 1020 nm threshold and 1038 nm baseline). The band centers and bandwidths
(full-width half maximum) for the SWIR bands were adjusted to match the recommendations
from the PACE mission studies which minimized overlap with atmospheric gas absorption,
primarily due to water vapor (Cairns 2018). The SWIR bandwidths were broadened, where
possible, to maximize signal-to-noise (SNR) ratio (ibid). In addition, the spectral sampling and
resolution requirements were modified to relax the threshold requirements and fine-tune the
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baseline requirements, to better match the science needs. The spectral requirement for NO, was
retained in baseline but removed from threshold capability, which would rely on other satellite
sensor data and a ground network of sensors such as Pandora in coastal areas near sources of
NO: to permit atmospheric correction. Based on studies by OSWG team members and those
from the PACE mission (Franz and Karakoyli 2018; Patt 2018), the SNR requirements and
instrument polarization sensitivity were relaxed as these were thought to overly prescribe
instrument performance with the exception that the baseline SNR in the 865 nm atmospheric
correction band was increased On balance, these revisions to the requirements allow for a
broader range of instrument solutions in terms of size, complexity and cost between the
threshold and baseline requirements while accomplishing the full breadth of science objectives.

The temporal requirements did not change. The temporal resolution threshold of <2 hours will
enable studies of harmful and non-harmful algal blooms, evaluation of the impacts of short-
term physical processes (tides and eddies) on the biology and biogeochemistry of coastal
waters, estimates of riverine and coastal fluxes of carbon, nutrients and sediments, estimates of
phytoplankton primary production with lower uncertainties, estimates of surface oil films,
tracking of the origin and evolution of hazardous events more effectively, and more precise

assessments of impacts.

The observing strategy is envisioned as a combination of a Survey Mode (systematic
observations) for evaluation of diurnal, seasonal and interannual variability in U.S. coastal
waters and Regions of Special Interest and Targeted Observations modes for high-frequency
and episodic events including evaluations of tidal and diurnal variability.

Two comprehensive synthesis studies from members of the GEO-CAPE team have been
published this year. The current state of approaches and challenges for retrieving marine
inherent optical properties (IOPs) from ocean color sensing has been reviewed by Werdell et al.
(2018). IOPs are the spectral absorption and scattering characteristics of ocean water and its
dissolved and particulate constituents. Because of their dependence on the concentration and
composition of marine constituents, IOPs can be used to describe the contents of the upper
ocean mixed layer. Muller-Karger et al. (2018) specify the spatial, spectral, radiometric and
temporal characteristics required to observe Essential Biodiversity Variables (EBVs) that change
rapidly with extreme tides, salinity, temperatures, storms, pollution, or physical habitat
destruction over scales relevant to human activity.

Temporal advantages of geostationary monitoring are central to the GEO-CAPE mission
concept. Three studies published since 2017 document the progress made in establishing the
requirements and scientific value of sub-daily measurements. Arnone et al. (2017) characterized
diurnal changes in ocean color in turbid coastal regions in the Gulf of Mexico using above water
spectral radiometry from a NASA surface measurement site (Aerosol Robotic Network Ocean

33
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Color; AERONET-OC) that provides 8 to 10 observations per day. Satellite capability to detect
diurnal changes in ocean color was characterized using hourly overlapping afternoon orbits of
the visual infrared imaging radiometer suite (VIIRS) ocean color sensor and validated with in-
situ observations. The diurnal changes observed using satellite ocean color can be used to define
the following: surface processes associated with biological activity, vertical changes in optical
depth, and advection of water masses. VIIRS overlapping observations were also used by Qi et
al. (2017) in their study of phytoplankton vertical migration in the NE Gulf of Mexico. They are
able to infer phytoplankton vertical movement within a short timeframe, a phenomenon
difficult to capture with other sensors as each sensor can provide at most one observation per
day, and they caution that cross-sensor inconsistency may make interpretation of merged-
sensor data difficult. These findings strongly support geostationary satellite missions to study
short-term bloom dynamics. The 8 observations per day from GOCI allow additional temporal
study, as reported by Qi et al. (2018), who studied diurnal changes of cyanobacteria blooms in
Taihu Lake.

Two studies speak directly to the importance of studying coastal regions over a wide range of
time scales. Jonsson and Salisbury (2016) present a satellite-derived proxy for net community
production where simulated velocity fields are combined with satellite data to create a
comprehensive accounting of spatial and temporal scales of biological production. The authors
find that frequencies of rare events may be as important for biological production as seasonal
averages, highlighting the need for additional datasets sampled at higher frequencies and
shorter spatial scales. In very recent work, Salisbury and Jonsson (2018) report that rapid
warming and salinity changes alter carbonate parameters and hide ocean acidification. Their
analysis of a 34-year salinity, ocean color and SST time series (1981-2014) shows instances of
decadal scale anomalies in temperature and salinity that perturb the carbonate system to an
extent greater than that expected from OA, and thus it is imperative that regional to global
models used to estimate carbonate system trends carefully resolve variations in the physical
processes that control CO; on timescales from episodic events to decades.

Radiometric requirements were also considered by the GEO-CAPE team. Ackleson et al. (2018)
explored the impact of sensor noise, defined as the signal to noise ratio (SNR), on the retrieval
of key coral reef ecological properties (bottom depth, benthic cover, and water constituent
concentration) in the absence of environmental uncertainties. Parameter uncertainty was found
to increase with sensor noise (decreasing SNR) but the impact was non-linear. They concluded
that, while the definition of an optimal SNR is subject to user needs, a minimum SNR of
approximately 500 (relative to 5% Earth surface reflectance and a clear maritime atmosphere)
represents the threshold of sensor noise for a satellite sensor to be of high ecological value for
coral reef remote sensing. The work of Pahlevan et al. (2014) gives insights into the radiometric
sensitivity of the GEO-CAPE mission in identifying the changes in bio-optical properties at top-
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of-atmosphere (TOA), which aids in a more lucid understanding of the uncertainties associated
with the surface products.

Spectral sampling frequency and uncertainty thresholds were explored by Vandermeulen et al.
(2017), who found that a continuous spectrum of 5 to 7 nm spectral resolution is optimal to
resolve the variability across mixed reflectance and absorbance spectra. The need for future
geostationary and polar-orbiting ocean color missions to include highly sensitive SWIR bands
(> 1550nm) to allow for a precise removal of aerosol contributions was addressed by Pahlevan
et al. (2017) in light of engineering and cost constraints. The authors studied the sensitivity of a
combination of bands centered at 1565 and 1675 nm to different aerosol conditions, calibration
uncertainties, and extreme water turbidity. Further, they compared the present approach to that
of all band combinations available on existing polar-orbiting missions.

Spatial requirements were articulated by Moses et al. (2016), who investigated the spatial scale
of variability in optical properties of coastal waters using continuous, along-track
measurements collected using instruments deployed from ships, aircraft, and satellites,
highlighting the critical nature of complementary measurements. They found that, on average,
at Ground Sampling Distances (GSD) greater than ~200 m most of the spatial variability due to
small-scale features is subsumed within a pixel.

The dataset collected by Mouw et al. (2017) focuses on coincident observations of inherent and
apparent optical properties along with bio-geochemical parameters in Lake Superior. They
provide remote sensing reflectance, absorption, scattering, backscattering, attenuation,
chlorophyll concentration, and suspended particulate matter over the ice-free months of 2013-
2016, substantially increasing the optical knowledge of the lake.

Chesapeake Bay was the study site for both Rose et al. (2018) and Zhang et al. (2018). The
former implemented a semi-analytical model to examine spectral, spatial, and temporal
variability in the diffuse attenuation coefficient, identifying wavelengths most sensitive to long-
term change, the seasonal phenology of long-term change, and the optical constituents driving
changes and enabling insight into what types of long-term change in transparency have
occurred over the long period of human impacts in the Chesapeake Bay watershed. In contrast,
Zhang at al. (2018) focused specifically on the July-August 2011 CBODAQ campaign (see
Section 3.2.2.2 of the 2015 Report) in their investigation of diurnal changes of surface remote
sensing reflectance (Rrs) using airborne and shipborne sensors. They find that once airborne
data are processed using proper algorithms and validated using in-situ data, they are suitable
for assessing diurnal changes in moderately turbid estuaries such as Chesapeake Bay. The
findings also support future geostationary satellite missions that are particularly useful to
assess short-term change.
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Kollonige et al. (2018) have evaluated several methods of estimating surface NO; over marine
and terrestrial sites downwind of urban pollution using both satellite and ground-based remote
sensing and compared them with in-situ measurements during field campaigns. The authors
demonstrate that estimating surface NO, from satellite observations can be a challenging
problem. The temporal and spatial resolutions of observations from current instruments, such
as OM], add difficulty to the analysis and validation process when limited by few co-located
observations over a single specific site. This emphasizes the need for instruments with higher
temporal and spatial resolution and indicates the need for the careful consideration of the
location and coverage (i.e., networks) of ground-based instrumentation for validating satellites.

Three additional studies (Tzortziou et al. 2018, Martins et al. 2016, Loughner et al. 2016) have
further explored the spatial and temporal variability of NO; in the coastal region, which is
critical for proper atmospheric correction in polluted areas. Shipboard measurements of total
column amounts of atmospheric trace gases across a range of environments, including
Chesapeake Bay, Gulf of Mexico, New York coastal waters, and South Korean waters, highlight
the impact of atmospheric variability on atmospheric correction of coastal ocean color
observations (Tzortziou et al. 2014, 2018; Sullivan et al. 2018). Air-mass trajectory simulations
explained the observed diurnal variability in coastal NO, and identified the influence of air
mass origin on atmospheric composition over the coastal ocean. Polar-orbiting sensors do not
provide the capability to detect these short-term changes, and if left unaccounted in
atmospheric correction retrievals of ocean color, the observed variability in NO, would be
misinterpreted as a change in ocean remote sensing reflectance, introducing a significant false
variability in retrievals of coastal ocean ecological processes from space (Tzortziou et al. 2018).

3.2.1.2 Science Studies

In addition to refining Mission Requirements for future sensor development, many
accomplishments of the Ocean Color Science Working Group used existing sensors and
techniques to advance our understanding of the coastal ocean. Jenkins et al. (2016) enhanced the
utility of satellite sea surface temperature and chlorophyll observations for mapping microscale
features and frontal zones in coastal waters, while Goes et al. (2018) explored Green Noctiluca
blooms in two monsoonal driven ecosystems. Lee et al. (2015b) provided overview of three
primary strategies for modeling of primary productivity, as well as the nature of present
satellite ocean-color products.

Community composition in the East China Sea was studied by Gomes et al. (2018), Zhu et al.
(2017), and Xu et al. (2018) with a variety of approaches employing satellite and in-situ
observations. Wei and Lee (2015) address the retrieval of phytoplankton and colored detrital
matter (CDM) coefficients with remote sensing reflectance in the ultraviolet, finding that the
separation of absorption coefficients due to CDM and to phytoplankton is highly dependent on
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the accuracy of the ocean color measurements and the estimated total absorption coefficient.
Tzortziou et al. (2015) combined comprehensive measurements of the optical signature of
colored dissolved organic matter (CDOM) with measurements of river discharges and water
physicochemical and biogeochemical properties in the Eastern Mediterranean region,
establishing that monitoring the CDOM fluorescence footprint could have direct applications to
programs focusing on water quality and environmental assessment in this and other
transboundary rivers where management of water resources remains largely ineffective.

Optical properties are fundamental to ocean measurements, and several GEO-CAPE studies
made advances in this field. The transmittance of solar radiation in the oceanic water column
plays an important role in heat transfer and photosynthesis, with implications for the global
carbon cycle, global circulation, and climate. Zoffoli et al. (2017) assessed five models of
transmittance of solar radiation in the visible domain and found that the IOPs-based model was
insensitive to the type of water, allowing it to be applied in most marine environments,
including coastal turbid waters. Wei et al. (2015) present the first measurements of the radiance
transmittance (17) in a wide range of oceanic waters and report that the measured Tr values are
generally consistent with the long-standing theoretical value of 0.54, with mean relative
difference less than 10%. Another study that examines long-held practices is that of Lee et al.
(2018b) who address empirical relationships that have been developed in the past nine decades
to link the Secchi disk depth (Zsp) with the diffuse attenuation coefficient, the euphotic zone
depth, and chlorophyll concentration, where the latter two are important for the quantification
and evaluation of photosynthesis in aquatic environments. Their results not only resolve the
long-standing puzzles associated with these observations, but also unify the relationships
published in the literature and provide strong support for using historical Zsp data to study
changes of phytoplankton in global oceans in the past century.

3.2.1.3 Interdisciplinary Science

As discussed in the 2015 report, the draft interdisciplinary science white paper prepared for the
Science Working Groups had multiple objectives, including guiding GEO-CAPE planning and
stimulating broader consideration of coastal interdisciplinary science topics among relevant
scientific communities. It was refined throughout the pre-formulation period for the SWGs and
is posted on the GEO-CAPE website in its most recent form as a record of the GEO-CAPE
interdisciplinary science activities. An edited version is planned for peer-reviewed publication
intended to foster future interdisciplinary collaborative research efforts in coastal studies.

Additional interdisciplinary activities during the 2016-2018 period were primarily focused on
the KORUS-OC and KORUS-AQ joint field deployments in 2016, as briefly described in Section
6.2.1.
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3.2.1.4 Applications and Event Monitoring

High temporal resolution observations of ocean color have many possible applications for
societal benefit. Three in particular were explored by GEO-CAPE team members during the
2015-2018 period. Recurrent and significant Sargassum beaching events in the Caribbean Sea
have caused serious environmental and economic problems, calling for a long-term prediction
capacity of Sargassum blooms. Wang and Hu (2017) present predictions based on a hindcast of
2000 - 2016 MODIS observations, which showed connectivity between Sargassum abundance in
the Caribbean Sea and the Central West Atlantic with time lags. Further work (Wang et al. 2018)
provided the first quantitative assessment of the overall Sargassum biomass, nutrients, and
pigment abundance from remote-sensing observations, thus helping to quantify their ecological
roles and facilitate management decisions. Marechal et al. (2017) presented a simple, fast, and
reliable method to predict Sargassum washing ashore in the Lesser Antilles, based on satellite
imagery and numerically-modelled surface currents, combined with HYCOM current vectors.

Hu et al. (2018) estimated the surface oil volume during the Deepwater Horizon blowout in the
Gulf of Mexico by combining synoptic measurements (2330-km swath) from MODIS and much
narrower swath (~5 km) hyperspectral AVIRIS airborne observations. The study shows a
significant limitation of MODIS in its spatial, spectral, and temporal resolutions, which can all
be overcome with a dedicated geostationary ocean color mission.

Lastly, the works of Lee et al. (2015¢c, 2018c) propose and develop a methodology for continuing
century-long monitoring of global water clarity. Through a combination of historical Secchi disk
depth (Zsp) records with continued field measurements and satellite products, a standardized
global Zsp data product can be developed to form a unique, century-long, Earth system dataset
that links the past with the future and fills a key gap in assessing changes in water clarity in
global seas and lakes. In addition, such a product can be valuable in supporting a positive
economy as well as integrated water resources management.

3.2.1.5 Communicating to a Broader Audience

With its unique imaging capabilities and vantage point, the GEO-CAPE ocean color sensor
would do for coastal science and applications what the Geostationary Operational
Environmental Satellite system (GOES) has done for weather prediction. Members of the GEO-
CAPE team have taken active roles communicating the importance of ocean color observations
and science to a broader community of stakeholders, users and other interested parties:

e Tzortziou et al. (2017): Coordinating and communicating carbon cycle research

e GSalisbury et al. (2016): Coastal observations from a new vantage point

e Galisbury et al. (2015): How Can Present and Future Satellite Missions Support Scientific
Studies that Address Ocean Acidification?
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3.2.2 Ongoing and Future Work

Coastal ocean ecology and biogeochemistry requirements for GEO-CAPE have continued to
evolve to better fit within the cost and schedule constraints of NASA’s programs. These efforts
will continue under the auspices of Earth Venture opportunities.

