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The PACE mission represents NASA’s next investment in ocean color, cloud, and aerosol data records to
enable continued and advanced insight into oceanographic and atmospheric responses to Earth’s changing
climate.

The Plankton, Aerosol, Cloud, ocean Ecosystem (PACE; https://pace.gsfc.nasa.gov) mission represents the
National Aeronautics and Space Administration’s (NASA) next advance in satellite ocean color and polarimetry for
the combined study of Earth’s ocean—atmosphere—land system. Its multi-disciplinary observations will serve the
oceanographic, atmospheric, and terrestrial science communities, building upon a recognition that significant
synergies exist between measurement requirements for atmospheric and aquatic ecosystem remote sensing retrievals
of geophysical properties. PACE observations will enable continuation of climate research-quality long-term data
records established by a diversity of heritage U.S. and international Earth-observing satellite missions. The
underlying motivation for the mission, however, has long been to provide advanced observational capabilities
enabling a leap forward in Earth system understanding (“Core science objectives, questions, and applications”
sidebar).

One central objective of the PACE mission is to gain new insights on aquatic ecology and biogeochemistry and
their sensitivity to environmental change. Global satellite measurements of passive water-leaving reflectances (i.e.,
“ocean color”) began with the Coastal Zone Color Scanner (CZCS; 1978— 86) and have been continued by the Sea-
Viewing Wide Field-of-View Sensor (SeaWiFS; 1997-2010), the Moderate Resolution Imaging Spectroradiometers
(MODIS) on board Terra (1999—present) and Aqua (2002—present), Medium Resolution Imaging Spectrometer
(MERIS; 2002-12), the Visible Infrared Imaging Radiometer Suite (VIIRS) on board Suomi National Polar-
Orbiting Partnership (Suomi NPP; 2012—present) and National Oceanic and Atmospheric Administration (NOAA)-
20 (2017—present), the Ocean and Land Colour Instrument (OLCI) on board Sentinel-3A (2016-present) and
Sentinel- 3B (2018-present), and the Second-Generation Global Imager (SGLI; 2017—present). These missions
provided a desperately needed wide-angle lens for observing what had previously been the grossly undersampled
ocean ecosystems of Earth (Fig. 1). The resultant satellite era in oceanography revolutionized our understanding of
aquatic systems, their crucial role to this living planet, and their sensitivity to climate variability (McClain 2009;
National Research Council 2011; Siegel et al. 2004a,b; Zibordi et al. 2014). Even with these major achievements
(and also because of them), however, the oceanographic community recognized the need for enhanced measurement
capabilities to address issues of global phytoplankton physiology, ecosystem and habitat health, and carbon fluxes
(ACE Ocean Working Group 2018).

Another driving objective of the PACE mission is the retrieval of heritage and advanced atmospheric data
products, with an eye on reducing uncertainties in global climate models and improving our interdisciplinary
understanding of the ocean—atmosphere system. As with ocean satellite remote sensing, heritage satellite
radiometers [those listed above, as well as the Multiangle Imaging SpectroRadiometer (MISR; 1999—present), the
Polarization and Directionality of the Earth’s Reflectances (POLDER) instrument on board Polarization and
Anisotropy of Reflectances for Atmospheric Sciences Coupled with Observations from a Lidar (PARASOL; 2004—
13), and others] revolutionized our understanding of the atmosphere (Fig. 1). For example, the characterization of
atmospheric aerosols on global scales enabled visualization of Earth’s aerosol system and estimation of climate-
scale aerosol radiative effects (e.g., Kaufman et al. 2002; Yu et al. 2006), while also providing critical data for air
quality monitoring (Al-Saadi et al. 2005; Hoff and Christopher 2009). Characterization of cloud properties enabled
generation of global-scale cloud parameter statistics and insights into climate-relevant cloud processes from aerosol—
cloud interactions (Costantino and Breon 2010; Kaufman et al. 2005; Yuan et al. 2016). Despite these substantial
achievements, significant advances in measurement capabilities are needed to better constrain aerosol and cloud
properties and improve our understanding of effective radiative forcing (National Research Council 2007).

The PACE observatory includes three science instruments, the combination of which advances far beyond the
heritage measurement capabilities previously described. The primary Ocean Color Instrument (OCI) consists of two
spectrometers that continuously span the ultraviolet to orange and orange to near-infrared spectral regions.
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Additional detectors will collect measurements at seven discrete shortwave-infrared (SWIR) bands, six of which are
at similar wavelengths to those on heritage missions to support both atmospheric and ocean color applications.
Importantly, the two longest bands (2,130 nm as on MODIS and 2,260 nm as on VIIRS) will facilitate new
observations of cloud properties (Coddington et al. 2017). The PACE observatory also includes two small
multiangle polarimeters with spectral ranges that span the visible to near-infrared (NIR) region. Scheduled for
launch in late 2022 to early 2023, this advanced suite of instruments will enable new insights into oceanographic and
atmospheric responses to Earth’s changing climate. The PACE mission will provide previously unavailable
information for the management of fisheries, large freshwater bodies, and water and air quality. PACE’s
hyperspectral observations will also provide valuable information on the radiative properties of land surfaces and on
characterization of vegetation and soils that complement Landsat’s narrow-swath and high-spatial-resolution data.
Here, we provide a brief history of the science communities’ efforts leading to the PACE mission, an overview of
the science objectives that defined mission observational requirements, a description of the PACE observatory and
postlaunch data processing strategy, and a brief overview of programmatic aspects of the mission.

Fig. 1. Example global imagery from MODIS Aqua, representing several data products to be produced by PACE’s
ocean color instrument: (a) true color from 10 Jan 2019, (b) average concentrations of chlorophyll-a for Jan 2019, (c)
average aerosol optical depth for Jan 2019, and (d) average cloud optical depth for Jan 2019. Data acquiredfrom
NASA Earth Observations (https://neo.sci.gsfc.nasa.gov).

CORE SCIENCE OBJECTIVES, QUESTIONS, AND APPLICATIONS
PACE’s core objectives, questions, and applications dictated mission requirements that shaped the Ocean Color
Instrument design and resulted in the inclusion of multiangle polarimetry on the observatory. Mission science
objectives evolved from the ACE experience through the Science Definition Team (SDT):

1) extend key systematic ocean biological, ecological, and biogeochemical climate data records and
cloud and aerosol climate data records;

2) make new global measurements of ocean color to improve our understanding of the carbon cycle

and ocean ecosystem responses to a changing climate;

3) collect global observations of aerosol and cloud properties, focusing on reducing the largest
uncertainties in climate and radiative forcing models of the Earth system; and

4) improve our understanding of how aerosols influence ocean biogeochemical cycles and

ecosystems and how ocean biological and photochemical processes affect the atmosphere.

The SDT translated these objectives into questions to be addressed, which we paraphrase as follows:
1) How is Earth changing and what are the consequences for our living resources and food webs,
such as phytoplankton? What is the concentration and composition of phytoplankton in the ocean and how
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productive are oceanic ecosystems? How are biological, geological, and chemical components of our ocean
changing and why? What are the distributions of harmful and beneficial algal blooms and how are they related
to environmental forces?