To further constrain the measurement and instrument requirements from GEO, on-going and
future studies that address high priority issues defined by the OSWG are needed. These high
priority studies include utilization of GOCI and the follow-on sensor GOCI-II planned to launch
in 2019 to examine the sensitivity of these sensors and current algorithms to detect short-term
dynamics of physical, biogeochemical and bio-optical processes in the coastal and open ocean.
Additional studies on atmospheric correction algorithms employing pseudo-spherical and
spherical shell models of the earth as well as further characterization of the BRDF of coastal
particles with varying solar angles. Completion of current studies and new studies will employ
existing and new observations of high temporal resolution, high spatial resolution or high
spectral resolution field data sets that have an abundant set of associated observations, as well
as geostationary observations from GOCI or weather satellites, and observations from high
latitude polar orbiters. A key advance provided by geostationary ocean color sensors, which
will be evaluated through KORUS-OC, will be the capability to directly quantify diurnal and
daily measurements of biological productivity from hourly GOCI observations. Further
advances in the GEO-CAPE ocean color science objectives can be partially accomplished
through sub-orbital programs such as EVS and other large-scale field campaigns.

3.3 Atmospheric Composition
3.3.1 Atmospheric Composition Accomplishments 2016-2018

During the final period of GEO-CAPE mission study activities, Atmospheric Composition
efforts were largely focused in six areas: Emissions and Chemical Processes, Methane (including
an assessment of the contribution of the GeoCARB mission to accomplishing GEO-CAPE
science objectives), Aerosols, Global and Regional/Urban Observation Simulation System
Experiment studies, and further application of the UV-Visible airborne simulator instruments
(which is reported in detail in Section 6). The Atmospheric Composition science questions and
science traceability matrix have remained unchanged since 2011, reflecting the progress being

made in satellite mission implementation.

3.3.1.1 Emissions and Chemical Processes Working Group

The GEO-CAPE Emissions Working Group was formed to illustrate and understand the
potential of geostationary remote sensing measurements to constrain emissions. The projects
undertaken focus on aspects that require high temporal and spatial resolution and are thus
novel with regards to going beyond the capabilities of existing measurement platforms to
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constrain emissions. GEO-CAPE observations potentially allow emissions from pollution
sources in proximity to each other to be separately quantified, e.g., roads or point sources in
densely populated regions, and estimation of source activity variation through the day, e.g.
peak-demand electricity generation. These activities drew from existing data, e.g., GOME-2 and
OM], as well as measurements from field campaigns and monitoring networks that were
conducted or available over small regions and/or time periods, affording a glimpse into the
added value of geostationary measurements. Another approach adopted in several projects was
to use CTMs to simulate observations from geostationary measurement platforms. Working
group efforts also used forward and inverse CTMs to quantify the ways in which high
space/time resolution emissions and observations result in predictions or analyses that differ
from those using low space/time resolution inputs.

The activities of this working group are organized by considering the constraints of different
types of geostationary measurements on emissions of different species. For short-lived reactive
trace gases, several studies were conducted regarding NO». The reader is referred to Section 7
for accomplishments related to NO; retrievals and suggestions for retrieval algorithms and
validation procedures for upcoming geostationary satellites.

Lightning is an important source of upper troposphere nitrogen oxides, however, there is high
uncertainty in the amount produced from lightning. Upper tropospheric in-situ observations
from the Deep Convective Clouds and Chemistry (DC3) experiment and global satellite-
retrieved NO; tropospheric column densities were combined to constrain mean lightning NO,
emissions per flash. Using recent updates in upper tropospheric nitrogen oxides chemistry,
Nault et al. (2017) decreased this uncertainty from a factor of 4 to less than a factor of 2 and
showed that nitrogen oxide production from lightning should be higher. Guided by recent
laboratory and field studies, Zare et al. (2018) developed a detailed gas phase chemical
mechanism representing most of the important individual organic nitrates. This mechanism is
used within the WRF-Chem model to describe the role of organic nitrates in nitrogen oxide
chemistry and in comparisons to observations. They found the daytime lifetime of total organic
nitrates with respect to all loss mechanisms to be 2.6 h in the model. The lifetime of the first-
generation organic nitrates is ~2 h versus the 3.2 h lifetime of secondary nitrates produced by
oxidation of the first-generation nitrates. The different generations are subject to different losses,
with dry deposition to the surface dominant loss process for the second-generation organic
nitrates, and chemical loss dominant for the first-generation organic nitrates. Lastly, Cooper et
al. (2017) conducted a simulation study of the effectiveness of the commonly used mass-balance
approach to developing top-down NO, emissions estimates, as compared to 4D-Var techniques.
This paper develops an iterative, perturbation-based mass-balance inversion method that can
achieve similar levels of accuracy as 4D-Var inversions for much lower cost, when the grid-cell
size of the model used for the inversion is that of current global models (i.e. 100’s of km).
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Several projects considered the value of geostationary measurements of formaldehyde (HCHO).
Bottom-up volatile organic compund (VOC) emissions in the Los Angeles Basin were studied
by utilizing the model results and field observations during California Nexus of Air Quality and
Climate Change (CalNex) campaign, including ground-based and airborne primary VOC and
HCHO data. To support this activity, since studies of HCHO and O3 are inherently linked to
the NOx budget, Kim et al. (2016) developed a new nitrogen oxide (NOx) and carbon monoxide
(CO) emission inventory for the Los Angeles-South Coast Air Basin (SoCAB), expanding the
Fuel-based Inventory for motor-Vehicle Emissions and applied it in regional chemical transport
modeling focused on the CalNex 2010 field campaign. Kim et al. (2018) then demonstrated the
importance of fine spatial and temporal resolution a priori profile information on the retrieval,
as described in Section 7. Using optimized model HCHO results in the Los Angeles Basin that
mimic the HCHO retrievals from future geostationary satellites, the team illustrated the
effectiveness of HCHO data from geostationary measurements for understanding and
predicting tropospheric ozone and its precursors.

A new approach was developed for determining monthly updates of anthropogenic sulfur
dioxide emissions from space, with applications for air quality forecasts (Wang et al., 2016). The
approach's effectiveness was demonstrated for 14 months in East Asia; resultant posterior
emissions captured a 20% SO, emission reduction in Beijing during the 2008 Olympic Games
and improved agreement between modeled and in-situ surface measurements. Further analysis
revealed that posterior emissions estimates, compared to the prior, lead to large improvements
in forecasting monthly surface and columnar SO,. With the pending availability of
geostationary measurements of tropospheric composition, it may soon be possible to rapidly
constrain SO, emissions and associated air quality predictions at fine spatiotemporal scales.

Lastly, a subset of emissions working group activities shed light on the potential of
geostationary measurements to constrain long-lived greenhouse gases. These activities
dovetailed with those of the CH; working group and many of the project findings are reported
in Section 3.3.1.5. Within this topic lies challenges associated with inverse modeling. While
geostationary measurements hold great potential for providing many more constraints on CHs
emissions than currently possible with existing satellites, the nature of these constraints can be
challenging to quantify. To address this challenge, Bousserez and Henze (2018) developed a
dimension reduction approach for inverse modeling studies that allows for clear identification
of the modes of variability in emissions that are constrained by the observations, as the singular
vectors of the prior-preconditioned Hessian matrix. Further, their paper describes a
computationally tractable way to compute these modes of variability using Monte Carlo
methods. The results of this work facilitate inverse modeling and assimilation of large volumes
of data with very high-resolution models, such as will be the case for using geostationary

observations within regional emission estimation studies.
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3.3.1.2 Aerosol Working Group

Many of the achievements of the Aerosol Working Group are reported in Section 7
(Measurement Algorithms). Achievements focused on Science Measurements and Objectives
examined the possibility and challenges of using the daily and sub-daily aerosol observations
from geostationary platforms for air quality applications (particularly the surface PM2.5
concentrations). By using several pairs of nearly collocated AERONET AOD and EPA PM2.5
measurement sites in the U.S., the team elucidated the relationship between these two
quantities on sub-daily and daily time scales and addressed the feasibility of using
geostationary observations of AOD for PM2.5 air quality applications under various
environmental conditions. They have also used the GEOS-5 Nature Run to explain the
variability of AOD and PM2.5. On a sub-daily time scale, for about 80% of the days AOD and
PM2.5 are not significantly correlated or even anticorrelated over all sites examined, pointing
out the challenges in using hourly AOD data for PM2.5. However, AOD and PM2.5 are better
correlated on a daily-averaged basis or under well-mixed boundary layer conditions, although
their relationship still varies with seasons. Major factors controlling the AOD-PM2.5
relationship include (a) atmospheric water vapor, (b) aerosol vertical profile (including PBL
height, and (c) aerosol type.

3.3.1.3 Global OSSE Working Group

The GEO-CAPE Global Observation Simulation System Experiment (OSSE) Working Group
was tasked with demonstrating the expected impact of GEO-CAPE atmospheric composition
observations as part of a virtual constellation of geostationary Earth orbit (GEO) missions in
concert with Low Earth Orbit (LEO) measurements. The CEOS Atmospheric Composition
Constellation activity had previously identified joint OSSEs as a way to promote collaboration
between the planned and proposed GEO missions from NASA GEO-CAPE/TEMPO, ESA
Sentinel 4 and Korean GEMS.

OSSEs assess the impact of hypothetical simulated observations on a model analysis, forecast
and/or inversion, and provide a means to generalize on the conclusions of limited case-studies.
A typical OSSE consists of several components, each of which requires different expertise. The
OSSE starts with a reference model field, or Nature Run, representing the “true” atmospheric
system, atmospheric constituents of interest, their sources and sinks. The Nature Run is
subsequently sampled by an Observation Simulator, corresponding to the sampling strategy
adopted for potential observing system, leading to Simulated Observations. In parallel, a
Control Run, preferably from a second model that is independent of the Nature Run model in
terms of process description, meteorology etc., produces an alternate description of the
atmospheric system. Finally, an Assimilation Run assimilates the Simulated Observations into
the Control Run. The differences between the Nature Run and Control Run, compared to the
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differences between the Nature Run and Assimilation Run, then allows for an examination of
the impact of the Simulated Observations in constraining constituents and processes.

Advances have been made across these OSSE components. The development of two global high
resolution (7 km & 12 km) GEOS model Nature Runs representing aerosols and trace gases has
allowed the extension of the OSSE concept beyond traditional weather forecasting applications
(e.g. Hu et al. 2018). These Nature Runs have been subsequently evaluated against
observational datasets, reanalyses, and other long-term model simulations. Leveraging the
development of the Nature Runs, there has also been a focus on efficient Observation Simulator
algorithms for generating simulated polarized top-of-the atmosphere radiances (e.g. Castellanos
et al. 2018a). The simulated radiances for the GEO constellation were provided to other GEO-
CAPE WGs to be used for algorithm development and evaluation. For example, in collaboration
with the Aerosol WG, simulated radiances for the GOES-R sector, overlapping and
synchronized with TEMPO, were used to quantitatively explore the synergistic capabilities of
combining observations from the two instruments for detecting absorbing aerosols (Castellanos
et al. 2018b).

Bringing together the OSSE components into a framework for evaluating the GEO virtual
constellation and the role that GEO-CAPE instruments might play has also been investigated
(e.g. Barre et al. 2015, 2016). This work has shown the value of upwind region measurements
from one GEO in helping to constrain atmospheric composition in the downwind region
covered by the next GEO member in the constellation. This is especially true for longer lived
species, for example carbon monoxide and aerosol, where boundary conditions of the
downwind region may be significantly impacted by upwind region extreme events, such as
wildfires or dust storms. Running these large experiments has also motivated pragmatic
approaches to reduce computational costs, especially for the data assimilation (e.g. Mizzi et al.
2016).

Through inverse modeling studies, research has also assessed the value of the virtual
constellation of GEO and LEO sounders in improving the understanding and attribution of
pollution. This has focused on three different studies: (1) the impact of non-local sources of
emissions on local ozone; (2) the impact of long-range transport of ozone on local sources of
ozone; and (3) the impact of changes in the chemical environment on the relationship between
NOx emissions and NOx concentrations. Adjoint sensitivity analysis of both the global and
nested (0.5 x 0.667) GEOS-Chem model has investigated these relationships, focusing in
particular on mean surface ozone in the EPA09 region. This work has shown that over 35% of
mean surface ozone in EPA09 comes from emissions outside EPA09. Chinese emission (2005-
2009) contribution to mean column ozone is 70% of local emissions. Using OMI-derived NOx
emissions also found that increases in Chinese emissions in 2005-2010 largely offset local EPA09
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emission reductions to mean surface ozone. These results showed that knowledge of Asian
emissions from missions such as GEMS could improve knowledge of surface ozone in the
Western US. To understand the role of long-range transport, the sensitivity of EPA09 surface
ozone to ozone boundary conditions was computed, especially across the Western US

edge. Using the difference between a TES ozone assimilation and a free-running simulation
found that EPAQ9 surface ozone could change by up to 2 ppb. This result implied the LEO
sounders such as CrIS or IASI as part of the constellation could improve surface air quality
estimates. Lastly, computing the sensitivity of NOx concentrations to ozone and other species
has shown that the relationship between NO, emissions and concentrations is sensitive to the
chemical environment, pointing to the need for a multi-constituent approach.

Members of this working group co-organized the Second Atmospheric Composition
Observation System Simulation Experiments (OSSE) Workshop in Reading, England in
November 2016. This meeting was sponsored by the CEOS Atmospheric Composition
Constellation, along with NASA Earth Science, the Copernicus project, and the European
Centre for Medium-Range Weather Forecasts (ECMWEF), and followed on from the first
Workshop that took place at ECMWEF in October, 2012. The first Workshop attracted 25
participants sharing OSSE expertise and experiments; for the second Workshop, interest had
grown to more than 40 participants. An initial goal of these meetings was to define experiments
to document the impact of individual GEO chemical observations over Europe, Asia and North
America, and the value of the wider GEO constellation in conjunction with LEO assets. The
Workshops reviewed OSSE experience from the Numerical Weather Prediction (NWP)
community, discussed current methodologies for OSSE design, reported on individual OSSE
activities and looked for synergies between these efforts to promote international collaboration.
By the Second workshop it was clear that OSSEs were becoming an expected component of
mission design, that the definition of “OSSE” was expanding to include other types of
observation sensitivity study, and that research was moving to include research areas such as
emissions and GHGs.

The OSSE WG studies have taken important steps towards quantifying the value of the virtual
air quality constellation. They also point to the interplay of emissions, concentrations, and
multiple species in advancing global air quality. Moving forward, it is vital that trace gas
products from LEO sounders such as CrIS and TROPOMI be incorporated into this virtual GEO
constellation. Furthermore, development of multi-constituent data assimilation is still in its
infancy but will be necessary for fully harnessing the data across multiple platforms. Lastly,
there is increasing interest in understanding the anthropogenic footprint of carbon and its
relationship to chemically reactive gases. The synergy of these measurements will be important
to understand and predict the trajectory of both short-lived and long-lived climate pollutants.
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GEO-CAPE has played an important role in promoting the Science Traceability Matrix (STM)
approach to mission design with Science Questions leading to Measurement Requirements and
on to Instrument Requirements. This working group has shown OSSEs to be an important tool
in quantifying expected mission performance for meeting STM requirements (e.g. Edwards et
al. 2018), and OSSE framework capability now exists at several centers across the community.

3.3.1.4 Regional / Urban OSSE Working Group

The Regional/Urban Observation System Simulation Experiment (OSSE) Working Group was
initiated in 2013 to assess the value of geostationary observations of ozone (Os), nitrogen
dioxide (NOz) and formaldehyde (HCHO) over the continental US (CONUS) in addressing the
scientific and applications objectives of GEO-CAPE. The main components of the Regional/
Urban OSSE (nature run, observation simulator, data assimilation system) are illustrated in
Figure 3-1; the recommendations of Timmermans et al. (2015) were followed, providing a
framework for the use of OSSEs for assessing the impact of satellite trace gas retrievals on air
quality forecasts, including requirements for the individual components.

Figure 3-1: Components of the GEO-CAPE Regional/Urban OSSE: nature run (teal),
observation simulator (purple), and data assimilation system (brown).
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Development of the OSSE framework was based on three overarching goals: (1) the nature run
must provide a reasonable representation of the real atmosphere; (2) the observation simulator
must be able to produce synthetic “measurements” that account for the spectral resolution,
signal to noise ratio, and averaging kernel (AK, sensitivity of measurement to true state) of the
instrument being assessed; and (3) the model used within the data assimilation system should
be different than the model used to generate the nature atmosphere. The first two years of the
Regional/Urban OSSE activities are summarized in Table 3-3 of the GEO-CAPE 2009-2015
Summative White Paper and focused on completion of ultraviolet (UV), visible (VIS) and
thermal infrared (TIR) radiative transfer (RT) modeling, generation of multi-spectral retrievals
for a subset of CONUS profiles, and AK regression to extend the training set to all of North
America for the O; OSSE studies.

The Regional/Urban OSSE Working Group activities resulted in several innovations. A
hyperspectral surface reflectivity /emissivity database was created that combined GOME,
MODIS and ASTER measurements with dual regression fitting for the spectral gap between the
near-infrared and the thermal infrared. A multiple linear regression method was developed to
provide O; retrievals over the entire CONUS region from selected full optimal estimation
retrievals. Since NO, and HCHO have significantly more spatial and temporal variability than
O;, the fast 25-ESS RT model was developed to avoid regression but instead perform full
optimal estimation retrievals for every cloud-free grid point of the nature run. This approach
resulted in a 200-fold speed increase compared to the full multiple scattering LIDORT RT model
with negligible loss of accuracy. A new aerosol single scattering property database was created
for six aerosol types (black carbon, dust, nitrate, insoluble and soluble organic carbon, sulfate)
that spanned the entire ultraviolet to thermal infrared wavelength range and accounted for
hygroscopic effects.

The regional Os OSSE was completed during this period. Results were presented at the Second
Atmospheric Composition OSSE Workshop, hosted by the European Center for Medium Range
Weather Forecasting in Reading, UK, 9-11 November, 2016. The GEO-CAPE Regional O; OSSE
demonstrates systematic and significant increase in lower-to-mid-tropospheric correlations and
reductions in root mean square (rms) errors and biases when hourly geostationary UV / VIS, and
UV/VIS/TIR ozone retrievals are assimilated, compared to UV-only measurements. Results
show improvements in lower tropospheric correlations and rms errors for all experiments, but
the UV and UV/ VIS experiments introduce higher biases. Comparisons of the nature run with
data from US Environmental Protection Agency surface monitoring sites show that the overall
positive impacts obtained with UV /VIS/TIR retrieval assimilation are due to reductions in
nighttime biases, which highlights the importance of the TIR measurements in the multi-
spectral retrievals. A manuscript describing the O; OSSE is in preparation (“Regional O; OSSEs
for the GEO-CAPE mission,” Pierce et al., to be submitted 2018).
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The NO; OSSE has been completed and the HCHO OSSE is nearing completion. Using the 2S-
ESS RT model, synthetic radiances have been generated for all cloud free gridpoints at hourly
intervals for the full nature run time period (July 2011) utilizing the Supercomputer for Satellite
Simulations and Data Assimilation Studies (Boukabara et al, 2016) at the University of
Wisconsin-Madison Space Science and Engineering Center. Since NO, and HCHO are short
lived species, assimilation of NO, or HCHO column retrievals does not lead to systematic
changes in the concentrations of these species. Instead, the NO, and HCHO column retrievals
must be used to constrain the emissions of these species. As part of the Regional/Urban OSSE
working group activities during 2015-2018 we developed an offline approach to use satellite-
based trace gas retrievals to constrain area and point source emissions. The approach involves
calculating the sensitivity of the trace gas column to changes in emissions following Lamsal et
al. (2011) and then using this sensitivity, combined with the monthly mean trace gas analysis
increment, to adjust the emissions. The results of the NO, OSSE were presented at the Joint
Committee on Earth Observation Satellites Atmospheric Composition-Virtual Constellation and
GEO-CAPE Meeting, which was hosted by the NOAA Center for Weather and Climate
Prediction in College Park, MD from May 2-4, 2018. The GEOCAPE NO, OSSE demonstrates
significant adjustments in a priori NOx emissions using hourly TEMPO-like NO; retrievals
compared to daily OMI NO; emission adjustments. However, the NO, OSSE results show low
surface ozone sensitivity to changes in NOx emissions, possibly due to high urban NOx levels
leading to VOC sensitive ozone production. The Os;, NO,, and HCHO assimilation experiments
were conducted using the NOAA gridpoint statistical interpolation (GSI; Wu et al. 2002; Kleist
et al. 2009), which is a physical space-based 3-dimensional variational analysis. The observation
operator for the O;, NO,, and HCHO profile retrievals was developed for GSI based on the
approach used by Verma et al. (2009) for assimilation of ozone profiles from the Tropospheric
Emission Spectrometer. This observation operator accounts for the AK and a priori used in the
retrieval.

3.3.1.5 Methane Working Group

The GEO-CAPE Methane Working Group was initiated in 2015 to define the requirements and
capabilities for geostationary observations of methane over North America as envisioned by the
GEO-CAPE science traceability matrix. Methane was not identified as a high-priority
measurement in the original concept of GEO-CAPE, reflecting the focus of that original design
on air quality, but since then there has been growing interest in better understanding methane
sources using satellite observations. This prompted the study team to direct attention to the
methane observing capabilities from geostationary orbit and the potential role of GEO-CAPE.
Observation of methane from space can be done in the same 2300 nm band as CO (a top priority
of GEO-CAPE) or in an alternative SWIR band at 1650 nm. Methane is emitted by a large
number of relatively small and often clustered point sources, posing a unique problem for
satellite observations to quantify these sources.
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The Methane WG had a number of accomplishments over its three years of operation. It
contributed to the design of CHRONOS (Edwards et al. 2018) as an implementation of the
methane-CO component of GEO-CAPE. CHRONOS was submitted three times to the EV
program and always received high ratings, but was not selected. The Methane WG also
contributed to the design of GeoFTS, a high-resolution geostationary implementation of GEO-
CAPE for methane-CO-CO; (Xi et al. 2015). It facilitated the construction and deployment of
CLARS-FTS as a GeoFTS ground-based imaging simulator operating on the top of Mt. Wilson
and continually mapping methane and CO, emissions in the Los Angeles Basin. Observations
from CLARS-FTS have been very successful in constraining methane emissions from the Basin
and their seasonal variations (Wong et al. 2015, 2016). Additional details can be found in Section
6. Finally, the Methane WG produced OSSEs to determine the capability of different
geostationary observing configurations to quantify methane emissions from regional scales
down to temporally variable point sources. It was found that the GeoCARB mission selected by
the EV program would deliver 70% of the original specifications of GEO-CAPE for observing
methane on regional scales, and that improving GeoCARB measurement precision was more
important than more frequent sampling (Sheng et al. 2018). It was shown that geostationary
instruments such as GeoFTS can observe methane point sources down to the km-scale (Turner
et al. 2018), and that detection of anomalously high sources (“super-emitters”) can be enabled
by the use of a L-1 norm in data inversion (Cusworth et al. 2018).

3.3.2. Ongoing and Future Work

The selection of GeoCARB was an important milestone for the GEO-CAPE Science Team. The
specifications of GeoCARB (pixel resolution, precision, return time) are still in flux, and
continued collaborations of the Methane WG with the GeoCARB Science Team would be useful
to guide selection of an optimal configuration. Another area in need of further attention is the
potential of geostationary observations to map emissions at the facility level using sub-km
pixels. The general focus of geostationary methane missions so far has been to observe methane
on continental scales, requiring compromises in pixel resolution and return time, but the
Methane WG stressed the need for more work to define a geostationary mission that would
view smaller domains but with finer resolution and continuous imaging. Such a mission has
been recommended by the recent 2017-2027 Decadal Survey for Earth Science and Applications
from Space (ESAS 2017) under its “Explorer” category, and the work done by the GEO-CAPE
Methane WG will be highly relevant to its design.

Additionally, the Decadal Survey has designated priority satellite measurements to answer
important questions related to Aerosols and Clouds, Convection, and Precipitation (A&CCP).
The particular configuration of A&CCP, whether as a single mission or two component
missions, is the subject of a NASA HQ-directed study commencing this fall. The OSSE
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framework and modeling capabilities developed for GEO-CAPE will be used as the basis for
OSSEs needed to help guide Decadal Survey mission and instrument design.

Assessing the values of GEO-LEO constellation observations of aerosols with the current and
near future satellites is particularly relevant in the CEOS framework and in the context of the
new Decadal Survey. The LEO observations include TROPOMI, VIIRS, and PACE, and the GEO
observations include GOES, Himawari, GEMS, Sentinel-4, and TEMPO.

As we move into an era of observations from geostationary satellites and applying the retrievals
for operational monitoring and forecasting, it is important to analyze product performance and
uncertainties on a sub-daily time scale. As aerosol changes due to chemistry and transport are
captured at 5 - 60 minute time scales, accuracy and precision of these observations must be
quantified on the same time scales. In particular, utilizing the suite of observations that will be
available from the constellation should help reduce the difficulties of attributing satellite
measured signal to surface and atmosphere over very heterogeneous and dry/arid regions.

GEO-CAPE studies have shown the important factors of water vapor, aerosol vertical profile,
and aerosol type in determining the AOD-PM2.5 relationship. With more robust retrievals of
AOD, AAOD, aerosol vertical profiles, aerosol type, and long-range transport characteristics
from GEO-GEO and GEO-LEO synergy, the application of satellite observations for air quality
can be better addressed with more confidence for user community.

3.4 Summary

The GEO-CAPE community reshaped the visionary but then-unaffordable notional 2007 DS
mission by prioritizing the science set forth in the 2007 DS, by identifying separable instruments
that could be fielded in a distributed implementation, and by actively responding to NASA
Earth Venture opportunities to demonstrate that distributed implementation. NASA’s 2012
selection of TEMPO and 2016 selection of GeoCARB represent first steps in delivering GEO-
CAPE'’s compelling time-resolved science.

GEO-CAPE’s objectives and associated requirements have remained remarkably stable over the
last seven years of study team activities. GEO-CAPE funded activities have subsequently
developed needed tools and demonstrated that the objectives are well able to be accomplished.
As expressed in the 2017 DS, GEO-CAPE objectives are part of the current program of record
and also associated with several of the future priorities. Tools and techniques developed via
GEO-CAPE will continue to be useful for implementation of current missions and design of

future missions.
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4. MISSION AND INSTRUMENT CONCEPT STUDIES

This addendum to the 2015 report includes only content that has changed since the 2015 report.
The 2015 report is available at:
https:/ /geo-cape.larc.nasa.gov/pdf/GEO-CAPE 2009-2015_SummativeWhitePaper.pdf

4.1 Mission Concept Studies
No changes.

4.2 Instrument Concept Studies

No changes.

4.3 Additional Studies
4.3.1 Studies in Support of Proposal Activities

In addition to studies funded as part of GEO-CAPE pre-formulation, the larger GEO-CAPE
community invested in several high-quality peer-reviewed instrument concept studies,
submitted to NASA as proposals to the Earth Venture (EV) Program. Most notable are the EV
Instrument (EVI) 1 selection of the TEMPO investigation and EV Mission (EVM) 2 selection of
the GeoCARB investigation. Several other GEO-CAPE Infra-Red Instrument (GCIRI) related
concepts have been proposed to EV solicitations. Those that were evaluated as Category 2
(selectable) or better include 2011 EVM-1 Commercially Hosted spectRO-radiometer and New
Opportunities for Science (CHRONOS), 2012 EVI-1 Geostationary Carbon Process Investigation
(GCPI), 2013 EVI-2 CHRONOS, and 2016 EVI-4 TROpical Methane BiOsphere NASA
Experiment (TROMBONE) and CHRONOS. Notably, the geostationary coastal ocean color
Geosynchronous Littoral Imaging and Monitoring Radiometer (GLIMR) mission was also
proposed to 2016 EVI-4 and garnered favorable reviews for observational capabilities and
science content, indicating the substantial progress made by GEO-CAPE team members to meet
a majority of GEO-CAPE’s science requirements at a fraction of the original cost estimates.

4.4 Summary

The conclusion from these studies is that GEO-CAPE remains ready for implementation. The
phased hosted payload mission implementation strategy has provided flexibility to initiate new
mission starts for components of the mission as funds have become available. Multiple
instrument concepts are capable of achieving GEO-CAPE requirements with no new technology
development required, and indeed two such concepts associated with GEO-CAPE atmospheric
science (TEMPO and GeoCARB) are now in development. There remain other concepts that
could complete GEO-CAPE atmospheric science should the need arise. Multiple instrument



Air quality & Ocean color from space: 2018 Final Report
Section 4: Mission and Instrument Concept Studies

concepts are now capable of achieving the GEO-CAPE coastal waters science requirements
within an affordable instrument cost range ($100M to $200M).

Full mission cost estimates for the distributed implementation strategy ultimately depend on
the commercial market at the time of selection for each instrument. Over the past few months, it
has become apparent that fewer host launch opportunities may be available than was forecast
five years ago. This is due to a downturn in the market for new geostationary communications
satellites, associated with increased longevity of existing satellites and still-pending
standardization of next-generation telecommunications protocols. On the positive side,
prospective hosts for TEMPO and GeoCARB have indicated that technical requirements are not
an issue, and near-term host opportunities definitely exist. The challenge remains in
synchronizing government procurement with the rapid approval-build-launch sequence that is
standard practice in the communications satellite industry. It remains to be seen whether
commercial payload hosting costs will change significantly from existing estimates.
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5. Technology Assessment and Development

5.1 Introduction

The original technology readiness assessment for GEO-CAPE was provided in the 2007 DS:

“All the [GEO-CAPE] instruments have a low-Earth-orbit space heritage and are at a high level
of technology readiness, and so launch would be feasible by 2015.”

This addendum to the 2015 report includes only content that has changed since the 2015 report.
The 2015 report is available at:
https:/ /geo-cape.larc.nasa.gov/pdf/GEO-CAPE 2009-2015_SummativeWhitePaper.pdf

5.2 Accomplishments 2016-2018

ESTO invested in a task with the Multi-slit Optimized Spectrometer (MOS) to add polarization
(P) sensitivity measurement capability by adding polarization filters at different orientations
over three of the slits. With GEO-CAPE funding, the resulting MOS-P configuration was added
to the NASA King Air payload for KORUS-AQ/KORUS-OC and operated successfully during
all flights over the 6-week period (see Section 6). While the performance evaluation of MOS-P
with in situ measurements continues, with the polarization observations not as mature, an
analysis of ocean remote sensing reflectance for the open slit appears quite good (Fig. 5-1).