2) What are the long-term changes in aerosol and cloud properties that PACE can continue to reveal?
How do clouds affect aerosol properties in regions near cloud boundaries? What are the magnitudes and trends
of direct aerosol radiative forcing, including its anthropogenic component? How are these properties
correlated with variations in interannual climate oscillations?

3) How do atmospheric aerosols influence ocean ecosystems and cycling of matter in our ocean?
How do ocean processes affect our atmosphere? How do such changes influence the Earth system?
4) What materials are exchanged between the land and ocean? How do these exchanges affect life on

our coasts? How do human activities affect ocean ecosystems and services and how do changes in these affect
people’s health and welfare?

Simultaneously, key applications and societal benefits to be realized by PACE emerged. Its aerosol
products will support air quality forecasts to aid in issuing human health advisories. Expanding our
understanding of radiative forcing effects of clouds and aerosols will improve parameterization of climate
models to aid policymakers with decisions related to climate change issues. PACE ocean products will provide
insight into aquatic ecosystem health, water quality and related human health issues, and ecological
forecasting of marine resources including fisheries. Measurements of phytoplankton biomass, composition,
and production will benefit ecosystem-based models, which aid in managing fisheries. Coastal resource
managers and policymakers will gain access to data products that inform on water clarity, nutrient loading,
and detection and identification of harmful algal blooms (HABs) that can harm humans through the
consumption of contaminated seafood and inhalation of toxins. Knowledge of the presence of HABs allow
local, state, and federal officials to close fishing grounds and beaches to mitigate harm to humans.

REALIZING PACE: A BRIEF HISTORY. Heritage satellite ocean color sensors typically collect(ed)
measurements over a limited set of broad visible (e.g., 10-20 nm) and NIR (e.g., 20-40 nm) bands, where the visible
bands provide information on ocean properties and the NIR bands enable atmospheric correction (Maobley et al.
2016). For the U.S. ocean color sensors, the number of visible bands increased from CZCS to SeaWiFS to MODIS,
then decreased with VIIRS, most notably in the spectral range required to detect chlorophyll fluorescence (Fig. 2).
Over the same time period, scientific applications and approaches for extracting important information from ocean
color data increased exponentially. The community began recognizing the growing contrast between science and
measurement capabilities following the launch of SeaWiFS. Accordingly, NASA and members of the remote
sensing oceanographic community began a discussion in 2000 to define observational capabilities for a future
satellite mission that would meet growing needs for scientific discovery (McClain et al. 2002). These desired
capabilities increased over time to eventually become what is now the PACE mission.

The first iteration of an advanced mission concept envisioned a single ocean color radiometer, most easily
described as an enhanced SeaWiFS with additional wavelengths. This evolved into a second mission concept that
paired the improved ocean color radiometer with atmosphere and ocean measurements from a satellite lidar. This
subsequent concept, the Physiology and Lidar Mission (PhyLM), included multiple instrument and mission design
studies conducted at the NASA Goddard Space Flight Center (GSFC). The addition of a lidar created a mission that
benefitted both atmospheric and ocean sciences, including, for the latter community, improved skill in atmospheric
correction and new information on subsurface vertical structure in plankton properties. Lidar measurements,
however, do not provide spatial coverage comparable to a wide-swath ocean color sensor. To address this, the
PhyLM concept expanded to include atmospheric (and some aquatic) retrievals from a polarimeter, resulting in the
three-instrument Ocean Carbon, Ecosystem, and Nearshore (OCEaNS) mission concept. As this concept evolved,
the number of desired wavelengths increased to facilitate emerging methods for determining ocean ecosystem
community composition, which led to a new requirement for hyperspectral imaging (allowing for, e.g., derivative



analyses that evaluate varying spectral properties of photosynthetic pigment absorption). Following additional
design studies at GSFC, the OCEaNS concept was submitted as a white paper to the National Research Council
Decadal Survey. The resulting Decadal Survey report ultimately recommended the four-instrument Aerosol, Cloud,
Ocean Ecosystems (ACE) mission, encompassing an ocean radiometer, aerosol lidar, polarimeter, and dual-
frequency cloud radar (i.e., OCEaNS plus a cloud radar; National Research Council 2007).
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Fig. 2. Spectral capabilities of several heritage satellite radiometers in comparison with PACE, highlighting
examples of associated data products that can be retrieved with such capabilities.

ACE mission formulation activities supported a number of instrument design and mission studies, as well as the
formation of working groups on oceans, aerosols, clouds, and ocean—atmosphere interactions—all tasked with
submitting white papers on discipline science objectives and measurement requirements (e.g., ACE Ocean Working
Group 2018). Over the course of ACE deliberations, a pre-ACE concept emerged where the two passive sensors (the
ocean radiometer and polarimeter) would be launched earlier than the active sensors (the lidar and radar). This
cadence allowed costs for the full ACE mission to be spread in time, with the more developmentally mature, longer-
lived passive sensors to be launched first, but still operating when the less mature, shorter-lived active sensors were
launched. In 2010, NASA released a climate initiative document (NASA 2010) that, among other recommendations,
called for a highly calibrated “ocean ecosystem spectroradiometer” co-manifested with a multispectral and
multiangle polarimeter. This announcement initialized the pre-ACE (conveniently shortened to PACE) mission and
resulted in the formation of the PACE SDT, which convened from 2011 to 2012 (PACE Science Definition Team
2018). The SDT encompassed ocean, aerosol, cloud, and land disciplines and produced a report that ultimately
codified the modern PACE mission science objectives. As will be elaborated upon later, NASA Headquarters
directed GFSC to execute the PACE mission in 2015, requiring development of an advanced ocean color radiometer
and encouraging acquisition of a multiangle polarimeter (Fig. 3). Fast forwarding to today, PACE represents a ~20-
yr effort to formulate and design a next-generation ocean—atmosphere mission.
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Fig. 3. The PACE observatory. Visible features of OCI (and spacecraft) identified in the main panel. The

direction of flight is into the page. Placement of the two multiangle polarimeters shown in the inset, with the
micrometeoroidorbital debris shield covering the propellant tank colored gold.

PACE SCIENCE. Oceans. Approximately half of the net photosynthetic production on Earth occurs in the ocean
(Behrenfeld et al. 2001; Field et al. 1998). Amazingly, only ~2% of the biosphere’s plant biomass (i.e.,
phytoplankton) achieves this massive f lux of carbon (i.e., the fixation of dissolved inorganic carbon into particulate
organic carbon). This apparent contradiction exists because of the extremely rapid turnover of phytoplankton to
other trophic levels. The entire global biomass of phytoplankton is produced and subsequently consumed every 2—6
days (Behrenfeld and Falkowski 1997). As a consequence, phytoplankton distributions rapidly register impacts of
environmental change compared to, for example, grasslands or forests. The remotely detectable optical signal of
phytoplankton, however, is very weak, even during periods of maximum abundance, and exacerbated by the fact
that phytoplankton live in a strongly absorbing medium (water). This makes remote sensing observations of aquatic
ecosystems among the most challenging in the Earth sciences. By contrast, the photosynthetic structures of
terrestrial plants are large, have a strong optical signal, and are located in a weakly absorbing media (air). Rising to
the challenge of global ocean remote sensing requires high precision instruments with high signal-to-noise
measurements and detailed knowledge of atmospheric contributions to the measured top-of-atmosphere radiances
(which are typically >90% of the measured signal).