One new activity was funded by ESTO and completed in this period: ATI-QRS-14-0009 for
“COEDI Dual Slit Implementation.” The objective was to develop a key technology for the
Coastal Ecosystem Dynamics Imager (COEDI), a concept for a GEO-CAPE ocean color
radiometer. The concept incorporates a dual-slit focal plane design, allowing smaller instrument
aperture which results in a reduction in instrument volume. The project completed successfully
in April 2018 with a starting TRL of 3 and finishing TRL of 4.
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Figure 5-1. A comparison of KORUS-OC ocean remote sensing reflectance spectra (Rys(1)) from in situ measurements
and MOS-P after atmospheric correction. A chlorophyll-a fluorescence signal (peak at ~680nm) is quite noticeable in
both in situ and MOS-P data. MOS-P data represents an aggregation of 5x5 pixel array equivalent to a spatial
resolution of ~ 225 m x 225 m at the sea surface. There is a small spatial offset between in situ and MOS-P
observations due to sun glint contamination near ship. Figure courtesy of Nick Tufillaro, Oregon State University.

5.3 Ongoing and Future Work

The evaluation of MOS-P data products will continue through comparisons with observations
from the ship, GOCI and GeoTASO.

Further technology development on the PanFTS instrument (see Section 5 of the 2015 report and
Section 6.3.4 of this report) will mature the sensitivity and 2-D imaging of the instrument in
preparation for the competed Decadal Survey 2017 mission opportunities.

5.4 Summary

GEO-CAPE studies started with several instrument concepts at high TRLs. ESTO investments
during the early years of GEO-CAPE, particularly in IIP selections totaling $28M and ACT
selections totaling $10M, resulted in robust high-performing instruments that are being used to
collect GEO-CAPE related science data (see Section 6). ESTO assessments confirmed the
maturity of multiple instruments and technologies presented for the GEO-CAPE mission.
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6. FIELD CAMPAIGNS

6.1 Introduction

This addendum to the 2015 report includes only content that has changed since the 2015 report.
The 2015 report is available at:
https:/ /geo-cape.larc.nasa.gov/pdf/GEO-CAPE 2009-2015_SummativeWhitePaper.pdf

The GEO-CAPE study team invested significant resources to conduct field campaigns during
2016-2018: 49% of total mission study funding in FY16, 32% in FY17, and 41% in FY18. In
addition, up to 50% of annual resources were devoted each year to analysis of data acquired in
GEO-CAPE funded field campaigns. The campaigns continued to serve the needs of both the
ocean color and atmospheric science communities and to leverage major activities funded by
other Earth Science Division program elements and also by federal and state partners. The data
collected during these campaigns are publicly available from the Airborne Science Data for
Atmospheric Composition portal, https:/ /www-air.larc.nasa.gov.

6.2 Coastal Ocean Color Studies 2016-2018

6.2.1 Risk reduction measurements for GEO-CAPE: US-Korea joint field campaign in the East
Sea and Yellow Sea

The Korea-United States Oceanographic (ocean color) Field Study (KORUS-OC) was an
intensive ship-based field study focused on ocean color in the coastal waters surrounding the
Korean peninsula, where the Geostationary Ocean Color Imager (GOCI) captures eight hourly
images daily. Members of the GEO-CAPE OSWG and scientists from the Korea Institute of
Ocean Science and Technology (KIOST) worked together to define, coordinate and accomplish
the oceanographic field campaign. The basis for the NASA-KIOST collaboration on KORUS-OC
is detailed in a Memorandum of Understanding (MOU). KORUS-OC was also developed in
conjunction with the KORUS-AQ airborne and satellite observations (see Section 6.3.1), and the
two collaborative studies integrated ship-based measurements with the airborne and satellite
measurements to understand the dynamics of coastal water, gain insight into the limitations of
satellite-based observations to retrieve ocean properties on diurnal time scales, correct satellite-
based observations for atmospheric properties, and explore atmosphere-ocean interactions.

Biological and biogeochemical processes play critical roles in forming and modulating the
ecosystems of both open ocean and coastal environments. Observing and monitoring the spatial
and temporal changes of these environments are important for maintaining the quality of life
for everyone on Earth. Decades of operation of CZCS, SeaWiFS, MODIS, and other sensors have
demonstrated that Sun-synchronous ocean color missions can provide excellent observations on
longer-term (weeks to years) biogeochemical processes, but are unable to detect/ monitor short-
term (diurnal to a few weeks) processes, such as the dynamics of algae blooms, tidal dynamics,
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and diurnal changes in photosynthesis. Due to the unique sampling strategy and sensor-target
geometry, as well as the demand to address a wide range of challenging scientific questions, the
radiometric sensor for GEO-CAPE cannot simply be a duplicate of the historical sensors such as
SeaWiFS or MODIS. In addition to frequent sampling (every hour or better), the GEO-CAPE
sensor is required to be able to provide high-spatial and high-spectral resolution measurements
with high signal-to-noise ratios (SNR).

To facilitate the design of such a sensor, a series of field campaigns for risk-reduction purposes
was performed in the Chesapeake Bay region (2011) and the northern Gulf of Mexico (2013).
Please see details in the 2015 GEO-CAPE White Paper (available at

https:/ /geo-cape.larc.nasa.gov/pdf/GEO-CAPE 2009-2015 SummativeWhitePaper.pdf).

Because these previous campaigns did not include measurements from a geostationary
platform, they were unable to address specific questions related to using such a sensor to study
the dynamics of coastal waters, including;:

a) Can the diurnal changes in sediment resuspension and settling be resolved with hourly
satellite normalized-water leaving radiance (nLw) data?

b) Can the diurnal dynamics in organic carbon (dissolved and particulate) due to tidal
exchanges at land-ocean interfaces be resolved in hourly nLw data?

c) How do particle size, shape and composition impact the ocean bi-directional reflectance
distribution function (BRDF) and in turn the nLw signature at different view angles
during a diurnal period?

d) Can diurnal changes in CDOM from production and photooxidation be detected with
hourly data from a geostationary satellite?

e) How accurately do the atmospheric properties need to be estimated in order to obtain
reliable diurnal nLw from a geostationary satellite?

f) How does BRDF variation in water-leaving radiance (Lw, w/m2/nm/sr) affect the GOCI
hourly nLw retrievals?

g) Given the spatial and spectral specifications of GOCI how well can we address the diurnal
variation of biogeochemical properties in the coastal oceans? What improvements are
needed in future sensors to address coastal dynamics?

h) How do geostationary ocean color products compare with both polar-orbiting ocean color
satellite products and with in-situ measurements?

i) To what extent can hourly geostationary data improve the estimation of primary

productivity?
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To address these questions that are important for characterizing a geostationary coastal ocean-
color sensor, and to obtain important data for risk reduction of the GEO-CAPE mission, an
18-day field campaign with Korean scientists in the East and Yellow Seas was executed in
May-June 2016 (Figure 6-1). These waters are directly under the field-of-view (FOV) of GOCI,
the first ever geostationary-based ocean
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were sponsored by KIOST, which extended (Credit: J. Salisbury, UNH)

special invitations to U.S. and Canadian
scientists primarily for instrument training purposes. Nevertheless, the science objectives and
measurements were consistent with KORUS-OC. By comparing ship-based measurements with
GOCl retrievals (Figure 6-2), we can examine retrievals throughout the day as a function of
evolving conditions both in water and in the atmosphere, and collaborate with KIOST on
optimizing retrievals from geostationary orbit in preparation for GEO-CAPE.

The GEO-CAPE team measured hyperspectral above- and in-water radiometry and in-water
IOPs, phytoplankton taxonomy, pigments, primary productivity, respiration, carbon pools, and
nutrients, along with ship-based atmospheric trace gases and aerosol properties. Such data will
allow researchers to parameterize hyperspectral algorithms for phytoplankton functional
groups, atmospheric corrections and primary productivity. A Pandora remote sensing
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spectrometer for trace gas column measurements was also part of the instrument complement
on the R/V Onnuri, continuing the GEO-CAPE legacy of concurrently deploying multiple
copies of this instrument in support of both atmospheric and ocean science. The capability for
shipborne implementation has truly been an advancement. Further, the collaboration between
ocean color and atmospheric scientists aboard ship provided an opportunity for novel
application of measurement approaches across disciplines.
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Figure 6-2. Results of a study of chlorophyll-a levels measured from a satellite using the Korean GOCI sensor, as
well as both the chlorophyll-a maximal fluorescence (Fm) and the size, type, diversity, and amount of plankton
in the research area measured using instruments on board the Onnuri research vessel. The base color image
represents the difference in chlorophyll-a concentrations around the Korean peninsula and the colored discs
represent the Chlorophyll-a Fm. (Credit: Joaguim Goes, Columbia University/LDEO)

NASA also collected airborne remote sensing ocean color and air quality measurements from
the NASA King Air aircraft along the ship tracks using the hyperspectral airborne GeoTASO
and MOS+P instruments, as well as DC-8 airborne measurements of atmospheric aerosols and
trace gases as part of the complementary KORUS-Air Quality (KORUS-AQ) campaign (Figure
6-3). The trace gas and aerosol payloads on the R/V Onnuri provided a link to the KORUS-AQ
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data set by expanding its measurement domain to the surface over water. GEO-CAPE funded
all costs associated with deploying the ESTO-funded MOS+P; the over-water data have been
geo-registered and corrected for atmospheric effects, and are available for research.

Figure 6-3. The NASA DC-8, carrying
a variety of aerosol measurement
payloads as part of the KORUS-AQ
experiment, samples over the
Onnuri. The instrument pictured on
the support structure near the bow
of the ship is the HyperSAS
instrument, which is composed of
three hyperspectral sensors and an
autonomous solar tracker used to
analyze the sun-sky-water geometry
for the KORUS-OC experiment.
(Credit: Melissa Melendez, UNH)

A notable benefit of geostationary data over data from polar orbiting sensors is the ability to
track ocean features and biogeochemical inventories at high temporal frequency. During the
cruise the crew launched instrumented drogues designed to measure optical properties and the
net dynamic behavior of oxygen over time, space and depth. These data coincided with
shipboard IOP and AOP data and are being used to understand whether the accounting of the
net behavior of biogenic stocks in time and space represents a fundamentally new means of
estimating community productivity of carbon.

Ultimately, NASA and KIOST will use the results of KORUS-OC to help researchers understand
the connections between ocean properties and ocean productivity, harmful algal blooms, oil
spills, pollution, fisheries, and more. One tangible example of the interconnectedness of all
human activities worldwide was the ubiquitous distribution of microbeads of plastics attached
to detrital materials (Figure 6-4). Another is the distribution of nuisance and harmful algal
blooms that were encountered in the Yangtze Plume and south of Korean Peninsula. Such algae
could have a link to human activity such as aquaculture and discharge of waste.

An international constellation of geostationary sensors is envisioned from Asia to the Americas
to Europe. Developing international partnerships and collaborations is essential to the success
of a truly international global observing system, and this joint field campaign with our Korean
partners was an important step in developing such collaborations.
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Figure 6-4. Microbeads adhering to detrital particles. The particles were ubiquitous, but concentrated near
shore, in the East Sea and the Yangtze Plume. The particles ranged from ~5 - 60um, a size distribution which
approximates the size of phytoplankton. Research is ongoing into the role of microplastics on optical
properties and their role in ecosystem functioning.

6.2.2 Ongoing and Future Work

KORUS-OC data are presently being analyzed and the first manuscripts are expected to be
submitted by year’s end. In an effort to archive work relevant to the KORUS cruise,
contributions have been solicited for a Special Issue of Remote Sensing entitled, “Remote
Sensing of Short-Term Coastal Ocean Processes Enabled from Geostationary Vantage Point.”
Guest editors are GEO-CAPE SWG team members Nima Palevan and Steven Lohrenz as well as
Yu-Hwan Ahn and David Antoine.

Future work will include presentations by US and Korean team members at the 2019
International Ocean Colour Science Meeting in Busan, Korea.
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6.3 Atmospheric Composition Studies 2016-2018

As in previous field campaigns, a goal of GEO-CAPE’s involvement in these field studies is
improving the ability of the public to use air quality information from satellites, in particular the
upcoming geostationary measurements from the Tropospheric Emissions: Monitoring Pollution
(TEMPO) and its sister mission Geostationary Environment Monitoring Spectrometer (GEMS).

6.3.1 2016 Korea-US Air Quality (KORUS-AQ) Study

During May-June 2016, GEO-CAPE funded deployment of a NASA King Air to Seoul, Korea, to
provide an airborne remote sensing platform for the KORUS-AQ campaign led by NASA R&A
and Korea’s National Institute for Environmental Research. The primary payload on the King
Air was the Geostationary Trace gas and Aerosol Sensor Optimization (GEO-TASO) instrument
previously developed under ESTO funding. GeoTASO is an airborne simulator for
geostationary TEMPO and GEMS observations. GEO-CAPE funding allowed for 30 science
flights in Korea, totaling 124 flight hours.

Korea was an excellent location for conducting geostationary air quality simulator
measurements, given the linked development of the TEMPO and Korean GEMS instruments.
These measurements fostered ongoing TEMPO/GEMS algorithm collaboration and
harmonization and supported CEOS AC-VC Air Quality constellation objectives. As
demonstrated during DISCOVER-AQ Denver, an optimal flight strategy for simulating
geostationary observations is to conduct regular raster flights at constant altitude to map
pollutant distributions across an area multiple times per day. The primary NASA aircraft in
KORUS-AQ, the NASA DC-8, spent substantial flight time conducting vertical profiling with an
in-situ payload. Flight plans for the two aircraft were closely coordinated, with the King Air and
GeoTASO flying above the DC-8, in order to create an integrated set of observations.
Deployment in concert with this campaign provided extensive correlative ground-based and
airborne observations for evaluation of the TEMPO and GEMS data product retrievals. For the
first time, a flight pattern that provided mapping 4 times through a day was executed (Figure 6-
5), providing data for evaluating the diurnal air mass factor (AMF) calculation that will be
critical for TEMPO and GEMS data products.
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Figure 6-5. Maps of GeoTASO NO; tropospheric differential slant column (TDSC) over Seoul on June 9,
2016 for (a) Raster 1 from 08:00-10:00 LT, (b) Raster 2 from 10:00-12:00 LT, (c) Raster 3 from 14:00-16:00
LT, and (d) Raster 4 from 16:00-18:00 LT. Pandora sites are labeled with white star icons. Rasters 1 and 3
includes wind vectors averaged through the lowest 500 m agl from the full resolution Global Data
Assimilation System (GDAS) at (a) 00:00 UTC (09:00 LT) and (c) 06:00 UTC (15:00 LT). [Reproduced from
Judd et al., 2018]

6.3.2 2017 Lake Michigan Ozone Study (LMOS) and Student Airborne Research Program
(SARP)

The 2017 LMOS study started as a tiger team activity within NASA AQAST/HAQAST to work
with state/regional air quality planners to demonstrate the usage of satellite observations in
their development of implementation plans for attaining compliance with air quality standards
in communities along the western shoreline of Lake Michigan. The GEO-CAPE team saw a clear
opportunity to engage potential future users of TEMPO data in this region by again providing
test-bed data sets with a TEMPO airborne simulator. A NASA King Air with Geo-TASO was
deployed to Madison, WI, for 1 month and conducted 21 science flights totaling 100 local flight
hours. Building on knowledge gained in previous campaigns, these flights provided raster
mapping measurements multiple times per day over the two primary LMOS ground supersites
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and also over the Chicago metropolitan area, a major source of the pollutant emissions that can
impact the LMOS study area. As in previous campaigns, ground assets (including a network of
Pandora spectrometers) and high-resolution chemical modeling support provided by partners
reflect the considerable leveraging attained in these community-initiated “grass-roots” studies.
Preliminary results show that emissions from local large point sources (e.g., power plants) must
be considered in addition to large upwind regional emissions (e.g., Chicago and Milwaukee) to
address air quality concerns in this coastal environment.

After LMOS the King Air and GeoTASO team proceeded to Armstrong Flight Research Center
to participate in the 2017 NASA SARP program. Flight plans were developed to conduct 3
separate flights each day over the Los Angeles basin (Figure 6-6), taking 2 different SARP
students on each flight to provide 12 students with a hands-on research experience. NASA
again worked with local air quality management organizations, this time to emplace Pandora
spectrometers at 6 air quality monitoring sites across LA basin. These instruments were
operated throughout the summer, providing longer term context for the two days of SARP
measurements. Preliminary results from the summer 2017 campaigns show that TEMPO'’s
spatial resolution will be able to capture the variability of column NO: observed across these
two different urban regions in the US, which has not been possible with previous satellites
[Judd et al., AGU 2017 and manuscript in preparation 2018].
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Figure 6-6. Maps of GeoTASO NO, TDSCs over the LA Basin on June 27", 2017. Raster 1 from 08:30-10:00
LT is shown in a and b, Raster 2 from 12:15-13:45 LT is shown in c and d, and Raster 3 from 16:45-18:15
LT is shown in e and f. Panels a, c, and e are at 750 m x 750 m resolution, whereas b, d, and f are the
TDSCs binned to 3 km x 3 km spatial resolution. Overlaid are the boundary layer averaged wind vectors
from the NAM-CONUS 3-km nest analysis for 16:00 UTC (09:00 LT) in a and b, 20:00 UTC (13:00 LT) in ¢
and d, and 00:00 UTC (17:00 LT) in e and f. [Reproduced from Judd et al., 2018]
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6.3.3 2018 Long Island Sound Tropospheric Ozone Study (LISTOS)

In summer 2018, U.S. air quality stakeholders again pooled resources to conduct a field study
with both science and policy aspects, LISTOS, noting that “the New York City (NYC)
metropolitan area... continues to persistently violate both past and recently revised federal
health-based air quality standards for ground-level ozone”

[https:/ /www.nescaum.org/documents/listos]. NASA’s involvement included extensive
airborne remote sensing measurements funded by GEO-CAPE, deployment and operations of
two ground-based ozone lidar systems, ozone sonde launches, and support of a ground-based
network of NASA-developed Pandora remote sensing instruments. Partners, including the
Northeast States for Coordinated Air Use Management (NESCAUM) and their university
partners, US EPA, and NOAA, provided continuous forecasting and analysis support, airborne
in-situ measurements, and extensive measurements from ground sites, two mobile labs, and

two ships.

The NASA LISTOS flights interchangeably used two instruments that are airborne simulators
for TEMPO: GeoTASO and the GEO-CAPE Airborne Simulator (GCAS). A unique aspect of the
LISTOS campaign was the ability to make measurements through the entire summer. By basing
from LaRC and having flexibility to use either GCAS or GeoTASO on multiple aircraft, the team
was able to conduct 30 flights totaling 140 flight hours during 15 sampling days from mid-June
through mid-September while adapting to other scheduled usage of the aircraft. This flexibility
allowed a wide range of weather conditions to be sampled through the summer, including
classic heat waves resulting in unhealthy ozone throughout the region, other weather patterns
resulting in more localized high ozone, and relatively clean background conditions.

The airborne GCAS and GeoTASO observations mapped the LISTOS domain up to 4 times per
day, providing researchers and air quality managers with TEMPO-like data so they can
improve preparations for using TEMPO data. LISTOS measurements are also being used to help
with validation of data products from the new TROPOspheric Monitoring Instrument
(TROPOMI) on the European Space Agency Sentinel-5 Precursor satellite launched last fall.
Afternoon LISTOS flights were timed to coincide with TROPOMI overpasses on each flight day
(Figure 6-7, Figure 6-8). While TROPOMI provides air quality measurements with a factor of 10
improvement in spatial resolution from previous satellites, its observations from low Earth orbit
occur only once each day. Geostationary TEMPO observations will provide hourly
measurements through the day at similar spatial resolution to TROPOMI.
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Figure 6-7. Maps of GCAS and GeoTASO NO; TDSCs over the Long Island Sound for afternoon flights
during summer 2018 (through August) that include coincidences with TROPOMI overpasses.

Phase 1 of LISTOS, during June, used GeoTASO on the LaRC HU-25A Falcon aircraft. In
addition to mapping the LISTOS domain, the range of the Falcon allowed these flights to also
map pollutants in the Baltimore area in support of the OWLETS-2 air quality campaign
(Sullivan et al., 2018). Phase 2, July through early September, used GCAS on the LaRC B-200
King Air aircraft. In addition to GCAS, the capability of the B-200 also allowed inclusion of the
new High Altitude Lidar Observatory (HALO) instrument to provide information on aerosol
vertical distribution and the mixing depth of pollutants. This information, critical for accurately
inferring surface concentrations from the satellite remote sensing measurements, is also
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NO; Tropospheric Vertical Column (x10'° molecules cm-2)
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Figure 6-8. Maps of TROPOMI NO; tropospheric vertical column over the Long Island Sound on LISTOS
flight days during summer 2018 (through August). Attribution: “The presented work has been performed
in the frame of the Sentinel-5 Precursor Validation Team (S5PVT) or Level 1/Level 2 Product Working
Group activities. Results are based on preliminary (not fully calibrated/validated) Sentinel-5 Precursor data
that will still change.”

especially helpful for analysis of air quality events in coastal regions such as Long Island Sound.
Phase 3 of LISTOS, to occur in late September, will use the B-200 with GeoTASO and a new
Multi-axis Optical Airborne Tracker (MOAT). MOAT will allow improved GeoTASO zenith
measurements, providing data very useful for ongoing testing of new TEMPO algorithms for
retrieving ozone vertical profile in the troposphere.
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6.3.4 CLARS FTS activities 2016-2018

In the 2016-2018 time period, GEO-CAPE provided partial support for continuing operations of
the CLARS-FTS and PanFTS-EM instruments at JPL’s California Laboratory for Atmospheric
Remote Sensing (CLARS) facility on Mt. Wilson, California. Overlooking the Los Angeles basin
at an altitude of 5700 ft. ASL, CLARS simulates the observations that will be made from
geostationary platforms: high spatial and temporal resolution, large field of regard, rapidly re-
programmable concept of operations, and repeat cycles several times per day. Fourier transform
spectrometers such as CLARS-FTS and PanFTS are ideally suited for geostationary
observations, combining 2-D imaging with a square field of regard with a very wide spectral
grasp for retrieval of multiple trace gases and aerosols.

6.3.4.1 CLARS measurements of CHs emissions trends

CLARS-FTS continued daily measurements (weather permitting) of CO,, CHs, CO, water vapor
and O,. The CLARS time series began in late 2011. These measurements were processed into
maps of dry air column abundances for the three key trace gases four to eight times per day
with a spatial resolution of 0.2-2 km. Measurements of water vapor in multiple spectral bands

along with O, also provided retrievals of
450

aerosol optical depth using a new
method (Zeng et al., 2017). By combining
a00r 1 | the retrievals of CHs and CO, with a
high-resolution bottom-up emission

[I\eI:\ CLARS-FTS inferred emissions |

ssor inventory of CO, spatially and

temporally resolved CH, emissions were
soor deduced over a 6-year time period for
the Los Angeles basin (Figure 6-9). These

250 1 results demonstrated that measurements

annual CH4 emissions (Gg/month)

from geostationary orbit can quantify the

200 . ..
011 2012 2013 2014 2015 2016 temporal and spatial variations of
Year gaseous emissions that are important for
Figure 6-9. Annual CH4 emissions for the Los Angeles basin air quality and climate, the first science

mferrfed from CLARS-FTS measuremgnt's of ?(CH4/XC02 question posed in the GEO-CAPE
combined with a bottom-up CO, emissions inventory. Data

for 2017 and 2018 were acquired but not yet processed. Science Traceability Matrix (STM).

6.3.4.2 Mapping the Aliso Canyon natural gas blowout

In October, 2015, a very large natural gas storage well in Aliso Canyon, north of downtown Los
Angeles, blew out, releasing ~100 Mt of processed natural gas into the atmosphere before it was
capped in February, 2016. Daily CLARS maps of XCHaj, excess revealed the spatial extent of the
methane plume from the well blowout with CH4 column abundances in the boundary layer
occasionally exceeding 50 times their normal levels. A representative time series of the over 200
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CLARS maps from the leak period is shown in Figure 6-10. Direct sampling and remote sensing
of the near-source CH, plumes took place using aircraft instruments, but it required
instrumentation with the high retrieval precision, and spatial/temporal resolution of the
CLARS-FTS to map the area of elevated CH, far downwind of the source. Using these data,
emissions estimates into the CLARS field of regard were calculated, showing the decrease in
emissions over time as the natural gas storage well depressurized. These results demonstrated
that measurements from geostationary orbit can determine how episodic events affect
atmospheric composition and air quality, one of the science questions enumerated in the GEO-
CAPE STM.

-

11/14 - 11/17 - 11/18 - =: 11/19%
Figure 6-10. Sample maps during 2015 of (XCH4/XCO5)excess during the period of the Aliso Canyon natural gas well
blowout. The maps from 9/29-10/22 are typical of conditions before the blowout, which occurred on 10/23/18. The
site of the blowout was not visible from CLARS so only the CH, advected downwind could be observed. Observed
conditions returned to normal in mid-February, 2016 following the capping of the well.

6.3.4.3 CLARS measurements of CO in the Los Angeles atmosphere

Carbon monoxide (CO) is an EPA Criteria Pollutant and a key target trace gas for GEO-CAPE.
Ground-based in-situ monitoring instruments that are part of the South Coast Air Quality
Management District’s network have been monitoring CO surface concentrations for several
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decades. However, these instruments do not have high precision required to see small changes
in CO. In addition there have been no previous time-resolved measurements of CO column
abundances as would be measured from a geostationary mission such as GeoCarb.

In this work, we have used CLARS-FTS retrievals over several years to characterize the spatial
and temporal variability of CO in the LA basin. Figure 6-11 shows XCO hourly averages from
0830-1630 during the month of June. The highest values of XCO in the morning are seen in the
northwest part of the basin along the I-405 corridor where vehicular traffic is extremely high. As
the sea breeze strengthens during the day, the high CO levels move progressively inland with
the plume strengthening along the foothills of the San Gabriel Mountains to the north of the LA
basin. The measurements also show a large weekend/weekday effect which has also been
observed for other pollutants including NO.. These data again show how measurements with
high spatial and temporal resolution such as those that will be obtained from GEO-CAPE can
reveal details of emissions processes that are not observable from LEO platforms.

8.5am I 9.5 am 10.5 am
f 4 z " :
11.5am i 12.5 pm ‘ 13.5pm .
y “._ i ’ 4 40 i ‘ 440
14.5 pm - 15.5 pm 2 16.5 pm ;
. 50 | " B
Figure 6-11. Hourly maps of CO distributions in the Los Angeles basin using data from CLARS-FTS.

6.3.5 Ongoing and Future Work

Work is ongoing to produce final data products from the 2017 and 2018 airborne campaigns, in
particular the retrieval of products other than NO; and the calculation of air mass factors
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(AMFs) necessary to produce tropospheric vertical column densities (VCDs) similar to the
satellite products. AMF calculation requires ancillary inputs including information from high
spatial resolution chemical models. At present, our partners in these studies are committed to
providing the model simulations, and a full-time NASA post-doctoral researcher will create and
publicly archive the VCD products in FY19. Final level-1b data will also be publicly archived to
allow other groups to conduct independent retrieval studies. Future work, potentially via
NASA ROSES solicitations, will continue to analyze these rich datasets. The LISTOS data are
being used to contribute to TROPOMI validation via participation in the ESA Sentinel-5
Precursor Validation Team. The data are also informing validation strategies that will be used
for TEMPO. Preliminary work has shown excellent agreement of these airborne data with
measurements from Pandora spectrometers, which will be the primary source of TEMPO
validation data. Future work will help assess impacts of sub-pixel heterogeneity of TROPOMI,
TEMPO, and similar satellite instruments.

CLARS measurements will continue with sponsorship of the California Air Resources Board
and NASA ROSES programs. The primary objective will be to extend the 7-year continuous
time series of CO,, CHy4, CO, water vapor and aerosol measurements, and to further develop
retrievals of solar induced fluorescence (SIF) from vegetation. New algorithms are being
developed for aerosol retrievals to exploit the multi-angle and multi-spectral dimensions of the
CLARS data. Further technology development on PanFTS will mature the sensitivity and 2-D
imaging of the instrument in preparation for the competed Decadal Survey 2017 mission
opportunities.

6.4 Summary

Field campaigns conducted with GEO-CAPE study funding have provided sample data that
demonstrate the value of GEO-CAPE data products. These activities have provided data for
affirming and adjusting GEO-CAPE science measurement requirements. The data are being
used to test and refine retrieval algorithms for geostationary data products and to engage
ultimate users of TEMPO and other satellite data products. The campaigns have very effectively
leveraged activities within other ESD program elements and with national and international
partners. Validation strategies that will be used for TEMPO have been demonstrated.

Via these campaigns, the GEO-CAPE team has engaged air quality scientists, practitioners, and
managers in the regions experiencing the worst air quality in the US: Gulf Coast (Houston),
Mountain West (Denver), Mid-West (Chicago), West Coast (Los Angeles), Mid-Atlantic
(Baltimore Washington) and Northeast (New York and Long Island Sound). These survey
activities have generated strong anticipation for GEO-CAPE data.
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7. Measurement Algorithms

7.1 Introduction

At the beginning of GEO-CAPE studies, algorithms to derive data products from passive
remote sensing radiances had mature heritage from low-Earth-orbit missions for both the ocean
color and atmospheric composition disciplines. Mission study activities therefore generally
focused on improvements to existing algorithms to adapt them to GEO-CAPE requirements.
Examples include enabling accurate water data products in complex near-shore scenes and
atmospheric data products at higher spatial resolution and at times of day other than the 2
satellite overpass times previously available from low-Earth orbit (LEO) missions.

This addendum to the 2015 report includes only content that has changed since the 2015 report.
The 2015 report is available at:
https:/ /geo-cape.larc.nasa.gov/pdf/GEO-CAPE 2009-2015_SummativeWhitePaper.pdf

7.2 Coastal Ocean Color Studies

7.2.1 Coastal Ocean Color Studies Accomplishments 2016-2018

Many of the algorithm improvements during the final period of GEO-CAPE studies expanded
heritage (open-ocean) algorithms into optically complex coastal waters, or improved simplified
inputs or parameterizations. Many of the studies reported here relied critically on significant
quantities of high-quality in-situ data, highlighting the fundamental need for continued support
and execution of oceanographic and airborne field measurement activities.

In turbid coastal waters, standard atmospheric correction algorithms often exhibit large
inaccuracies that may lead to negative water-leaving radiances (Lw) or remote sensing
reflectance (Rrs). Fan et al. (2017) introduced a new atmospheric correction algorithm for coastal
waters based on a multilayer neural network (MLNN) method that it is robust and resilient to
contamination due to sunglint or adjacency effects of land and cloud edges. The MLNN
algorithm is very fast once the neural network has been properly trained and is therefore
suitable for operational use. Fan et al. (2016) also applied neural network methods to correct
bidirectional effects in water-leaving radiance. In Case 1 or chlorophyll-dominated waters, their
neural network method produces corrections similar to those of the standard method. In Case 2
waters, especially sediment-dominated waters, significant improvement was obtained
compared to the standard method. Lee et al. (2018) advocated for the application of models of
the diffuse attenuation coefficient of downwelling irradiance (Kd) that are not only consistent
with radiative transfer but also provide more accurate estimates, in particular for coastal turbid
waters.