Heritage ocean color radiometers were designed to retrieve bulk aquatic properties, for example, near-surface
concentrations of chlorophyll and submarine light attenuation. These properties drive first-order variations in the
spectral water-leaving reflectances calculated from the instrument-measured radiometry. The goals and approaches
for heritage ocean color remote sensing have since been supplanted by far more ambitious science. Traditional
algorithms to retrieve most bulk aquatic properties relate ratios of measured signals at two or more wave bands to
the geophysical product of interest, an approach that mitigates some error in the radio-metric calibration (e.g.,
O’Reilly et al. 1998). More contemporary algorithms, however, adopt spectral matching methods to simultaneously
derive aquatic optical properties for multiple, independently varying aquatic properties, such as spectral absorption
of phytoplankton pigments and colored dissolved organic material (CDOM) and spectral backscattering by particles
(Garver and Siegel 1997; Roesler and Perry 1995; Werdell et al. 2018; and references therein). This is typically
accomplished by assuming spectral shape functions for all aquatic constituent absorption and scattering components
and using linear or nonlinear inversion methods to retrieve the magnitudes of each constituent required to match the
spectral distribution of the water-leaving reflectance signal. Such spectral matching approaches remain, by default,
sensitive to radiometric retrieval errors, as these errors are not mitigated through the use of ratios. Therefore,
achieving PACE ocean science goals increases the demands on algorithm performance and, thus, the required
accuracies of its derived water-leaving reflectances.

Analyses of heritage ocean color data records revealed that the interpretation of variations in bulk properties
relies heavily on their more detailed underlying causes. Understanding these causative factors requires additional
information, the acquisition of which provides a main driver in defining the measurement capabilities of PACE. For



example, current ocean color records indicate that decreases in chlorophyll-a concentrations follow increases in
ocean temperatures (e.g., Behrenfeld et al. 2006; Signorini et al. 2015). The meaning of these changes for ocean
ecosystems, biogeochemistry, and human health and services, however, is not straightforward because changes in
chlorophyll a can result from multiple factors that have different (and, in fact, opposite) implications. If decreases in
phytoplankton biomass or increased nutrient stress cause a decrease in chlorophyll a, for example, then this decrease
is associated with a reduction in photosynthesis and productivity. If increases in light caused by a (temperature
related) shallowing of the surface mixed layer result in a decrease in chlorophyll a, however, then this decrease is
associated with an elevation of photosynthesis and productivity. Deciphering these different effects can be
accomplished by separately retrieving phytoplankton carbon and chlorophyll-a concentrations, then evaluating
changes in chlorophyll-to-carbon ratios (Behrenfeld et al. 2016). This ratio, however, removes the first-order source
of variability in ocean color data records (i.e., variations in biomass) and, thus, requires accurate retrieval of second-
order factors that contain critical ecological information of interest. Retrieval of such factors, such as plankton
community composition, places additional demands on the accuracy of PACE water-leaving reflectances and
derived biogeochemical data products.

Phytoplankton community structure influences fisheries production, human health (e.g., as in the case of harmful
or toxic algal blooms), and the efficiency of carbon and nutrient cycling (International Ocean-Colour Coordinating
Group 2008, 2014) and, as such, understanding how phytoplankton communities change can be equally, if not more,
important than how total chlorophyll-a or carbon stocks change. Remote sensing methods for identifying different
phytoplankton groups exist (Bracher et al. 2017; Mouw et al. 2017), but again, these algorithms rely on accurate
retrieval of second-order factors that influence ocean color, with the more advanced approaches also requiring
hyperspectral measurements of at least 5-nm resolution (Lee et al. 2007; Vandermeulen et al. 2017; Fig. 2).
Increased spectral resolution in the visible region greatly benefits both characterization of spectral phytoplankton
pigment absorption, which is thought to be critical to improve estimates of net primary production (NPP), and
spectral particulate backscattering, which offers new information on plankton size composition and metrics for the
assessment of carbon stocks (Bracher et al. 2009; Catlett and Siegel 2018; Lubac et al. 2008; Torrecilla et al. 2011).
Furthermore, accurate radiometric retrievals across the chlorophyll fluorescence region are essential to understand
the various types of nutrient stress in global ocean phytoplankton, to provide an alternative assessment of
phytoplankton pigments in optically complex waters, and to resume the chlorophyll fluorescence record initiated by
MODIS. These critical scientific considerations all contribute to PACE observational requirements.

In addition to a hyperspectral capability, PACE objectives include the collection of ocean color-quality
radiometric measurements in the ultraviolet (UV) region. Water-leaving reflectances from ~350 to 400 nm provide
crucial (and currently missing) information for both accurately separating phytoplankton pigment absorption from
CDOM absorption and for assessing the spectral slope of CDOM absorption, which can be related to its terrestrial
and aquatic sources (Siegel et al. 2005, 2002). To put the importance of this separation into perspective, current

assessments of global ocean annual NPP can differ by >15 Pg C yr*1 when based on chlorophyll data derived from
algorithms with different approaches to treating CDOM absorption (ACE Ocean Working Group 2018).
Recognizing that total annual ocean production approaches 50 Pg C yr-1, this CDOM-based uncertainty remains a
major concern. UV measurements also provide critical input for the estimation of Raman scattering contributions to
water-leaving reflectances and their subsequent removal in bio-optical models (e.g., McKinna et al. 2016).
Furthermore, UV measurements provide additional information to improve upon heritage atmospheric correction
processes. First, they will support development of improved absorbing aerosol identification methods. Without data
from this spectral region, heritage instruments suffer from an inability to retrieve accurate water-leaving reflectances
in geographic regions dominated by urban aerosols and dust (e.g., Gordon et al. 1997; Nobileau and Antoine 2005).
In addition, UV water-leaving reflectances in productive waters generally fall near zero, providing potential
additional constraints on the slope of the aerosol reflectance spectrum selected from the NIR and SWIR bands
(Mobley et al. 2016).

Aerosols and clouds. The largest contributions of uncertainty to our understanding of Earth’s climate are due to
atmospheric aerosols, clouds, and the strong interactions between the two that have significant impacts on the



distributions of radiative and latent heating of the atmosphere. Furthermore, the spatial and temporal distributions of
aerosols and clouds are far more variable than that of greenhouse gases. Satellite-based remote sensing has therefore
become an invaluable source of information about aerosols and clouds (Boucher et al. 2013). The total effective
radiative forcing due to aerosols and their interactions with clouds (allowing for rapid adjustments to such forcing)

are estimated with medium confidence to be -0.9 W mfz, with an uncertainty estimate from —-1.9 to -0.1 W m—2
(Boucher et al. 2013). Thus, considerable uncertainty remains, which can be addressed with remote sensing
measurements of improved accuracy and completeness (Mishchenko et al. 2004). In addition, long-term
observations are critical for identifying climate-relevant trends (Mishchenko et al. 2007a), and, as such, heritage
instruments with consistent capabilities are of particular value because they allow data records of adequate longevity
to be acquired.

In recognition of this, the National Research Council Decadal Survey (National Research Council 2007) and
NASA’s climate initiative document (NASA 2010) called for a continuation of heritage observations to detect long-
term trends, and the development of new remote sensing techniques with (passive) multiangle polarimeters and
(active) lidars. As previously mentioned, early incarnations of the PACE mission recommended colocating passive
instruments, such that the ocean color radiometer can continue heritage aerosol and cloud observations (such as
those produced by MODIS and VIIRS; e.g., Hsu et al. 2013; Remer et al. 2005), and a multiangle polarimeter can
provide a more accurate and complete understanding of aerosol and cloud states.

Aspects of a hyperspectral ocean color radiometer, as required for ocean remote sensing, offer promise for new
techniques beyond aerosol and cloud heritage capabilities. Hyperspectral sensitivity from the UV through the visible
spectrum will provide improved understanding of aerosol absorption and aerosols above clouds (de Graaf et al.
2007; Torres et al. 2007). This spectral range includes the O2 A band, which can be used to determine aerosol
extinction vertical profiles, and thus constrain heights of aerosol layers (Corradini and Cervino 2006; Davis and
Kalashnikova 2019; Dubuisson et al. 2009). New constraints on aerosol absorption and layer height are expected to
lead to narrowing uncertainties in estimates of aerosol radiative forcing. Hyperspectral measurements through the
02 A band also offer information on cloud-top height (Desmons et al. 2013; Kokhanovsky et al. 2019; VVanbauce et
al. 1998), which will be especially important for PACE, given that PACE does not collect measurements in the
thermal infrared, the heritage spectral range used to characterize cloud macrophysical properties. SWIR channels
will be used to continue characterization of cloud microphysical properties (e.g., Platnick et al. 2003), coarse-size
mode aerosols (Tanré et al. 1997), and stratospheric aerosols (Gao and Kaufman 1995), and also to provide new
methods of determining cloud thermodynamic phase (Coddington et al. 2017). Several papers summarizing the work
of the first PACE Science Team (see below), and relevant to this topic, are currently in review in a special issue of
Frontiers monographs (www.frontiersin.org
[research-topics/7637/).

Justification for the inclusion of multiangle polarimetry was in part based on the studies supporting the Aerosol
Polarimetry Sensor (APS) on the NASA Glory mission (Mishchenko et al. 2004, 2007b), which unfortunately failed
at launch in 2011. Regardless, remote sensing with orbital multiangle polarimeters, such as the POLDER mission
(Tanré et al. 1997), theoretical studies (Hasekamp and Landgraf 2007; Hasekamp et al. 2019; Knobelspiesse et al.
2012), and investigations with airborne prototypes (Cairns 2003; Cairns et al. 2003; Chowdhary et al. 2005; Gao et
al. 2018; Knobelspiesse et al. 2011; Stamnes et al. 2018; Waquet et al. 2009) have shown that such instruments are
capable of accurately retrieving aerosol micro-physical properties such as size distribution, refractive index,
absorption and morphology, which are important for identifying aerosol species and optical effects. Dubovik et al.
(2019) present a comprehensive and recent review of multiangle polarimeter aerosol remote sensing. Additionally,
these instruments have the capability to determine cloud optical properties in an entirely different, and therefore
complementary, manner than heritage bispectral ratio approaches (Alexandrov et al. 2012; Miller et al. 2018).

As with ocean satellite remote sensing, heritage satellite radiometers have revolutionized our understanding the
atmosphere. The ability to quantify atmospheric aerosol loading and characterize particle size, absorption (Torres et
al. 2007), shape, and type (Kahn and Gaitley 2015) has enabled visualization of the global aerosol system (Kaufman
et al. 2002), estimation of climate-scale aerosol radiative effects (Yu et al. 2006), and quantification of



intercontinental aerosol transport (Yu et al. 2013). These capabilities further provide a source of information for air
quality forecasting, mitigation, and policy (Al-Saadi et al. 2005; Hoff and Christopher 2009), and this will also be
the case for PACE (Omar et al. 2018). Satellite radiometers that encompass the visible and thermal parts of the
spectrum allow quantification of cloud microphysics, macrophysics, and cloud fraction (Frey et al. 2008; King et al.
2003; Platnick et al. 2003). This, in turn, has helped provide new understanding on the workings of the hydrological
cycle (Benedict and Randall 2007; Koren et al. 2012), global-scale cloud parameter statistics (King et al. 2013), and
insights into cloud processes from aerosol—cloud interaction to the climate scale (Kaufman et al. 2005; Meskhidze et
al. 2009; Yuan et al. 2016). These observations, and the subsequent analysis, are the heritage that PACE must
continue in the quest to identify long-term climate trends. Specific products are listed in Table 1, including spectral
aerosol optical depth (AOD) over land and oceans, fraction of the AOD from fine-size mode particles (an indicator
of aerosol size distribution), cloud-layer detection and thermodynamic phase identification, and the ability to
determine cloud-top height, optical thickness, and the droplet effective radius. Beyond heritage, the full suite of
aerosol optical properties (size distribution, refractive index, absorption) required for speciation and radiative
forcing estimates will necessitate multiangle polarimeters to provide the requisite observational information content
(PACE Science Team 2018). While data products from such instruments are not a requirement for the PACE
mission, the existence of such instruments presents an exciting opportunity for aerosol and cloud science.

Science data products and interdisciplinary science. Assimilating and summarizing all of the above, pursuing
PACE-era science objectives requires well-characterized, highly stable, and highly accurate passive hyperspectral
radiometry and multispectral, multiangle polarimetry that spans the UV-to-NIR spectral range and further includes
spectrally targeted broader-band measurements at longer NIR and SWIR wavelengths. These instruments must
perform over a wide dynamic range of signal to enable science encompassing dark (ocean) and bright (cloud)
science observables. While not listed in Table 1, PACE will produce a large suite of additional geophysical products
from ocean color radiometry including, but not limited to, spectral aquatic inherent optical properties (e.g.,
absorption and scattering coefficients of seawater and its particulate and dissolved constituents), phytoplankton
pigment concentrations, metrics related to phytoplankton physiology and carbon stocks, indices of absorbing
aerosols, water paths for liquid and ice clouds, and data products to support land and applications studies (e.g.,
PACE Science Definition Team 2018). With regards to the latter, OCI’s frequent, moderate-resolution,
hyperspectral observations will complement Landsat’s narrow-swath, high-spatial-resolution, broad-spectral-band
observations and also provide continuity with MODIS land products. It is expected that the mission will routinely
produce terrestrial science data products, with potential applications of OCI data encompassing identification of
structural and biochemical characteristics of plant canopies, evaluation of short-term and seasonal variations in
diagnostic species, functional groups, and ecosystems, and description of global spatial patterns in biodiversity and
ecosystem distributions. Inclusion of multiangle polarimetry on the observatory will enable production of additional
data products, such as aerosol and hydrosol refractive indices and cloud bows, that further facilitate coupled ocean—
atmosphere—land retrievals (e.g., PACE Science Team 2018).