Results from Lee et al. (2016) indicate that it is necessary to use a more generalized Rrs-IOP
(Inherent Optical Properties) model to describe the spectral variation of Rrs of high-sediment-
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load waters from the visible to the shortwave infrared region. These results will improve our
understanding of the spectral signatures of Rrs in these conditions and subsequently improve
the retrieval of IOPs from ocean color remote sensing, which could further help the estimation
of sediment loading of such waters.

Yang et al. (2018) showed that the standard MODIS chlorophyll-a (Chl-a) algorithm, OC3M,
underestimated Chl-a; the authors developed a new empirical switching algorithm based on the
relationship between in-situ Chl-a and the blue-to-green band ratio, providing results with
improved errors. Cao et al. (2018) used a rich dataset of field observations to develop and
validate new CDOM (Colored Dissolved Organic Matter) and DOC (Dissolved Organic Carbon)
algorithms that are broadly applicable to different estuarine and coastal regions, over different
seasons and a wide range of in-water conditions. Application of these algorithms to multi-year
MERIS satellite imagery over the Chesapeake Bay estuary allowed, for the first time, to capture
the impact of tidal exchanges on carbon dynamics along wetland-estuary interfaces using
composited images across a month for low tides and a high tide event, and resolved spatial
gradients, seasonal variability, and year-to-year changes in estuarine carbon amount and
quality associated with marsh carbon export, riverine inputs, and extreme precipitation events.
Sub-diurnal observations from GEO-CAPE or comparable geostationary sensor is required to
quantify the impact of tidal exchanges on carbon dynamics. Sahay et al. (2017) developed a
new, regionally-tuned model of phytoplankton size classes, and comparisons with shipboard
measurements of showed the superiority over parameterizations used in the predecessor
model, capturing the seasonal cycle in the Arabian Sea.

Although highly variable in natural waters, in most remote sensing algorithms, the spectral
slope of the absorption coefficient of colored dissolved and detrital material (Scdm) is either
kept as a constant or empirically modeled with multi-band ocean color in the visible domain.
Wei at el. (2016a) explored the potential of semi-analytically retrieving Scdm with added ocean
color information in the ultraviolet (UV) range between 360-400 nm and showed that adding
UV wavelengths to the ocean color measurements will improve the retrieval of Scdm from
remote sensing reflectance considerably. Lee et al. (2015a) presented hyperspectral absorption
coefficients of “pure” seawater in the range of 350-550 nm and obtained better retrievals of the
phytoplankton absorption coefficient in oligotrophic oceans. Their findings will also provide
better closure of remote sensing reflectance for the UV-visible domain.

A clever solution from Robinson et al. (2016) reduces the amount of cloud masking required for
data collected from GOCI, thus increasing the available useful data. The length of time it takes
to acquire all 8 GOCI bands for a given portion of a scene requires that cloud motion be taken
into account, and inter-band correlations can be used to measure the amount of cloud shift,
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which can then be used to adjust the cloud mask so that the union of all shifted masks can act as
a mask for all bands.

Diffuse reflectance in the visible, which is ignored in current glint algorithms, has been shown
by Lin et al. (2016) to be important. Their new treatment of ocean glint reflectance and surface
roughness in an optimized discrete-ordinate radiative transfer model (DISORT3) will help
improve glint correction algorithms in current and future ocean color remote sensing
applications.

Beyond improvements to heritage algorithms, some studies worked to increase the information
content and application of existing data. Wei et al. (2016b) developed a novel quality assurance
(QA) system that can be used to objectively evaluate the quality of an individual Rrs spectrum.
The reference system includes Rrs spectra of 23 optical water types ranging from purple blue to
yellow waters, and questionable or likely erroneous Rrs spectra are shown to be well identified.
Application of this QA system to ocean color satellite data can improve the short- and long-term
products by objectively excluding questionable Rrs data. Wang et al. (2017) showed that multi-
spectral satellite remote sensing data can be decomposed to yield Gaussian curves, and the
obtained chlorophyll 2 and phycocyanin concentrations from these Gaussian peak heights
demonstrated potential application to monitor harmful algal blooms (HABs) and identification
of phytoplankton groups from satellite ocean color remote sensing semi-analytically.

And yet gaps in our knowledge remain. The work of Moore et al. (2017) provides new insights
into the optical properties of cyanobacteria blooms, and indicates that current semi-analytic
models are likely to have problems resolving a closed solution in these types of waters, as many
of their in-situ observations were beyond the range of existing model components. From a
remote sensing perspective, this presents a challenge not only in terms of a need for new
algorithms, but also for determining when to apply the best algorithm for a given situation.

The remote estimation of sea surface salinity (SSS) in coastal waters has been difficult because
satellite sensors designed to “measure” SSS lack sufficient resolution, and higher-resolution
ocean color measurements suffer from optical and biogeochemical complexity. Using extensive
SSS datasets collected by many groups spanning > 10 years, coupled with MODIS and SeaWiFS
reflectance data, Chen and Hu (2017) showed that SSS can be estimated from ocean color
satellites, despite the significant limitation of lack of coverage due to clouds, stray light, and sun
glint. A geo-stationary ocean color mission is expected to significantly enhance the capacity to
estimate SSS in dynamic coastal regions, thus providing critical data to study coastal and
estuarine ecology.
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7.2.2 Ongoing and Future Work

In the coming years, GEO-CAPE field campaign datasets from KORUS-OC, GoMex and
CBODAQ will be exploited further to improve coastal ocean color algorithms including
atmospheric correction, BRDF effects, phytoplankton community composition, IOPs, DOC and
POC, phytoplankton pigments, particle size distribution, net primary and net community
production. Efforts will continue through GOCI data analysis to apply knowledge, algorithms
and datasets obtained or developed with GEO-CAPE support to quantify coastal ocean
productivity on sub-diurnal to multi-day time scales. Future work on the follow-on GOCI-II
sensor, which will have a band in the UV and three additional bands in the visible spectrum,
will undoubtedly make use of KORUS-OC, KORUS-AQ and other GEO-CAPE algorithms and
datasets. Such rich datasets from GEO-CAPE will aid future PACE science teams, as well as
Earth Venture geostationary sensor teams, in development of algorithms that employ UV
hyperspectral field measurements and data taken at hourly time intervals to derive similar
products for nearshore, coastal ocean and open ocean waters.

7.3 Atmospheric Composition Studies
7.3.1 Atmospheric Composition Studies Accomplishments 2016-2018

Accomplishments related to Measurement Algorithms were tightly linked to progress on the
development of Mission Science Requirements and Objectives. Four efforts in particular are
highlighted here, but the reader is encouraged to refer to the accomplishments reported in
Section 3 as well.

The GEO-CAPE Aerosol Working Group was tasked with evaluating different retrieval
techniques and exploring multi-platform synergistic approaches for retrieving aerosol total and
absorption optical depth, aerosol type, and altitude information that will meet the measurement
requirements to answer the GEO-CAPE science questions. In the 2016-2018 period, this group
demonstrated synergistic retrieval of aerosol information from the two complementary
geostationary satellite instruments on TEMPO and GOES-16. Specifically, they: a) demonstrated
that the 2 km ABI cloud mask can be remapped to the TEMPO grid (4.7 km x 2.1 km) to screen
for pixels contaminated with clouds prior to attempting aerosol retrievals; b) derived AOD,
aerosol type, and aerosol height using the extended wavelength range combination from
TEMPO and ABI (TEMPO: UV to VIS; ABI: VIS to IR) for smoke and dust separation; c)
evaluated MAIAC AOD with correlative measurements from AERONET, VIIRS, and MODIS;
d) demonstrated the capability of retrieving AOD and spectral AAOD with MAIAC from the
extended spectral range (UV-IR) measured by the GLI instrument on the Japanese ADEOS-II
satellite; and e) adapted MAIAC for retrieving AOD from the AHI-8 instrument on the Japanese
geostationary satellite Himawari as proxy of GOES-16 and 17 retrievals. These studies have
shown that the synergistic approach takes advantages of the capabilities from TEMPO and ABI
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to obtain additional key aerosol products of aerosol absorption and aerosol type, including the
potential of identifying black carbon and brown carbon in smoke plumes.

Further efforts of the Aerosol Working Group explored retrieving aerosol layer height
information. Three kinds of attempts have been made to estimate the aerosol layer height: (1)
obtaining the AOD at UV by extrapolating the quality AOD at the visible wavelength (e.g., from
ABI), then estimating the aerosol layer height using UV AOD and absorption information; (2)
estimating the effective height of smoke plume from the brightness temperature contrast
between the smoke plume and smoke-free background, assuming an average temperature lapse
rate; and (3) using O2-A or O»-B bands under certain conditions. Each method has limitations
and systematic validations to assess the errors, uncertainties, and feasibilities are still needed.

Additional improvements to measurement algorithms were accomplished by the Emissions
Working Group, which was formed to illustrate and understand the potential of geostationary
remote sensing measurements to constrain emissions. The projects undertaken focused on
aspects that require high temporal and spatial resolution and are thus novel with regards to
going beyond the capabilities of existing measurement platforms to constrain emissions.

NO:; retrievals from OMI were conducted in Laughner et al. (2018a; b) that exploit higher
resolution prior information than is used in current standard operational products, which will
be a key aspect of developing NO; retrievals for TEMPO. The data details of the Berkeley High
Resolution NO; retrieval are described in Laughner et al. (2018b). These were compared
(Laughner et al., 2018a) against in-situ aircraft profiles, Pandora vertical column densities, and
WREF-Chem simulation, finding that using daily NO. profiles improves the vertical column
densities retrieved in urban areas relative to low resolution or monthly a priori by amounts that
are large compared to current uncertainties in NOy emissions and chemistry (of order 10% to
30%). Based on this analysis, suggestions are made for considerations when designing retrieval
algorithms and validation procedures for upcoming geostationary satellites.

The importance of fine spatial and temporal resolution a priori profile information on the
retrieval was determined in Kim et al. (2018), who conducted approximately 45,000 radiative
transfer (RT) model calculations in the Los Angeles Basin (LA Basin) megacity. Their analyses
suggest that an air mass factor (AMF, a factor converting observed slant columns to vertical
columns) based on fine spatial and temporal resolution a priori profiles can better capture the
spatial distributions of the enhanced HCHO plumes in an urban area than the nearly constant
AMFs used for current operational products by increasing the columns by ~50% in the domain-
average and up to 100% at a finer scale.
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7.3.2 Ongoing and Future Work

The data collected during the summer 2018 LISTOS campaign (Section 6) will greatly aid
further development of hyperspectral aerosol retrieval algorithms from geostationary
observations (e.g., Hou et al., 2016, Hou et al., 2017). The repetition of flight tracks over multiple
times of day and multiple days through the summer will allow accurate characterization of
variations in surface reflectance, alleviating previous challenges associated with airborne
hyperspectral retrievals.

Additional progress in aerosol retrievals can be made in producing systematically the
synergistic (GEO-GEO and LEO-LEO) products of AOD, AAOD, aerosol type, and aerosol
height using the UV-VIS-IR synergistic approach. Candidate combinations include: (1) TEMPO-
ABI over the US, (2) GEMS-AMI-AHI over Asia, and (3) TROPOMI-VIIRS globally.

7.4 Summary

The refinements that the GEO-CAPE study team made to measurement algorithms will enable
launch-readiness of high-quality coastal ocean color and air quality data products. Data
acquired in field campaigns (Section 6) are allowing the algorithms to be tested and improved,
while the modeling and OSSE frameworks developed (Section 3) will lead to broad use and
application of the data products. Much of the progress is also directly applicable to data
products from the EVI-1 TEMPO and PACE missions.
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8. SUPPORT AND INVESTMENTS FROM OTHER ESD ELEMENTS

This addendum to the 2015 report includes only content that has changed since the 2015 report.
The 2015 report is available at:
https:/ /geo-cape.larc.nasa.gov/pdf/GEO-CAPE 2009-2015_SummativeWhitePaper.pdf

GEO-CAPE development activities have continued to be well aligned and integrated with
funded activities from other ESD program areas.

8.1 Flight

The EVM-2 Geostationary Carbon Cycle Observatory (GeoCARB) project has potential to
partially meet the GEO-CAPE atmospheric science requirements associated with infrared
measurements, depending on its final configuration and observing strategy, and also
demonstrates an alternative partnering strategy for a commercial hosted payload mission.
GeoCARB measurement capability may meet GEO-CAPE science traceability matrix (STM)
requirements for a CHs product and would provide some information for CO but would not
meet GEO-CAPE STM requirements for a CO product.

Ongoing Earth System Science Pathfinder Program activity to select a host satellite for the
TEMPO mission continues to inform the GEO-CAPE strategy of utilizing geostationary
commercial hosts.

8.2 Research and Analysis

The Korea-U.S. Air Quality (KORUS-AQ) study (see Section 6) was completed as a strong
collaboration between the R&A Program and GEO-CAPE. While the R&A Program funded the
majority of KORUS-AQ, including the GeoTASO instrument team on the NASA King Air, GEO-
CAPE funded the flights of the King Air, the participation of the MOS instrument, and NASA's
share of the companion ship-based Korea-U.S. Ocean Color (KORUS-OC) campaign. These
campaigns, in the field of regard of the world’s first geostationary ocean color mission,
provided a wealth of data for evaluating and improving geostationary satellite retrievals.

The R&A Program is making sustained investments in the Pandora project to deploy a long-
term network of ground-based spectrometers for acquiring column measurements of O3, NOz,
and HCHO. These are the primary data products retrieved from air quality satellite instruments
including TEMPO and TROPOMI, and Pandora measurements several times per hour will be
the primary source of TEMPO validation data. Further, the R&A Program is partnering with the
U.S. EPA to co-locate many of these instruments with reference in-situ measurements at long-
term monitoring sites across the U.S., which will greatly increase the policy relevance of
TEMPO observations.
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The R&A Program continues to support ground-based tropospheric ozone profile
measurements using lidar systems. The Tropospheric Ozone Lidar Network (TOLNet) includes
systems at five institutions across the U.S. and one in Canada. Four of the systems are
deployable to locations away from their home institutions. TOLNet data are providing an
increasing database of the temporal variation of near-surface ozone at better than hourly time
resolution. Because observations many times per day are fundamental to GEO-CAPE science,
the TOLNet measurements are providing sample data sets that are useful for GEO-CAPE
retrieval algorithm development.

8.3 Applied Sciences Program

The NASA Health and Air Quality Applied Sciences Team (HAQAST) was created in 2016 by
the NASA Applied Sciences Program to serve the needs of U.S. air quality and public health
management through the use of Earth Science satellite data, suborbital data, and models. They
have the resources to carry out quick-turnaround projects responding to urgent and evolving
needs of air quality management. HAQAST interactions led to the formulation of the 2017 Lake
Michigan Ozone Study (LMOS) in a partnership between state, regional, and federal air quality
management and research organizations. HAQAST interactions also helped lead to the 2018
Long Island Sound Tropospheric Ozone Study (LISTOS), a similar collaboration among state,
regional and federal partners. Airborne TEMPO/GEO-CAPE simulator observations were a
major component of both of these studies, familiarizing potential end users of TEMPO data
with its capabilities. See Section 6 for additional details of these studies.

8.4 Earth Science Technology Office
No changes from 2015 report.
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9. CLOSING THOUGHTS

The 2007 Decadal Survey (DS) “Earth Science and Applications from Space” was a first for the
NASA Earth Science Division (ESD). While the recommendations were broadly endorsed by the
U.S. Earth science and applications communities, it became apparent that assumptions made in
the 2007 DS regarding future ESD budgets were optimistic. Faced with this situation, ESD
initiated an unprecedented strategy of funding all 9 of the so-called Tier-1 and Tier-2 missions
to conduct mission definition studies to help guide planning and preparation for potential new
mission formulation. This approach has proven exceptionally fruitful in the case of GEO-CAPE.

GEO-CAPE was a challenging fit in the ESD program, especially in a constrained budgetary
environment, because of its geostationary orbit and notional payload of multiple instruments
serving two very different sets of observing requirements. The study team leaders developed a
strategy to engage the broadest possible range of stakeholders, including multiple NASA
centers, federal partners, and universities. In addition to conducting the required concurrent-
engineering design studies and technology assessments, study team funding provided effective
seeds for building and maintaining broad stakeholder involvement. Team members were able
to leverage other ongoing activities to support focused GEO-CAPE needs at low cost to the
program, and in many cases contributed their efforts at no cost. After 2-3 years of study and
vigorous debate, the team came to consensus that the best strategy for GEO-CAPE was to avoid
scope creep, constrain costs, and remain as small and flexible as possible to enable most of the
science of GEO-CAPE to be accomplished sooner rather than waiting until later to accomplish
“all” the science. The EV-I TEMPO mission, EV-M GeoCARB mission, and multiple other well-
rated proposals to the EV solicitations are fruitions of this spirit.

The 2017 DS reiterates the highest importance of GEO-CAPE atmospheric and coastal ocean
science. The atmospheric observations are now largely being implemented as part of the
Program of Record. Remaining components of GEO-CAPE, including aerosols, greenhouse
gases, and trace gas vertical profiles, appear in recommended Designated and Explorer
missions. It is gratifying to see that teaming lessons learned from the GEO-CAPE experience are
apparently being adopted and improved upon for the 2017 DS mission studies. While the GEO-
CAPE study team approach of funding many small competed activities succeeded in fostering
broad community engagement, planning and managing this approach on an annual basis made
it unnecessarily challenging to undertake activities requiring multiple years (for example the
development of frameworks for observing system simulation experiments). The collaborative
multi-Center, broad-stakeholder, multi-year approach being undertaken by ESD for the 2017 DS
Designated missions appears promising for continuing to advance critical needs for Earth
science and applications. The study team again expresses its thanks to ESD leadership for its
vision in constructing these “first DS” study teams and sustainably funding them over a period
of years. It is the team’s belief that ESD obtained excellent value from its investment.
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11. ACRONYMS AND ABBREVIATIONS

A&CCP Aerosols and Clouds, Convection, and Precipitation
AAOD Absorbing Aerosol Optical Depth

ABI Advanced Baseline Imager

ACAM Airborne Compact Atmospheric Mapper

ACC Atmospheric Composition Constellation

ACT Advanced Component Technology

AC-VC Atmospheric Composition — Virtual Constellation
AERONET Aerosol Robotic Network

AERONET-0C Aerosol Robotic Network Ocean Color

AHI Advanced Himawari Imager

AIST Advanced Information Systems Technology

AK Averaging Kernel

AMF Air Mass Factor

AOD Aerosol Optical Depth

AOP Apparent Optical Property

AOT Aerosol Optical Thickness

AQAST Air Quality Applied Sciences Team

ASP Airborne Science Programs

ASTER Advanced Spaceborne Thermal Emission and Reflection Radiometer
ASWG Atmosphere Science Working Group

ATBD Algorithm Theoretical Basis Document

AVIRIS Airborne Visible/Infrared Imaging Spectrometer

BRDF Bidirectional Reflectance Distribution Function
CBODAQ Chesapeake Bay Oceanographic campaign with DISCOVER-AQ
CDM Colored Detrital Matter

CDOM Colored Dissolved Organic Matter

CEDI Coastal Ecosystem Dynamics Imager

CLARS California Laboratory for Atmospheric Remote Sensing
COEDI Coastal Ocean Ecosystem Dynamics Imager

CEOS Committee on Earth Observation Satellites

CH, methane

Chl-a Chlorophyll-a

CHRONOS Commercially Hosted spectRO-radiometer and New Opportunities for Science
Cll Common Instrument Interface

CLARS California Laboratory for Atmospheric Remote Sensing
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CO carbon monoxide

CO; carbon dioxide

COAST Coastal Ocean Applications and Science Team

CONUS Continental United States

CrIS Cross-track Infrared Sounder

CT™M Chemical Transport Model

CZCS Coastal Zone Color Scanner

DC3 Deep Convective Clouds and Chemistry

DFS Degreesof Freedom for Signal

DISCOVER-AQ Deriving Information on Surface Conditions from COlumn and VERtically
Resolved Observations Relevant to Air Quality

DISORT3 Discrete-Ordinate Radiative Transfer Model

DOC Dissolved Organic Carbon

DOFS Degrees of Freedom for Signal

DS Decadal Survey

DT Dark Target

EBV Essential Biodiversity Variables

ECMWF European Centre for Medium-Range Weather Forecasts

EPA Environmental Protection Agency

EPS EUMETSAT Polar System

ESD Earth Science Division

ESTO Earth Science Technology Office

ESTO-QRS Earth Science Technology Office-Quick Response System

EUMETSAT European Organization for the Exploitation of Meteorological Satellites

EV Earth Venture

EV-l Earth Venture - Instrument

EV-M Earth Venture - Mission

FOV Field of View

FPA Focal Plane Array

FR Filter Radiometer

FTS Fourier Transform Spectrometer

FY Fiscal Year

GCAS GEO-CAPE Airborne Simulator

GCIRI GEO-CAPE InfraRed Instrument

GCPI Geostationary Carbon Process Investigation

GDAS Global Data Assimilation System

GEMS Geostationary Environment Monitoring Spectrometer

11-2




Air quality & Ocean color from space: 2018 Final Report
Section 11: Acronyms and Abbreviations

GEO Geostationary Earth Orbit

GEO-CAPE Geostationary Coastal and Air Pollution Events
GeoCARB Geostationary Carbon Cycle Observatory

GEO-MAC Geostationary Multi-spectral Atmospheric Composition
GeoSpec Geostationary Spectrograph

GeoTASO Geostationary Trace gas and Aerosol Sensor Optimization
GEOS Goddard Earth Observing System Model

GEOSS Global Earth Observation System of Systems

GLI Global Imager aboard the Advanced Earth Observing Satellite-Il
GLIMR Geosynchronous Littoral Imaging and Monitoring Radiometer
GOCI Geostationary Ocean Color Imager

GOES Geostationary Operational Environmental Satellite
GOME Global Ozone Monitoring Experiment

GRIFEX GEO-CAPE Readout Integrated Circuit Experiment
GSD Ground Sample Distance

GSFC Goddard Space Flight Center

GSI Grid-point Statistical Interpolation

GTE Global Tropospheric Experiment

HAB Harmful Algal Bloom

HALO High Altitude Lidar Observatory

HAQAST Health and Air Quality Applied Sciences Team

HCHO formaldehyde

HICO Hyperspectral Imager for the Coastal Ocean

HoPS Hosted Payload Solutions

HPL Hosted PayLoad

HYCOM HYbrid Coordinate Ocean Model

IDL Instrument Design Laboratory

iFOV instantaneous Field-of-View

IGACO Integrated Global Atmospheric Chemistry Observations
IGOS Integrated Global Observing Strategy

1P Instrument Incubator Program

|OP Inherent Optical Properties

IR Infrared

IRCRg Infrared Correlation Radiometer

ISAL Instrument Synthesis and Analysis Laboratory

JCSDA Joint Center for Data Assimilation
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JPSS Joint Polar Satellite System

Kd Diffuse attenuation coefficient of downwelling irradiance
KIOST Korea Institute of Science and Technology
KORUS-AQ Korea-U.S. Air Quality

KORUS-OC Korea-U.S. Ocean Color

LaRC Langley Research Center

LDCM Landsat Data Continuity Mission

LEO Low-Earth Orbit

LIDORT Linearized Discrete Ordinate Radiative Transfer
LISTOS Long Island Sound Tropospheric Ozone Study
LMOS Lake Michigan Ozone Study

LMT Lowermost Troposphere

LT Local Time

LUT Look-Up Table

Lw water-leaving radiance

LWIR Long Wave Infrared

MAIA Multi-Angle Imager for Aerosols

MAIAC Multi-Angle Implementation of Atmospheric Correction
MDC Mission Design Coordination

MDCT Mission Design Coordination Team

MDSA Multi-Sensor Data Synergy Advisor

MERIS Medium-spectral Resolution Imaging Spectrometer
MLNN Multilayer Neural Network

MOAT Multi-axis Optical Airborne Tracker

MODIS Moderate-resolution Imaging Spectroradiometer
MOS Multi-slit Optimized Spectrometer

MOU Memorandum of Understanding

MSS Multi-Slit Spectrometer

MWIR Midwave Infrared

NAP Non-Algal Particle

NESCAUM Northeast States for Coordinated Air Use Management
NIR Near Infrared

NO. nitrogen dioxide

NOAA National Oceanic and Atmospheric Administration
NRC National Research Council

NWP Numerical Weather Prediction
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03 ozone

OA Ocean Acidification

OB.DAAC Ocean Biology Distributed Active Archive Center

OBP On-Board Processing

OBPG Ocean Biology Processing Group

OC3M Ocean Chlorophyll 3 algorithm of MODIS

oM Ozone Monitoring Instrument

OSSE Observing System Simulation Experiment

OSWG Ocean Science Working Group

PACE Plankton, Aerosol, Cloud, ocean Ecosystem

PanFTS Panchromatic Fourier Transform Spectrometer

PanFTS-EM Panchromatic Fourier Transform Spectrometer-Engineering Model
PBL Planetary Boundary Layer

PC phycocyanin

POC Particulate Organic Carbon

PFT Phytoplankton Functional Types

PM2.5 Particulate Matter with diameter of 2.5 microns and smaller
PRISM Portable Remote Imaging Spectrometer

QA Quality Assurance

R&A Research and Analysis

RFI Request for Information

RGCI Red-Green-Chlorophyll-Index

ROIC Read Out Integrated Circuit

ROSES Research Opportunities in Space and Earth Sciences

Rrs Remote Sensing Reflectance

RT Radiative Transfer

RU-OSSE Regional and Urban Observing System Simulation Experiment
SARP Student Airborne Research Program

Scdm Spectral slope of absorption coefficient of colored dissolved & detrital material
SeaDAS SeaWiFS Data Analysis System

SeaWiFS Sea-Viewing Wide Field-of-View Sensor

SEWG Systems Engineering Working Group

SIF Solar Induced Fluorescence

SIRAS-G Spaceborne Infrared Atmospheric Sounder for Geosynchronous Earth Orbit
SoCAB South Coast Air Basin

SO, sulfur dioxide
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SOX Sensor-Web Operations Explorer

S-NPP Suomi National Polar-orbiting Partnership

SNR Signal to Noise Ratio

SPM Suspended Particulate Matter

SSA Single Scattering Albedo

SSS Single-Slit Spectrometer

SSS Sea Surface Salinity

SST Sea Surface Temperature

STM Science Traceability Matrix

SWG Science Working Group

SWIR Short Wave Infrared

TEMPO Tropospheric Emissions: Monitoring of Pollution
TES Tropospheric Emission Spectrometer

TDSC Tropospheric Differential Slant Column

TIMS Tropospheric Infrared Mapping Spectrometers
TIR Thermal Infrared

TO Targeted Observable

TOA Top Of Atmosphere

TOLNet Tropospheric Ozone Lidar Network

Tr Radiance Transmittance

TRL Technology Readiness Level

TROMBONE TROpical Methane BiOsphere NASA Experiment
TROPOMI TROPOspheric Monitoring Instrument
UNESCO United Nations Educational, Scientific, and Cultural Organization
USPI U.S. Participating Investigator Program

uv Ultraviolet

VCD Vertical Column Density

VIIRS Visible Infrared Imaging Radiometer Suite

VIS Visible

VOC Volatile Organic Compound

WAS Wide Angle Spectrometer

WG Working Group

WRF-Chem Weather Research and Forecasting (WRF) model coupled with Chemistry
ZSD Secchi disk depth
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A. GEO-CAPE MISSION SUMMARY: NATIONAL ACADEMY OF SCIENCES

This addendum to the 2015 report includes only content that has changed since the 2015 report.
The 2015 report is available at:

https:/ /geo-cape.larc.nasa.gcov/pdf/ GEO-CAPE_2009-2015 SummativeWhitePaper.pdf

No changes to Appendix A.



Air quality & Ocean color from space: 2018 Final Report

Appendix B: Coastal Ocean Color STM

“(ploysaiy) Wy G/E JO LIPIM [E10}) BIOYSHO SI8ISLUO|NY PaIpuny [B18Ass 0} "0)'g ucibuiysep) wouy jses o} jsem ueds pjnom uoibes ebeseaco Aeg eyeadessyn sy “6e

‘S8)ET JEBID) UBUSINET 8U) PUB B)|Sp JaAly iddississipyuieipeydjuod a)e ‘Aeg exesdessy) se yons siaau pue seuen)se Jofew sepnjou (\O4) men-jo-piay uyiim abeianoo Ejseo) ,
‘(seseas|p 8woq-18]EM ‘UOHESIDE) |B)SE0D ‘SBusysy ‘Kue|d Jsjem ‘Ajenb Jsjem ‘sgyH) sewsuyy uonedldde pue senjuoud suonesdde pue souss (G-3 ‘¢-3) Juepodw pue (-0 ‘g-0) uepodwi Aea (g-3 ‘Z-3 ‘1-3) uepodwn
j1sow (£10Z S¥S3) feauing |[epedag eousiog ype3 DUN ey yim ubife pue (dS00) ueld eausiog 8pAD uoqre) "g'n pue (8g0) Juswnaog Buluue|d peoueApy 890 SNYSYN O} 8|qEs0Es aJe suolsanD 8ousidg 3dvD-039

"UOISIO8p SNOWOUONE PJE0G-UO J0j [ 018 'SJ09) S10SUaS Jayjo WoJ) PEOjUMOp

r "UOHEDYIPIOE UESD0 PUE ‘$8U0Z Wnwiuiw usbixo)

‘swoolq |[ebje jnjuuey jo uogebpiw pue ‘Auenb Jsjem
30 uonosjoud ‘(y3)) uswssassy wayshsoo] pejeibaju|

Wwu L9l ? 0521 "020} spueq

HO4 uypm

slajem ueado uadQ ‘¢
Jajem Jo saipoq pue|ul

abue| pue [e1seo2 JaYlQ 7
SEIT

[e}seo) "S'N 0 Aemng 7|

ploysaiy]e

:Qjuiond Bujuuesg

w3 00S ulw aulaseq «
Wy G/E Ulw pjoysaiyy «
UB820 0} }SE0D WO YIPIm
:,0b6eiano) eJseo0n

M.SE 01 M.SSL
'S.09 01 N.09
S|eA@U}9Y JOJ0D)
ueesQ Joj piebay jo pjoi4

W Qo0Ls :ueadQ uadQ

W QpZs ‘|eiseod auljaseq «
W Qo0Ls :ueadQ uadQ

WG /s [|ejSeod pjoysaiyyl «
(apeu)