Beyond the individual capabilities of any single instrument on the PACE observatory, the complement of
measurement capabilities as a whole offers new and unprecedented opportunities for novel and interdisciplinary
studies. Without question, OCI’s capabilities for atmospheric retrievals, as well as the addition of two polarimeters,
provides an additional wealth of information for use in ocean color atmospheric correction. And, the multiangle
polarimetric measurements will allow production of sophisticated atmospheric (e.g., Alexandrov et al. 2012;
Dubovik et al. 2019) and oceanic (e.g., Ibrahim et al. 2016; Loisel et al. 2008) science data products, as well as
enable new coupled radiative transfer approaches to be realized (e.g., Gao et al. 2018; Stamnes et al. 2018). More
broadly speaking, however, many core mission science objectives focus on the interaction of the atmosphere with
the ocean’s biological systems (“Core science objectives, questions, and applications” sidebar). In practice, the full
suite of aerosol, cloud, and ocean color science data products enabled by the full PACE observatory will offer an
extraordinary opportunity to improve our understanding of the interactions across and among atmospheric and
oceanic constituents at the air—sea interface (e.g., Neukermans et al. 2018). Through the improved characterization
and simultaneous collection of these derived products, PACE offers the chance to better reveal the distributions,
sources, and sinks of atmospheric and oceanic constituents and how they ultimately interact and influence processes



that govern Earth’s radiative balance, the uptake and release of carbon by the ocean, and the sustainability of critical
fisheries and aquatic ecosystems, to name only a few.

THE PACE OCI. OCI, the primary instrument in the PACE payload, is a hyperspectral imaging radiometer that
combines design elements from SeaWiFS, MODIS, and VIIRS (“The PACE observatory” side-bar; Fig. 3). Its
continuous coverage extends from 340 to 890 nm in the UV-to-NIR spectrum at 5-nm sampling and resolution and
additionally includes seven discrete bands between 940 and 2,260 nm in the SWIR spectrum (Table 2). Like
SeaWiFS, OCI will perform a tilt maneuver every orbit at approximately the subsolar point to avoid sun glint
reflected off the ocean looking 20° north (fore) in the Northern Hemisphere and 20° south (aft) in the Southern
Hemisphere, which maximizes the number of ocean science pixels retrieved (Fig. 4). As demonstrated by CZCS and
SeaWiFS, tilting the radiometer allows capture of ocean science pixels that would otherwise be unusable because of
sun glint contamination. The OCI telescope will scan from west to east at a rotation rate of 5.77 Hz, acquiring Earth
view data at a 1 km x 1 km ground sample footprint at nadir and an angular range of £56.5° for a ground swath
width of 2,663 km. The OCI fore optics design follows that of SeaWiFS, with a rotating telescope, a half-angle
mirror, and a transmissive depolarizer (rather than reflective one as with CZCS and SeaWiFS). Dichroics direct the
light to three different focal planes: 1) a blue spectrograph (340-605 nm; wavelength separation via grating and light
detection via CCD), 2) a red spectrograph (600-890 nm; same approach as the blue spectrograph), and 3) a SWIR
detection assembly (wavelength separation via dichroics and bandpass filters and light detection via photodiodes).
While OCI will deliver 5-nm-sampled data from the two spectrographs in its default operating mode, it includes the
capability for assembly of data at finer steps (e.g., 2.5 nm), albeit with the same 5-nm bandwidth (Table 2) and
increases in data volume. This capability may prove useful for limited studies of, for example, phytoplankton
physiology and atmospheric gasses. Between 2008 and 2014, GSFC built a fully functional, but limited
performance, test unit that included the fore optics and the two spectrographs (McClain et al. 2012). The SWIR
detection assembly uses a new approach that guides light to individual detection units (InGaAs and HgCdTe
photodiodes) through fiber optic cables. In summer 2019, a subset of SWIR bands and the red spectrograph will be
evaluated as part of engineering test unit development in preparation for the OCI critical design review. In summer
2020, the flight unit that includes all spectral channels will be built.

Table 1. Required science data products and their allowable uncertainties. Each uncertainty
is defined as the maximum of the absolute and relative values when both are provided and
for level-2 satellite data processing (geophysical values in the original satellite coordinate
system). The water-leaving reflectance requirements are defined for >50% of the
observable deepocean (depth > 1,000 m). The other requirements are defined for >65% of
the observable atmosphere.

Data product Uncertainty
Water-leaving reflectances from 350 to 400 nm 0.0057 or 20%
Water-leaving reflectances from 400 to 600 nm 0.0020 or 5%
Water-leaving reflectances from 600 to 710 nm 0.0007 or 10%
Total aerosol optical depth at 380 nm 0.06 or 40%
Total aerosol optical depth at 440, 500, 550, and 675 nm over land 0.06 or 20%
Total aerosol optical depth at 440, 500, 550, and 675 nm over oceans 0.04 or 15%
Fine mode fraction of aerosol optical depth over oceans at 550 nm +2500
Cloud-layer detection for optical depth < 0.3 40%
Cloud-top pressure of opaque (optical depth > 3) clouds 60 hPa

Optical thickness of liquid clouds 25%

Optical thickness of ice clouds 35%

Effective radius of liquid clouds 25%

Effective radius of ice clouds 35%

Also like SeaWiFS, OCI uses time-delay integration (TDI) to increase its signal-to-noise ratios. Its
instantaneous field of view is a rectangle sized 16 km x 1 km on the ground, with the long side of this rectangle in
the scan direction. The readout rate of the CCD is synchronized with the telescope rotation such that the radiance



froma 1 km x 1 km area is read successively 16 times (=16:1 TDI). Accordingly, the total signal from a single 1 km
x 1 km ground pixel increases 16-fold (compared to a single read)with a corresponding overall reduction in noise.
The same principle is used for the SWIR bands, but the TDI varies from 2:1 to 8:1 for these discretebands. SNR
requirements for OCI range from 400 to 1,700 for the UV-NIR hyperspectral bands and from 50 to 243 for the
SWIR bands (Fig. 5) across an assigned dynamic range of radiances to be observed (i.e., the lowest expected ocean
radiance to a maximum cloud radiance, defined as a Lambertian white cloud). OCI has 16-bit digitization to achieve
the required radiance resolutions. Radiances used to study phytoplankton fluorescence require high SNRs
(Behrenfeld et al. 2009), and, as such, the high end of the dynamic range for bands from 660 to 715 nm is reduced to
~40% of the maximum cloud radiance, which results in a boost in SNR for these wavelengths. The 1,038-nm band is
treated similarly to increase its SNR for use in ocean color atmospheric correction.