@suejs|qg 9jdwes punoio
SINOY £5 (8UIlaseq e

MO+ J0jO2 UB3I0 UIYIM
Jajem Jo salpoq puejur
abe| pue jejseod 18yi0
Aepjsueas

£ I1SY aidiynw :aulaseq «
Aep/sueas

£1SY L2 pjoysaiyl (1S¥)
jsasajuy [e1nads jo suoibay
inoy |5 aullaseq e

SINOY 75 :ploysaiy] «

8N [ejseon Asung

noy G'0s aulaseg

Inoy | s pjoysaiy] «
:Sjuang pajebiey

gouaosalony |ifydolojyo
'y sjuenyisuos Buuayeds

‘ujbiew
|EWSUNUOD BJEp 9)I||9)ES awi] -|eay JeaN :Ajuo auijaseg @|npo peojhed Juabijjaju]
m:-!%cﬁ»ﬁ co_m_uwhn_ Jujawolpel 11qJo-uo UP::UO‘_ aul aAaIYdY tuonezuajoeieyd youne-aid
SUINOW Jaal wouy| UIW/fzuy 000°0G2 aul@seg :000'GZ2 p|ousaly] ewp yun Jod ease O:_chow
s@asuel 3dyd|  sieah G (|eoo) ‘sueak ¢ (ploysaly] :ewpeyl| uoissiy
S.mom_o w_mu_ﬁw awnay| uoissiw ybnoiu) %4605 -eulaseq «
SUBLBMEREW awnay| uoissiw ybnosy %15 :ploysay] .
piay Aausnbayy, IUOIS|20.d JUjaWOIpRY aAne|ay
E.Jd.ﬂﬁuww 9,0’ > ‘euljaseq '%Z> ‘PjOYsaly] 'Suag uopezue|od
UOREPIIEA Allep :aui@seg :auou :pjoysaiyl Jejos e
d >_5COE wnwiulw ‘auljaseg g pjoysaijyl Jeun’ e
i scmem :uopeiqied pJeog-ug
wbiay anep (£1) xewr je (s)Aesse s0j0930p Bupeinjes-uoN
8uoz 915802 fyiqedes Buibew! SN .61 PUB A3 .8°0Z SIP INd
u ] Ibew! !
oy :pseboy Jo pjaid
_ Buozy o401> 9%05> “Z5UCOBY UOIED0I085)
[E1se0a ,__sﬂ H AT %5Z> 501 Anigess Buguiod
:.”a_mohe %SZ> %00L> S0 Aoein2oy Buguioy
jososzy (01| %0L> %06> SO 2bpamouy Buguiog
Sjuaun? |BISE02 | auyeseq | ploysadyy | (19xid npeu jo 3;,) 10113 Bupuiog
20 3 epiL (6)
uonenuR | (o) 0012 10922 ‘(S52) 0RL= ‘5191 (52) 0512 5191
e Mww (0) 052= 10521 {0£) 00Z= 052+
Z00d eagimy (3) (52) 00E= 0L (0¥) 0522 10701
oW (SH (ov) 0022 :598 ‘(51) 00v= :0z8| (Ov) 0092 598 :(51) 00Z= 028
=08 AN (1) (01) 0042 109024 (01) 0092 :092-024
¥vd (£) (01) 00Z1Z :0ZL-009 (01) 00B= :0ZL-009
i Mw (01) 00512 :009-00F (01) 0001= :009-00F
sjuswainbay (01)00Z 12 :00-09% (SL) ODOLZ 0009
2uspPs (G1) 005= :09E-OVE (51) 00E= :09E-05¢
.__”ﬁw umw m€ (Mm8) UNS suljeseg (M8) ¥NS ploysaiyL
wuneiaid g (o) (vzs .02)dA7 18 (MNS) oney esioN-oy-eubis
i Sﬁw._n_“u ‘epep |eapads | (52) 0922 (S2) 5191 (52) 5191 ‘(0€)
5 uogeiquea| PUE EEP Eneds| (og) osz) (S2) 8e0L|  o0szl ‘(ov) 0zob
snouealp (5) woeuhwcﬁ (wu WHML) uonnjosay JIMS
somoeo| 1 cron) sbeiois| 65 /525 wIN-0SY] 04 /015 MIN-0ZL
soeuns (h)| oo uﬂﬁﬂu 52705 /SZ'05 “0S¥-00¥| 015 /S5 :02.-00%
puim o] "5 tewsunuos| 015 1 525 :001-0vE 545 1 045 00¥-0SE
ayoan Y
Mh_nocﬂ-o,h%ﬁ;% SI918M |BI1SE0D (wu) aujjeseg | (wu) pjoysaayy
uozo uwne) (1)| 17 SUOREREEERL cuonnjosey / Bundwes jenoeds
a.u.:o.._...ﬁuwnu A.._«J.WE&.E__%& Wwu 092z ® G191 '05Z1L ‘2€0l spueq
suonensesao] *\ morbun | HIMS b WU 000L-0bE -euleseq «

» Buigosqe Bunesedas Joy

:uopnjosey jesodway | |

10} paJinbay se Yyons ‘UBSD0 |BJSEOD B UO LONELLIOJUI
panosdwi ypm suoisinep juswsabeuew soueyus o} (g)

14 L pue ‘sBueyd ejewip
PUE SPIEZEY ‘saxnyj paausp-awoque ‘abueys asn
pue| ‘ebieyosip Jeau 0} sepafo [eanusyooaboiq pue
swe)sAsoos |Byseod Jo sesuodsas ey Ayuenb o (Z)

‘asaydsoune sy} 0} UOGQUED

JO SYUIS JO S80IN0S BJE SWe}sAS008 [BJSE0D JBLSYM)
suusep pue spebpng uoqued |Bjseoo aausp o} ()
BJEP 8)I]|8)ES JBY}0 PUE S|8POW ‘SJUBLUBINSESL
piay ypm pejesbajul 8q |IM suoqemssqo 34vYD-039

o

‘suoqedosphy peausp-wnajonad pue
sgvH Buipnjoul spsezey yoes pue Anuenb Josieq (8)

‘uognquisip|
ez1s a|oiped pue ssuepunge aped Buipnpu
sonsusjoeleyo spiped ueado saddn ajewns3 (p)

-N ‘uondiosqe NOQD ‘smuiep pue uopjueidojiyd
ﬁl._-u sapiued jo Buusepess pue uondiosqe swWe)sAsoos)
|EjsE00 Jo seipadosd |eando Jusiayul auyy sunsesyy (o)

HN 4 = “Bousosalony
|IAYdoo|yd pue ‘uonesbiw |eauen ‘s|spow |eando-oiq
Buisn Ayanonpaud fuewud Ajep *((sgyH) swoolg |ebly
InjuwseH Awouoxe)azis) sdnoib jeuogouny ‘syuswbid
‘ssewolq semuadosd uopjueidojiyd Auenp (q)

IE Japew ouebio pasjossip jo

uofepixo [eswsyaojoyd pue ‘uonendsal ‘uononposd
Apunwwoo jeu ‘ebueyoxe 2D ees-ue ‘uononposd
Hodxa Se Yons SjusWwaINSEaW S)B1 Paje|S) pue
sjood uoqied sjenoiped pue pasjossip Apuenp (e)
:BPNOW S8poW Yjoq Jof SeA2elqo Jusweinseayy

|ea1Bojoiq jo sajes ey Buissasse ‘sjuanygsuco)
ueaso Jaddn uo Aj|IqEUEA [BLINP JO Sj0BYS

ey Bunenjeas Guipnjow sjusas aiposide Bunuesqo)
104 Budwes fousnbey-ybiy ‘peysbie; (Z) pue
‘se|eas |eneds sjeudosdde je sasseocoid uesso-uado
o} sabeyul| uypwm suoibas ado|s pue yjays |ejusuguod
PUE SULENSE JOj SPJEZEY PUE SJUBWIBINSESW

8)eJ ‘sjuansuco Jo ApjIgeLIEA [ENUURISIUL

0} [BWNIp JO uohENn|eAs Joy spow Laans (1)
:pafojdws aq |im sapow |euonesado)
fieyuswsedwos om] “sjueinjod pue spood uoqed

"SpJEZEY |E}SE0D PUE S8558004d|

(o'e1-3 SYS3 ¥ g90) Louoz
|eyseoa ay) jo ABojoaa pue
ABojoiq ayy 1oedw syejqey
Jo suopesdyje pue ‘sbBuipeo|
JUBUIWEIUOD ‘spiezey
21posida op MoH .

(‘eg-3SvS3 L SO0
291 990) iswayshsoda
ueaso uado pue |e}seod

Jo Aysiweyosoabolq pue
AB0j02a ay) }20)e SEOUBD|OA
® SWJI0)S ISNp ‘sauy

SB yons sjuane aiposida pue
5oj ‘uopeydioaid wouy saxny

(e-0

0'q'BL-3 SYSI '€ ¥ L 500
‘£%2Z°1L8g90) ¢lunqeuea
ajew | jo syoedw

|euoibaus 03 je20o] Buipnjoul
‘Bujaao} ojuabodosyjue pue
|eanjeu o} ajejas sebueyd
asay) op moy pue ‘Bujbueys
swe)sAso2e |e)seod jo
Ayisianipoiq pue Ayaponpoad
oy} 9Je MoH .

(as-3 ‘ap-3 ‘eg-3 'qz-3
SVYS3I'ERLdSO0Z% L
g990) isaiweulp woayshsodre

pue Ansjwaysocaboiq

ueaso uado pue

|ejseo2 asuanpyu; sebueyosxe
L2NsS Op MOY pue ‘paysiajem
ay) ulypm sebueyo

0} paje|al @2euajul Ueado
-puej ayj ssoioe sabueyoxe

(-0 'a'eL-3 S¥S3 !} 890)
Zsolweulp weysAsooe pue
|esjwayooebolq ‘|eaisAyd
ajeas Jabie| @duanyu;

PUE Y}Im J2RI9JU] Sessadoad

paauep-auloqiie op MoH E_

spiezeH
R SJUBA3]
Jiposid3

saxn|4
paAuaq
-auloquly
1o sjoeduwi

Aianoy
uewnH
» abueyn

ajew||D wouy

sjoedw)

:A)isianpolg

pue
Aanonpoud

(ueaso uado
-Uealo |eJseod
-fienysa
-13Al-puel)
abueyoxg

U] SUOIJELIBA 248 MOH n_ uead’p-pue’]

8102 '4snbny 22 - 0'G UoIsJ2A TYNI

JALLS SUE390 ddVI-0dD)

. | : BJ} PUE ‘SBIPPS PUE ‘SjU0J) [B}SEOD ‘S8pY ‘S8558004d|
.m.wooe._u.wfo hﬁ__wﬁ e gw:%w HIMS € ‘WU 006-0SE PloysaiyLe | HIN ® 2IqISIA ‘AN-Jeau ay) BI0US-JBSU BA|0S8S 0} $3|E2S [EEds pue [eodws), uees0 uedo pue jeyseos| SISS3I0Ud
eep ousydsweH|  Aieuopeisosn |enoadsiadAy :eBuey jenoeds | ul seoueipes Buinea)-Jajep, @, 1URWNS JE suoiBa) [elSE0D BAIBSQO |4 IJVD-03D Wwiaj-Joys op MoH E._ wiaj-Joys
walinbay Oz
‘waJsnbay sjuawalinbay sjuswaiinbay |: 7% suonsanp sN204
ejeq : a29 yoeouddy 2
Kejiouy uojeld juswinajsuj juswainsed|N |sis 22UldIdsS JULBI2S




Air quality & Ocean color from space: 2018 Final Report
Appendix C: Atmospheric Composition STM, SVM, and AVM

C. Atmospheric Composition STM, SVM, and AVM

This addendum to the 2015 report includes only content that has changed since the 2015 report.
The 2015 report is available at:

https:/ /geo-cape.larc.nasa.gov/pdf/ GEO-CAPE _2009-2015 SummativeWhitePaper.pdf

No changes to Appendix C.
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D. POINTING STUDIES

This addendum to the 2015 report includes only content that has changed since the 2015 report.
The 2015 report is available at:

https:/ /geo-cape.larc.nasa.gcov/pdf/ GEO-CAPE_2009-2015 SummativeWhitePaper.pdf

No changes to Appendix D.
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E. GEO-CAPE STUDY TEAM MEMBERSHIP

The GEO-CAPE mission concept matured greatly between 2007 and 2018 because outstanding
people engaged in the planning, discussion, and work of the mission study. The list of
participants evolved over the years, and a sincere effort has been made to identify all
contributors in order to recognize the value of their time. The authors extend apologies to
anyone who may have inadvertently been left out, although their talent is certainly reflected in
GEO-CAPE accomplishments. NASA ARC, GSFC, JPL, and LaRC collaborated on the pre-
formulation of the GEO-CAPE mission. Inter-Agency partners EPA and NOAA engaged with
NASA and made significant contributions to the definition of GEO-CAPE. Study team members
from the National Center for Atmospheric Research, the Monterey Bay Aquarium Research
Institute, and the Woods Hole Oceanographic Institution advanced the science of GEO-CAPE
along with Study Team members from over 20 universities.

Lead Authors for this Addendum

Jay Al-Saadi, NASA Headquarters & NASA Langley Research Center
Mian Chin, NASA Goddard Space Flight Center

Arlindo da Silva, NASA Goddard Space Flight Center

David Edwards, National Center for Atmospheric Research
Greg Frost, National Oceanic and Atmospheric Administration
Daven Henze, University of Colorado, Boulder

Laura Iraci, NASA Ames Research Center

Daniel Jacob, Harvard University

Antonio Mannino, NASA Goddard Space Flight Center

Vijay Natraj, NASA Jet propulsion Laboratory

Brad Pierce, National Oceanic and Atmospheric Administration
Joe Salisbury, University of New Hampshire

Jun Wang, University of lowa
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OCEAN COLOR SCIENCE WORKING GROUP

Steve Ackleson, Naval Research Lab, D.C.

Ruhul Amin, NRL Stennis

Bob Arnone, U Southern Mississippi

Barney Balch, Bigelow Laboratory

Paula Bontempi, NASA HQ

Janet Campbell, U New Hampshire

Francisco Chavez, MBARI

Paula Coble, U South Florida

Javier Concha, USRA GESTAR / NASA GSFC

Curt Davis, Oregon State U

Carlos Del Castillo, NASA GSFC/Johns Hopkins U
Paul DiGiacomo, NOAA

Angela Erb, UMass Boston

Charles Gatebe, USRA/GSFC

Joachim Goes, LDEO/Columbia U

Jay Herman, U Maryland / NASA GSFC

Chuanmin Hu, U South Florida

Laura Iraci, NASA ARC

Carolyn Jordan, U New Hampshire / NAI / NASA LaRC
Kirk Knobelpiesse, NASA ARC / NASA GSFC
Samuel Laney, WHOI

Zhongping Lee, UMass Boston/ Mississippi State U
Steve Lohrenz, UMass Dartmouth/ U Southern Miss.
Ramon Lopez-Rosado, East Carolina U

Laura Lorenzoni, NASA HQ

Antonio Mannino, NASA GSFC

Patty Matrai, Bigelow Laboratory

Chuck McClain, NASA GSFC

Rick Miller, East Carolina U

John Moisan, NASA GSFC

Ru Morrison, NERACOOS

Wesley Moses, Naval Research Lab, D.C.
Colleen Mouw, U Rhode Island

Frank Muller-Karger, U South Florida

Chris Osburn, NC State U

Michael Ondrusek, NOAA/NESDIS/STAR
Nima Pahlevan, SSAl / GSFC
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Crystal Schaaf, UMass Boston

Blake Schaeffer, US EPA

Heidi Sosik, WHOI

Knute Stamnes, Stevens Institute of Technology
Rick Stumpf, NOAA
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Gerardo Toro-Farmer, U South Florida
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Maria Tzortziou, CCNY / U Maryland / GSFC
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Menghua Wang, NOAA
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Cara Wilson, NOAA
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