THE PACE OBSERVATORY
Describing the PACE observatory design in detail would require a volume of its own, but a brief overview
will provide some context of the capability for gathering OCI and polarimeter data. The observatory, OClI, and
data product requirements assigned to the mission by NASA Headquarters largely mimic recommendations of
the SDT. Required capabilities for multiangle polarimetry are not equally defined because this capability is not
formally a requirement of the mission. Key requirements related to OCI include

1) Earth surface spatial resolution of <1 + 0.1 km2 at nadir for all bands;

2) 2-day global coverage to solar and sensor zenith angles of 75° and 60°, respectively;

3) fore—aft instrument tilt to mitigate sun glint in the instrument field of view;

4) wavelengths from 340 to 890 nm at 5- + 1-nm resolution;

5) additional wavelengths centered on 940, 1,038, 1,250, 1,378, 1,615, 2,130, and 2,260 nm;
6) monthly lunar observations that illuminate all science detector elements;

7) daily instrument characterization [e.g., using solar diffusor(s)]; and

8) robust characterization of image artifacts and minimization of image striping.

A series of required data products with associated allowable uncertainties accompany the above (Table 1).
Measurement uncertainty allocations define instrument performance requirements, such as allowable
random (e.g., signal to noise) and systematic (e.g., instrument linearity and temperature sensitivity) error.
Additional requirements on the observatory include

9) 676.5-km altitude;

10) sun synchronous, polar, ascending orbit, with 98° inclination;
11) 1300 LT equatorial crossing; and

12) 3-yr design life with 10 years of propellant.

The PACE spacecraft is designed as a nonredundant “single string” architecture with selective redundancy
based on evaluation of reliability, complexity, and cost. The major spacecraft subsystems that support the
functions of the three PACE instruments include the following:

. Mechanical: Aluminum honeycomb construction designed to survive launch loads and support all
components and instruments

. Thermal: Heaters, temperature sensors, and multilayer insulation and thermal coatings to keep all
components within operational temperature requirements

. Guidance, navigation, and control: Star cameras, inertial reference units, GPS receiver, reaction
wheels, a magnetometer, magnetic torque bars, and software algorithms to determine observatory position
and control the observatory attitude

. Power: A solar array for power collection, a battery for energy storage during eclipse, and power
system electronics for energy management and power distribution



. Avionics: Command and data handling electronics and flight software to command and control all
observatory functions, including failure detection and correction

. Propulsion: A propellant tank, lines, valves, and thrusters to maintain the PACE orbit and to
perform deorbit maneuvers at the end of mission for a safe ocean disposal
. Communications: Omnidirectional antennas and transponders for low-rate S-band command and

telemetry and a high-gain Earth coverage antenna and transmitter for high-rate Ka-band science data
transmission

. Mechanisms: Motors and actuators for launch lock restraints, solar array articulation, and
performing the tilting function of the OCI instrument

These observatory components include a mixture of GSFC designs and vendor-procured units. GSFC
designed and will test the observatory, including integration of the instruments.

Ocean color data record development ultimately drives the design of OCI such that achieving calibration
accuracies that mimic or improve upon SeaWiFS remains of principle concern during its development and operation
(Zibordi et al. 2014). Sources of typical instrument uncertainties (e.g., sensitivity to polarization, stray light, and
temperature) are addressed both by design choices and by a rigorous prelaunch test campaign, based largely on
lessons learned from SeaWiFS, MODIS, and VIIRS heritage. Variations in the radiometric sensitivity of each
channel over time are monitored by solar diffuser measurements for short-term instrument gain adjustments and
independent lunar measurements for trend adjustments of long time periods (2 years or more).
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Fig. 4. Three example consecutive daytime orbits of the PACE observatory science data collection, showing
the OCI (blue), SPEXone (green), and HARP-2 (white) swaths. The polarimeterswaths consider all along-
track viewing angles (such that the HARP-2 swath width viewed at +57° exceeds that of OCI, whichis +20°).
The subsolar point and region of OCI aft-to-fore tilt are also shown.

Table 2. Instruments specifications for OCI, HARP-2, and SPEXone.

OCl HARP-2 SPEXone
UV-NIR range Continuous from 340 to 890 nm*in 440, 550, 670 (10), and Continuous from 385 to
(bandwidth) 5-nm steps (5) 870 (40) nm 770 nm in 2-4-nm steps
SWIR range 940 (45), 1,038 (75), 1,250 (30), None None
(bandwidith) 1,378 (15), 1,615 (75), 2,130 (50),

and 2,260 (75) nm




Polarized bands None All Continuous from 385 to
770 nm in 15-45-nm steps

Number of viewing Fore—aft instrument tilt of £20°to 10 for 440, 550, and 870 nm and 5(=57°,-20°,0°, 20°,57°)

angles avoid sun glint 60 for 670 nm (spaced over 114°)

Swath width +56.5° (2,663 km at 20° tilt) +47° (1,556 km at nadir) +4° (100 km at nadir)
Global coverage 1-2+ days 2 days ~30 days

Ground pixel 1 km at nadir 3km 2.5km

Institution GSFC UMBC SRON

* The mission carries a goal of extending the shortest wavelength to 320 nm.
+ There is 2-day coverage when limited to solar and sensor viewing angles of 75° and 60°, respectively.

The solar diffuser calibration assembly consists of three solar diffusers: two bright solar diffusers and one dim
solar diffuser. The two bright solar diffusers are quasi-volume diffusers (QVD), selected because of their minimal
degradation in the UV when exposed to solar irradiation as demonstrated by the Ozone Monitoring Instrument
(OMI; Dobber et al. 2005). One bright diffuser will be measured daily by OCI to track short-term gain variations.
The second bright diffuser will be measured monthly to determine the reflectance degradation of the daily solar
diffuser. This approach is similar to that used by the Ozone Mapping and Profiler Suite (Seftor et al. 2014). Based
on OMI data for its QVD, degradation of the daily solar diffuser could reach ~7% at 350 nm after 3 years, but less
so at longer wavelengths. The dim solar diffuser has a substantially lower reflectance (~2%) relative to the others.
Using this dim diffusor, a special charge accumulation mode of the OCI CCDs will be used to verify the linearity of
the OCI readout electronics and track changes in linearity over time. Essentially, OCI is able to measure exact
multiples of the dim solar diffuser radiance, corresponding to measurements at reflectances of 2%, 4%, 6%, and so
on, to enable the calculation of a linearity curve. This novel approach was not possible for heritage sensors.

Lunar measurements will be acquired by special spacecraft maneuvers that occur twice every lunar month at lunar
phase angles of £7° (representing a waxing and waning moon, respectively). This approach for monitoring on-orbit
relative sensor spectral stability was first demonstrated with SeaWiFS (Eplee et al. 2012) and has been since shown
to be the most robust method for long-term stability monitoring of ocean color radiometers (Zibordi et al. 2014). The
PACE spacecraft will direct the OCI line of sight away from Earth toward the moon, enabling OCI to acquire two
full images of the moon in two separate sweeps for each maneuver. The measured lunar irradiances will be
compared to the Robotic Lunar Observatory (ROLO) model (Kieffer and Stone 2005) after calibration with the gain
coefficients derived from the solar diffuser measurements and any derived trends will be corrected using the
approach described in Eplee et al. (2015) for the calibration of VIIRS.

THE PACE MULTIANGLE POLARIMETERS. While highly desirable from a scientific perspective, inclusion
of a multiangle polarimeter on the PACE observatory was not included in the requirements levied on the mission. In
a divergence from the SDT recommendation, NASA Headquarters designated polarimetry as optional, not required
for PACE. Following this designation, when exploring options for acquiring polarimetry, the PACE project and
NASA Headquarters conceived of a desired instrument architecture with value to the mission in quite general terms.
This provided flexibility in obtaining the desired measurement capability within mission cost and schedule
constraints without in any way prescribing a particular design. Essential instrument characteristics included 1) four
or more spectral bands between 400 and 1,600 nm, 2) four or more viewing angles over a £50° view-angle range
from nadir, 3) an uncertainty in the degree of linear polarization of <0.01, and 4) and a swath width of at least +15°.
For reference, the latter enables aerosol characterization for atmospheric correction of OCI over ~27% of its swath
width. Ultimately, two contributed polarimeters are included on the PACE observatory—the Spectro-polarimeter for
Planetary Exploration (SPEXone) and the Hyper Angular Research Polarimeter (HARP-2)—both carrying a “do no
harm” designation, which prohibits disturbing the primary instrument (OCI) or levying additional requirements on
the remainder of the observatory (Fig. 3). Despite this, SPEXone and HARP-2 jointly achieve the desired
observations by providing complementary spectral and angular sampling, polarimetric accuracy, and spatial
coverage (Table 2; Fig. 4). These observations will provide opportunities for improved OCI atmospheric corrections
and a comprehensive range of aerosol and cloud science data products beyond what can be achieved with OCI alone.
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Fig. 5. The OCI SNR requirement (black; left axis) and the corresponding typical ocean (blue; right axis)
and maximum cloud (red; right axis) radiancesused in the derivation of the SNRs (with the exception of
1,378- and 2,130-nmtypical radiances, which represent values for clouds). For wavelengths less than 900
nm, SNRs are presented for 15-nm aggregations around 350, 360, 385, 412, 425, 443, 460, 475, 490, 510,
532, 555, 583, 617, 640, 655, 710, and

820 nm, for 10-nm aggregations around 665, 678, and 748 nm, and for a 40-nmaggregation around 865 nm.
This aggregation of UV-NIR radiometry will be distributed by the mission, as well as the native 5-nm
radiometry. The green line shows the ~40% reduction in maximum radiance adopted to elevate SNRs in
the phytoplankton fluorescence spectral region. While calculated differently than for OCI, SNRs for
MODIS Aqua (orange circles; left axis)and SeaWiFS (orange crosses; left axis) are shown for general
context. The MODIS Aqua and SeaWiFsS visible-NIR SNRs are those derived postlaunchby Hu et al.
(2012) and the MODIS Aqua SWIR SNRs are the mission requirements presented in Xiong et al. (2010).

The SPEXone instrument is one of a family of SPEX instruments that use a spectral modulation technique for
determining the polarization state of reflected sunlight (Hasekamp et al. 2019; van Amerongen 2018). It is being
developed by a Netherlands-based consortium consisting of the Space Research Organization of the Netherlands
(SRON) and Airbus Defense and Space Netherlands. Encoding the degree and angle of linear polarization into a
modulation of the radiance spectrum is the key characteristic of this concept (Snik et al. 2009). While small
(compatible with a 12U Cubesat), SPEXone focuses specifically on providing very high polarimetric accuracy in
measurements from the near-ultraviolet to the near-infrared at 2-4-nm spectral resolution for intensity and 15-45-
nm resolution for degree and angle of linear polarization at five viewing angles spaced over £57° from nadir (Table
2). Its characteristics allow for unprecedented space-based characterization of aerosol absorption and composition
through estimation of complex refractive indices (e.g., Hasekamp and Landgraf 2007).

The HARP-2 instrument builds on heritage from a Cubesat instrument built for the NASA Invest Program by the
Earth and Space Institute at the University of Maryland, Baltimore County (Martins 2017; Martins et al. 2018). It is
a hyperangular imaging polarimeter that will see Earth simultaneously from multiple viewing angles at four
wavelengths and three polarization states (Table 2). The HARP-2 concept builds on a modified Philips prism design
that allows for simultaneous measurements of the complete image analyzed by polarizers in three different
orientations (Fernandez-Borda et al. 2009). The different along-track viewing angles provided by its wide field of
view allow observations of targets on the ground from different viewing perspectives, including up to 60
independent angles at 670 nm and up to 20 different viewing angles at the other three wavelengths (Table 2). The
different viewing observations of the same target, with polarization measurements for all bands and view angles,
facilitate the quantitative retrieval of atmospheric and surface properties such as aerosol particle abundances, aerosol
particle sizes, shape and complex refractive indices, as well as cloud droplet sizes, ice particle shapes and roughness,
and characteristics of Earth’s surface.

Individually, the SPEXone and HARP-2 concepts excel at the retrieval of different atmospheric properties.
Jointly, however, the instrument pair achieves desired PACE mission objectives by providing complementary



spectral and angular sampling and spatial coverage. Summarizing the above, SPEXone provides high-spectral-
resolution data that includes the UV, offering critical information to advance aerosol characterization and ocean
color atmospheric correction. The utility of the latter to support OCI, however, remains limited given its narrow
swath. HARP-2 provides hyperangular data that will enable improved retrievals of cloud droplet size and ice particle
shape and roughness. Its broad swath complements OCI, but at a far more limited spectral resolution than SPEXone.
Both polarimeters will advance the observatory capabilities beyond what can be accomplished with OCI alone and
offer far greater information content than any heritage passive system for ocean color, aerosol, and cloud
observations.

PUTTING IT ALL TOGETHER: MISSION FORMULATION AND PROGRAMMATICS. In January 2015,
NASA Headquarters directed Goddard Space Flight Center (GFSC) to execute the PACE mission (“The PACE
observatory” sidebar). The scope of this direction included overall mission management (e.g., budget and schedule),
acquisition of the spacecraft and launch vehicle, integration and testing of all mission elements, mission operations
and ground systems, development of an imaging radiometer for oceanic and atmospheric applications, acquisition of
the optional polarimeter(s), and science data processing. Headquarters specifically assigned ocean and atmosphere
science data processing to the GSFC Ocean Biology Processing Group (OBPG; https://oceancolor.gsfc.nasa.gov),
the entity currently responsible for processing and distribution of all ocean color data under NASA auspices. NASA
Headquarters allocated a not-to-be-exceeded (“design to cost”) $805 million to the mission to be managed by GSFC
and the Earth Science Division (ESD) at headquarters to support all the elements listed above, as well as acquisition
and deployment of a vicarious calibration instrument system, development of a postlaunch validation program, and
assembly of all competed community science teams.

The “design to cost” paradigm imposed on PACE means that the mission aims to maximize science capabilities
within a stringently fixed budget. The project conducted a long series of early mission formulation studies to
determine the maximum science capabilities above the assigned requirements (“The PACE observatory” sidebar)
that were allowable within mission cost and schedule (NASA 2018a,b,c). Definition of desired, yet achievable,
science capabilities focused on consideration of the core PACE science objectives and questions outlined by the
SDT, the first science team, and NASA Headquarters. Societal, economic, and applied science considerations were
also embedded in mission formulation studies (Omar et al. 2018), with the expectation that PACE data products will
provide significant societal benefits and contribute to multiple applications that aid natural resource managers,
policymakers, military users, government agencies, economists, and nongovernmental organizations (“Core science
objectives, questions, and applications” sidebar). All of these factors and considerations ultimately led to the PACE
mission science and measurement objectives encapsulated in this manuscript.

COMMUNITY INVOLVE M ENT: THE FIRST SCIENCE TEAMS AND LIFE AFTER LAUNCH.
Opportunities for community involvement persisted following the dissolution of the SDT. In 2014, NASA
assembled the first PACE Science Team to address two core topics: 1) ocean color atmospheric correction and the
retrieval of atmospheric data products and 2) retrieval of improved aquatic spectral inherent optical properties (IOPs;
Boss and Remer 2018). This science team produced a series of consensus documents on mission polarimetry (PACE
Science Team 2018), cloud retrievals (Platnick et al. 2018), and 10OP retrievals (Werdell et al. 2018). The team also
produced a special issue of Frontiers monographs (www.frontiersin.org/research-topics/7637/) on ocean color
atmospheric corrections and the retrieval of atmospheric properties using capabilities of the PACE observatory.

In 2014, NASA also sought ways to provide or develop in situ vicarious calibration instruments, systems, and
approaches for the mission’s ocean color instrument. Producing geophysical data products of sufficient quality to
meet PACE science objectives depends fundamentally on the quality of radiometric data collected by the sensor.
This, in turn, requires stringent calibration and validation for quantifying instrument performance, monitoring
instrument stability, and satisfying uncertainty requirements of the radiometric retrievals (including a “vicarious”
calibration for final bias adjustment to the calibrated, spectral top-of-atmosphere radiances observed by the satellite
instrument; Franz et al. 2007). NASA selected three projects to begin development of new instrumentation and
approaches for PACE vicarious calibration. The first focused on development of hyperspectral radiometers on
autonomous buoys (Barnard et al. 2018). The second explored wave glider technology for autonomous deployment
of a profiling radiometer. The third involved the evolution of the existing Marine Optical Buoy (MOBY; Clark et al.
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1997), with a focus on technology that was portable and shippable. These projects concluded in 2018; however, a
second round of competition to select the at-launch system for PACE vicarious calibration was released in 2019.

The PACE mission includes a (to-be-developed and/or competed) postlaunch validation program to verify that
the required ocean color, aerosol, and cloud science data products from OCI meet the specified mission
requirements (Table 1). This program will also strive to validate advanced science data products derived from OClI,
HARP-2, and SPEXone, quantify uncertainties associated with each data product, and evaluate how these
uncertainties vary across ocean water types, cloud properties, and aerosol loading and composition conditions.
Customarily, validation of satellite data products has been accomplished by comparing satellite data with
measurements collected in situ and through airborne or remote sensing platforms (e.g., another satellite sensor or
instrumented system on Earth’s surface). The validation analysis involves comprehensive statistical comparisons of
field measurements (in situ or remotely sensed) that are coincident with the satellite data products to determine the
uncertainties or deviations between the field measurements and satellite-derived data products. An essential element
for any such validation analysis is that the uncertainties of the field measurements must be well understood and
quantifiable. This requires development, maintenance, and strict adherence to community-accepted field
measurement protocols that describe proper traceability to fiducial references from national metrology institutions
such as the National Institute of Standards and Technology (NIST), as first demonstrated during the SeaWiFS era
(Mueller et al. 2003). In lieu of field measurements (aircraft, ship, ground), which may prove elusive for certain
PACE aerosol and cloud products, validation of these PACE data products may be accomplished with previously
validated products produced from other satellite sensors (e.g., VIIRS). It is expected that dedicated team(s) will be
assembled to perform matchup validation analyses of available field measurements with PACE-derived science data
products using peer-reviewed metrics and software tools.

Potential sources of field measurements for PACE science data product validation include PACE-funded field
activities, measurements provided by existing infrastructure that will presumably continue, and data obtained from
existing or planned external resources implemented by other agencies. The mission envisions a competed PACE
Validation Science Team (PVST) to be tasked with collecting field measurements at sufficient quality, range of
environmental conditions, dynamic range, and geographic distribution to enable validation and to estimate
uncertainties of PACE science data products. PACE-funded activities may include a dedicated aircraft and
oceanographic ship field campaign within months of launch and a range of cost-effective approaches such as
deployment of a fleet of small autonomous vehicles, measurements from repeatable field outings, enhancing existing
measurement stations/sites, and field campaigns of opportunity. Existing NASA infrastructure that PACE can utilize
for validation of ocean color, aerosol, and cloud products include the Aerosol Robotic Network for Ocean Color
(AERONET-OC; Zibordi et al. 2009), AERONET (Holben et al. 1998), the Marine Aerosol Network (Smirnov et al.
2009), and ground-based radar and ceilometers.

Knowledge, modeling, and measurement gaps unavoidably exist (e.g., see the PACE Science Team IOP gaps
matrix; https://pace.oceansciences.org/docs/pace_gaps_iop.pdf) and careful attention to these issues will be
important to maximize the success of the PACE mission. Gaps include, but are not limited to, the need for 1)
additional field measurements and campaigns that encompass the full suite of oceanic and atmospheric capabilities
of the PACE observatory; 2) new in situ and laboratory instrumentation that matches the capabilities of OCI and the
polarimeters; 3) improved measurements and understanding of the optical effects of aquatic and atmospheric
constituents in the UV; 4) increased development and accessibility of radiative transfer software that considers all
processes (e.g., inelastic scattering and polarization) and more realistic models of particles with coatings and
irregular shapes; 5) continued improvement of bio-optical (including characterization of pure seawater), aerosol, and
surface models; and 6) development and maintenance of a full suite of community consensus protocols for all
relevant in situ and laboratory measurements.

ENABLING THE NEXT GENERATION OF EARTH SYSTEM SCIENTISTS. The PACE mission emerged
from a near two-decade-long science community effort aimed at not only bringing satellite ocean color measurement
capability up to speed with science capabilities and needs, but also providing data records of the Earth system that
the next generation of scientist can grow into. The PACE mission concept encompasses needs for ocean color,
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aerosol, and cloud observations and, importantly, envisions synergistic opportunities between these science
communities. Such synergy increases many times over given an increasing number of opportunities for multi- and
interdisciplinary field campaigns, such as the NASA Export Processes in the Ocean from Remote Sensing
(EXPORTS; Siegel et al. 2016) and North Atlantic Aerosols and Marine Ecosystems Study (NAAMES; Behrenfeld
et al. 2019) activities. Key elements of the PACE mission include an imaging radiometer providing the first
continuously collected global hyperspectral data of sufficient quality for advanced ocean ecosystem retrieval and the
comanifestation of two multiangle polarimeters for aerosol and cloud remote sensing, as well as ocean color
atmospheric correction and improved identification of subsurface marine particles and plankton. In com- bination,
the hyperspectral, broad-swath radiometric measurements from OCI (ranging from the UV to SWIR wavelengths),
the hyperangular measurements from HARP-2, and the hyperspectral measurements from SPEXone substantially
increase science value of the mission beyond what could be available from any one measurement or a single-sensor
mission.
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